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Abstract— In this work, the effect of fundamental and higher order soliton propagation is noted in Enhanced Large Area Fiber 
(E-LEAF). The characteristic feature of soliton formation due to the balance in Self-Phase Modulation (SPM) and Group 
Velocity Dispersion (GVD) is studied in anomalous dispersion regime (D>0 or β2<0). The fundamental soliton with constant 
shape and amplitude is noted for soliton period of zo=61.933Km with an input power of 17.33mW while the dispersion length 
is Ld=39.43Km for 20Gbps system. The higher order solitons namely second(N=1), third(N=3), fourth(N=4) and fifth 
order(N=5) solitons are noted in the same distance with an input power of 0.01732mW, 0.0693mW, 0.1559mW, 0.2772mW 
and 0.4331mW respectively. The study of the fundamental and higher order solitons are characterized chirp (change in 
instantaneous frequency) and phase at the fiber end. 
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I. INTRODUCTION 
 
  The modern design in optical communication 
system focuses on ultra high bandwidth with very 
good quality at the receiver end. Such high 
requirement of bandwidth needs a promising solution 
to enhance the dispersion problems which become a 
serious issue even in low value. The effect of 
dispersion in the fiber was overcome by various 
techniques such as pre-chirping of a light source, by 
introducing a spectral inversion at the middle of 
transmission length, a chirped fiber Bragg grating[3], 
and the Dispersion Compensation Fiber (DCF) with 
negative dispersion co-efficient[4]. But due to smaller 
core area, it was very highly pronounced to 
non-linearity than Conventional Single Mode Fiber 
(C-SMF). In order to avoid the insertion loss, 
dispersion limits offered by various compensators, a 
new solution of optical transmission is suggested. 
 In that aspect soliton widens its wing in transmitting 
data without any compensators at the starting era. The 
effect of chirping induced by GVD is cancelled by the 
chirping induced by SPM in anomalous regime (D>0 
or β2<0) to maintain the constant power and shape of 
the optical pulses transmitted. But the transmission 
distance is limited to power and distance. So, 
nowadays, dispersion managed soliton transmission is 
carried out for long distance transmission. 
 The combined effect of SPM and GVD supports 
soliton in anomalous dispersion regime while it 
broadens the pulse very highly in normal regime (D<0 
or β2<0) than it would have broaden with the effect of 
GVD only. Thus, soliton transmission have been 
reported in Conventional SMF, photonic crystal fiber 
(PCF) etc. In the proposed work the effect of 
fundamental and higher order soliton is 
mathematically modeled and studied in E-LEAF.  
 E-LEAF has various advantages over the 
conventional fibers used in telecom industry. It is  
 

 
known that a precise fiber design involves in satisfying 
various fiber parameters which are always reciprocal 
to each other. For example the high negative 
dispersion co-efficient in DCF needed to compromise 
with small effective area. But considering E-LEAF the 
dispersion coefficient is 4ps/nm.km with an effective 
area of 71µm2, while for SMF the D value is 
17ps/nm.km with an effective area of 80 µm2. 
Although some other telecom fibers offers very low 
Dispersion constant as ~2ps/nm.km, their effective 
area is in order of around 50 µm2.  
 
II. THEORETICAL BACKGROUND ON 

SOLITON CONCEPTS 
 
The pulse propagation in optical fiber is governed by 
Non-Linear Schrödinger’s wave equation as[8], 
 

( , ) =

퐴(푧, 푡) + 푖 + ( , ) − 푖훾|퐴(푧, 푡)| 퐴(푧, 푡)(1) 
where, in the right hand side of the equation,first 

term corresonds to attenuation, second term 
corresponds to first order GVD which is characterized 
by Dispersion parameter 퐷 = − 훽 , third term 
corresponds to second order GVD which is 
characterized by Dispersion Slope as 푆 = =

훽 − 퐷 and fourth term to non-linearity.  
From eqn.1, the effect of GVD is considered as, 
푖 ( , ) =                                                                      

(2) 
The above equation is considered to analyze the 

effect of Dispersion only and neglecting the effect of 
SPM, higher order dispersion and attenuation. Sine the 
legth of transmission is limited to bitrate of the system, 
the dispersion length is noted as, 
퐿 = | |                                                                              (3) 
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To support soliton transmission, the combined 
effect of SPM and GVD is needed in anomalous 
regime, so now eqn.(1)  becomes as, 
푖 ( , ) = − 푖훾|퐴(푧, 푡)| 퐴(푧, 푡                      (4) 
To characterize SPM, the important term used is 

non-linear length (LNL) which is given as, 
퐿 = 훾푃                                                                    (5)  

 where, γ is the non-linear co-efficient with n2 is the 
non-linear index, ωo is the frequency, Aeff is the 
efffective area and c is the speed of light. 
훾 =                                                                           (6) 

The normalizes form of eqn.(1) is written by 
considering the dimensionless variables, 푈 = 퐴 푃⁄ , 
휉 = 푧 퐿⁄  and 휏 = 푇 푇⁄  as, 
푖 = 푠푔푛(훽 ) −푁 |푈| 푈                          (7) 
Where, a new parameter N is defined as the soliton 

order defining paramerter as, 
푁 = | |                                                                           (8) 
The parameter N can be eliminated by defining, 

푢 = 푁푈 = 훾퐿 퐴 , where the eqn. (7) takes the 
standard form of NLS eqn. As, 
푖 = − |푢| 푢 = 0                                  (9) 

Now, the most general solution can be written as, 
푢(휉, 휏) = −2∑ 휆∗휓∗                               (10) 
 

where, 휓∗  is obtained by solving the equations as, 

휓 +∑
∗

∗ 휓∗ = 0                                       (11) 

휓∗ −∑
∗

∗ 휓 = 휆∗                                     (12) 

 
and 휆  is givem as, 
휆 = 푐 exp (푖휁 휏+ 푖휁 휉)                                     (13) 

The most fundamental soliton propagation is given as 
the following by substituting by N=1, 

푢(휉, 휏) =
휂 sech [휂(휏 − 휏 + 훿휉)]exp [ − 푖훿휏 + 푖휙 ]                                                                                            
(14) 

 
While the soliton period is found to be as, by relating 
휉 = 푧/퐿  and 휉 = 휋/2, 

푧 = 퐿                                                                         (15) 
 
III. SYSTEM DESCRIPTION 
 

Normally, there will not be a perfect compression or 
narrowing of pulse with the balance between SPM and 
GVD in anomalous dispersion regime with Gaussian 
input pulse because the characteristic feature of soliton 
support is with secant pulse. So, the bits from 
Psuedo-random code generator are coded by secant 
pulse coder rather than any normal NRZ or RZ line 
coding technique.  The bitrate of the system is 20Gbps. 
So, the pulse width (1/bitrate) can be calculated as 
inverse of bitrate as 50ps. But the default bit width is 

0.5 bit, so the Full Width Half Maximum time (TFWHM) 
becomes 25ps. 

We use secant pulse, for which the FWHM is 
related to the initial pulse width as, To ~TFWHM/1.763. 
The initial pulse width or bit width is calculated as 
14.1803. The data transmitting fiber used is E-LEAF 
and its physical parameters are tabulated in table.1. 

The dispersion parameter (β2) is -5.1ps2/km 
(D=4ps/nm.km). So the dispersion length is calculated 
as 39.42804km from eqn. (3). The power required to 
cause SPM is calculated by putting N=1 (fundamental 
soliton) in eqn. (8) as 0.0173W for which the value of 
γ is calculated from eqn. (6) as 1.4638W-1Km-1. The 
soliton persists for the soliton period which can be 
calculated from eqn. () as zo=61.933 km (from 
eqn.15). For higher order solitons the power threshold 
is calculated using various values to N in the eqn. (8). 

 
Table.1 Physical parameters of E-LEAF 

 
IV. RESULTS AND DISCUSSIONS 
 

In this section the effect of balance between SPM 
and GVD is first noted. The 20Gbps is experimented 
with the transmission length of 61.933km which is the 
soliton period calculated. But the input power of 1mW 
was used which is not sufficient to cause SPM that 
balances GVD. 

 

 
Fig.1 Time analyzer view of system with uncompensated GVD 

and SPM (a) before fiber (b) after fiber
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Fig.2  Time domain analyzer showing the mechanism of  balance between  GVD and SPM for various soliton period length before 

fiber transmission(a)  and after fiber for the length of  50Km(b)  55Km(c)  61.93Km(d)  70Km(e) 75 Km(f).
 
In fig.2, it is to be noted that the input secant pulse 

before the fiber is chirpless (C=0), but the pulse 
received at the output is chirped due to imbalance 
between SPM and GVD. 

The mechanism of balancing can be clearly 
understood from fig.2.with various transmission 
length, where the presence of  chirping is noted at the 
fiber end for various length except fig 2(d) which states 
the complete compensation between SPM and GVD 
for one soliton period. The concept of combined effect 
of SPM and GVD in anomalous regime can be 
explained clearly by stating the frequency shift in 
leading and trailing edges. 

When considering only the dispersion and 
neglecting SPM (strictly respecting eqn.2), in 
anomalous dispersion regime, the leading edge is blue 
shifted and trailing edge is red shifted. Also, in this 
regime the higher frequency (blue wavelengths) travels 
faster than the lower frequency (red wavelengths) 
which leads to broadening. On contrary in normal 
dispersion regime the leading edge is red shifted while 
the trailing edge is blue shifted leading to pulse 
compression or narrowing. 

If the eqn.(4) is considered which represents the 
combined  effect  of SPM and GVD, the effect of pulse 
broadening and narrowing is different for the 
considered dispersion regimes. 

 

 
Normally, the GVD induces the negative chirp 

(instantaneous frequency decreases from the leading 
edge to trailing edge) while the chirp induced by SPM 
is positive which cancel each other. So, it is clearly 
understood that the SPM generates new frequency 
components in order to cancel the chirp caused by 
GVD. Thus, this forms the basis for the soliton 
formation in anomalous regime. But, in the combined 
effect has resulted in enormous broadening of pulse in 
normal dispersion regime. The effect of broadening 
can be understood by the mathematical equation with 
Gaussian input pulse as, 

푇(푧) = 1 + 푇                                             (16) 

= 1 + √2휙 + 1 +
√
휙      (17) 

where the eqn. (16) represents the pulse broadening 
only with dispersion (N=0) while eqn. (17) represents 
the broadening due to combined effect of SPM and 
GVD. From eqn. (17) the dependence of SPM can be 
understood by maximum phase shift (φmax = γPoz, N=1) 
due to SPM. 

On considering the higher order solitons, the power 
threshold to cause these solitons are calculated from 
eqn. (8) by substituting various values for N 
(=2,3,4,5…..,for the fundamental soliton N=1). 
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Fig.3. 3D view (left column) and Time domain analyzer view (right column) at the fiber end (transmission length, zo=61.933km) of 

various order soliton with N=1(a), N=2(b), N=3(c) 
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Fig.4. 3D view (left column) and Time domain analyzer view (right column) at the fiber end (transmission length, zo=61.933km) of 

various order soliton with N=4(d), N=5(e) 
 

The threshold powers to cause the higher order 
soliton for the transmission distance of 61.93km are 
tabulated in the table.2.  

S.No. Order 
(N) 

Power threshold 
(mW) 

1. N=1 17.33 
2. N=2 69.30 
3. N=3 155.94 
4. N=4 277.22 
5. N=5 433.16 

Table.2 Power threshold to cause higher order solitons 
 
From fig.3 and 4, the time domain analyzer shows 

the balance in chirp even at higher power and fig.6 
gives changes in phase. These higher order solitons 
are useful in strong pulse compression but requires 
complex choice of pump wavelength due to high 
power requirement. Although fundamental soliton are 
stable, higher order soliton break up (soliton 
fission)[9] sometime forming fundamental soliton 
propagation and are useful in super continuum 

generation in Photonic Crystal Fiber (PCF). Thus the 
broad spectrum is obtained but compromised with low 
temporal coherence as there are additional lobes 
around centre peak wavelengths where the 
non-correlation exists between the pulses due to the 
time delays. 

 
CONCLUSION 
 
 By the simulative study the effect of balance of 
SPM and GVD in anomalous regime is studied. The 
E-LEAF has the various impacts over the C-SMF in 
the transmission length, where the distance for 20Gbps 
transmission for SMF is 15.8 km. Also the threshold 
power required to cause the SPM is 73.19mW which is 
very high and requires critical pump wavelength. Also 
the power required for higher order solitons is very 
large for SMF while for E-LEAF it is low. So, 
E-LEAF provides the promising solution for soliton 
transmission.
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Fig.5. The effect of Phase on the soliton at one soliton period N=1(a), N=2(b), N=3(c), N=4(d), N=5(e)
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