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Abstract.  We propose an index profiled, highly nonlinear ultra-
flattened dispersion fibre (HN-UFF) with appreciable values of 
fibre parameters such as dispersion, dispersion slope, effective area, 
nonlinearity, bending loss and splice loss. The designed fibre has 
normal zero flattened dispersion over S, C, L, U bands and extends 
up to 1.9857 mm. The maximum dispersion variation observed for 
this fibre is as low as 1.61 ps km–1 nm–1 over the 500-nm optical 
fibre transmission spectrum. This fibre also has two zero dispersion 
wavelengths at 1.487 and 1.9857 mm and the respective dispersion 
slopes are 0.02476 and 0.0068 ps nm–2 km–1. The fibre has a very 
low ITU-T cutoff wavelength of 1.2613 mm and a virtuous nonlin-
ear coefficient of 9.43 W–1 km–1. The wide spectrum of zero flat-
tened dispersion and a good nonlinear coefficient make the designed 
fibre very promising for different nonlinear optical signal process-
ing applications. 

Keywords: refractive index profile, effective area, dispersion, dis-
persion slope, highly nonlinear ultra-flattened dispersion fibre, 
four-wave mixing.

1. Introduction

The increasing number of users in the communication sector 
requires a substantial increase in the data rate and bandwidth. 
Obviously, this demand can only be satisfied by optical com-
munication. Even though optical communication enjoys 
more bandwidth than conventional communication systems, 
the traffic contention problem nowadays comes to the fore, 
which will aggravate the situation even more in the future due 
to a tremendous deployment of optical communication all 
over the world. In the future this issue may demand a new 
transmission window for optical communication. The traffic 
contention problem can be eliminated by the multicasting 
technique, which is nothing but replication of information to 
multiple selected destinations. In this connection, multicast-
ing, which is implemented by the wavelength conversion tech-
nique, plays a key role and allows one to dynamically recon-

figure future ultra-dense wavelength division multiplexing 
(UDWDM) networks. Wavelength conversion makes it pos-
sible to effectively utilise the allocated bandwidth, similarly to 
the frequency reuse technique in mobile communication. In 
order to satisfy the bandwidth demand, a new transmission 
window can be opened up with the use of advanced optical 
components (multi-wavelength laser sources based optical 
nonlinearity) and different optical fibres with other associ-
ated components. 

An ultrafast all-optical signal processing is a promising 
technology used to overcome the problems of optical-to-elec-
trical-to-optical conversion and support for the high bitrate 
operation [1]. All-optical nonlinear signal processing can be 
achieved with the help of third-order optical susceptibility 
nonlinear phenomena such as self-phase modulation (SPM), 
cross-phase modulation (XPM), four-wave mixing (FWM) 
and Raman scattering [2]. Among this FWM is an important 
phenomenon which is mainly used for wavelength conver-
sion, parametric amplification and supercontinuum genera-
tion due to the transparent nature of bitrate, phase and mod-
ulation formats in newly generated signals. In addition, FWM 
also preserves the signal-to-noise ratio [2]. In a FWM process, 
two waves with frequencies w1 and w2 propagating in a non-
linear medium generate two new frequency components w3 ≈ 
(2w1 – w2) and w4 ≈ (2w2 – w1), where w3 and w4 are transpar-
ent signals of w2 and w1. 

Highly nonlinear fibre (HNLF), semiconductor optical 
amplifier (SOA) and silica waveguides are practical candi-
dates for nonlinear optical signal processing [3, 4]. HNLF is 
more preferable compared to other media because it has an 
ultrafast response time, low noise figure, passivity (no power 
consumption) and wide and flat band conversion [3]. The 
requirement to the HNLF design is a small effective area of 
the core (for high nonlinearity), right amount of dispersion 
according to versatile applications, low polarisation mode 
dispersion (PMD), low attenuation (to increase the effective 
interaction length) and, finally, the cutoff wavelength should 
be much shorter than the wavelength operated [5]. In the 
wavelength conversion technique the quality of the converted 
signal can be determined by the conversion efficiency and bit 
error rate (BER) [6]. The performance of HNLF is deter-
mined by the effective bandwidth utilisation of fibre, i.e. the 
difference between the wavelengths at which the conversion 
efficiency falls below 3 dB from the maximum value [7]. In 
general, HNLF ensures a high conversion efficiency at a zero 
dispersion wavelength (lZDW) and drastically decreases for 
the wavelength far from the lZDW due to an increase in phase 
mismatch between the signals by the dispersion profile [7, 8]. 
If we reduce the dispersion and dispersion slope to a very 
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minimal value and flatten the dispersion curve near to zero 
over the wavelength spectrum then we can increase the effec-
tive bandwidth utilisation of this fibre [8]. The dispersion 
curve flatness with good nonlinearity can improve the phase 
matching condition between the signals which are located far 
from the lZDW; thereby, the conversion efficiency can also be 
improved at these wavelengths. Thus, we can also flatten the 
conversion efficiency over a wide wavelength spectrum. The 
conversion efficiency [9] of the newly generated signal using 
the FWM technique in HNLF is given by the equation 
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where L is the fibre length, and a is the loss coefficient. The 
propagation constant differences D associated with wave gen-
eration at w3 and w4 are expressed as

∆ b(w3) = 2bw1 – bw2 – bw3,

∆ b(w4) = 2bw2 – bw1 – bw4.

By reducing ∆ b, as stated earlier, the phase matching con-
dition between the input signal at w1 and w2 can be improved 
and we can increase the mutual interaction (reduce the 
walkoff) between the input signals in order to transfer a max-
imum power to newly generated signals. The FWM conver-
sion efficiency [6] is optimum if ∆ b = 0. It is quite difficult to 
attain in practice; however, we can try to reach this with the 
help of a specifically designed fibre, which should have a uni-
formly distributed very-low dispersion over the broad range 
of the optical spectrum. It will allow ∆ b to be nearly zero. As 
we can see from the equation below
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(the plus and minus signs are used for ∆ b(w3) and ∆ b(w4), 
respectively; c is the speed of light; lm is the mean wave-
length; and ∆l = l1 – l2), by reducing the dispersion D we 
can enhance the FWM interaction [9]. The total dispersion 
of the fibre is the sum of material and waveguide disper-
sions. The material dispersion is fixed, such that the total 
dispersion with respect to the wavelength can be modified 
(or reduced to zero) by the modifying the waveguide disper-
sion with a negative value. The waveguide dispersion can be 
adjusted through a change in the refractive index profile of 
fibre. Hence, the detrimental effect of FWM is the depen-
dence of the conversion efficiency on the input signal fre-
quency spacing, which can be overcome as much as possible 
by flattening and attenuating the fibre dispersion. The index 
profile optimisation can also useful for designing a fibre 
with more than one lZDW. Such a fibre along with a flattened 
zero dispersion curve is promising for such nonlinear appli-
cations as supercontinuum generation. 

Various step and graded index profile fibres were designed 
and reported previously by many authors [10 – 17]. In this 
paper, we have designed and optimised a double-clad-type 
HNLF (Fibre C) with ultra-flattened normal zero dispersion 
effects for the future optical signal processing. The alpha-
peak and Gaussian index profiles are used for estimating the 
electrical field distribution of the designed fibre. The resultant 

fibre design also has a low effective area, bending loss and 
splice loss. The simulation results show that our newly 
designed fibre is a better alternative to handle high bandwidth 
and multiple high bitrate wavelength channels in nonlinear 
optical signal processing. The ultra-flattened dispersion 
response obtained from such fibres enables the FWM conver-
sion efficiency to be constant for wavelength conversion 
applications [7, 14]. It also increases the parametric gain 
bandwidth and supercontinuum spectral width. 

2. Design of optimised HN-UFF fibre

In designing a highly nonlinear ultra-flattened dispersion 
fibre (HN UFF) we used the alpha power law function and 
Gaussian index profile approximation. In the alpha power 
law function, the alpha-power dependence has two forms: 
alpha peak and alpha dip [18]. In our simulation, we intro-
duce the alpha-peak profile for the core and the Gaussian 
profile for the next depressed cladding layer [see Fig. 1 and 
Eqn (3)]. Due to the graded index structure of the alpha-
peak core and by optimising the index parameters of the 
core, we can reduce the chromatic dispersion and maintain it 
flat over a broad range of the spectrum. This reduced flat-
tened dispersion characteristics can increase the utilisation 
bandwidth of the optical fibre [19, 20]. The alpha-peak core 
also enhances the optical confinement to the centre of the 
core, which increases nonlinearity and lowers the cutoff 
wavelength in our designed fibres. In addition, the Gaussian 
profile of the cladding adjacent to the core allows a tremen-
dous improvement in dispersion flattened characteristics of 
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Figure 1.  (a) Refractive index profile of the proposed optimised HN-
UFF (Fibre C) and (b) magnified view of a part of the profile. 
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fibre. The Gaussian profile [21 – 23] with its optimised 
refractive index and full width at half maximum (FWHM) 
values allow a further reduction in the dispersion slope and 
effective area. The other fibre performance parameters such 
as splice loss, cutoff wavelength and polarisation mode dis-
persion (PMD) are optimised by varying both alpha and 
Gaussian parameters. 

The refractive index profile of the proposed fibre and its 
magnified view are shown in Fig. 1. The refractive index n of 
this profile as a function of the radial distance r are derived 
from the equation 

n(r) =	 (3)

( ) ( / )

( ) { [ ( ) /( )]}

| | ,

| | ,

| | ,

| | ,

| | .

exp ln

n

n x n x w

n

n x n x x hw

n

r

r R

r R

R r R

R r R

1 2

2 2

0

0
max

max

max

max

0

1 0
2

2

0

0

0 1

1 2

0

0
0

1

1

1

1

1

G

G

G

D= -

= - -

=

=

a

Z

[

\

]
]
]

]
]]

	

where nmax0 and nmax1 are the highest refractive indices of the 
core and the cladding; n0, n1 and n2 are refractive indices of 
various core and cladding regions; R0, R1 and R2 are the 
respective radial distances; x is the local coordinate; w is the 
width of the region; a0 is the profile parameter; D is the nor-
malised refractive index difference [23]; x0 is the peak posi-
tion; and h is the normalised FWHM value of the Gaussian 
profile. 

The bandwidth of an optical fibre determining the data 
rate is limited by chromatic dispersion D, which in turn is 
determined by the sum of the material dispersion Dm and the 
waveguide dispersion Dw [10]: 
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where W ( l, z) is the mode field diameter; and g1 and g2 are the 
coefficients. By modifying the refractive index profile of a 
fibre we can control the waveguide dispersion contribution, 
and thereby we can modify the total dispersion as required. 
The bandwidth of a fibre is not only disturbed by chromatic 
dispersion, but also affected by PMD. PMD of a fibre can be 
calculated using the discrete model [24], which yields a mean 
value of the first-order PMD for a long fibre span. The aver-
age differential group delay (DGD) Dt is proportional to the 
square root of the fibre length L:

3
l L8G H pt bD D= , 	 (5)

where l is the coupling length.
The effective mode area  of a fibre is given by the equation 

[25, 26]
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where E(x, y) is the optical mode field distribution. The value 
of Aeff is directly related to the nonlinearity of the optical fibre 
and the nonlinear coefficient g is calculated using the equa-
tion [27] 
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Here n2 is the nonlinear refractive index (typical value 3.1 ´ 
10–20 m2 W–1) of silica fibre.

The mode field diameter (MFD) is an important parame-
ter that is related to the optical field distribution of the fibre. 
The MFD is given by the equation [26] 

d W A2 2
eff effp= = .	 (8)

The MFD provides information about the fibre perfor-
mance such as macro- and micro-bending losses. The bending 
loss of a fibre is calculated using the model described by Sakai 
and Kimura [28]. Macro-bending power loss is expressed as a 
function of the bending radius Rb in the form 
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rco is the fibre core radius; nmax is the maximum value of the 
refractive index; ncl is the index of the cladding; b is the propa-
gation constant of the mode; k0 is the wave number in vac-
uum; n is the azimuthal mode number; s = 2 (if n = 0) or s = 1 
(if n ¹ 0); and Kn is the modified Bessel function of the sec-
ond kind of order n.

Micro-bending loss is a radiative loss in fibre resulting 
from mode coupling caused by random micro-bends, which 
are repetitive small-scale fluctuations in the radius of curva-
ture of the fibre axis. An approximate expression for the 
micro-bending loss is given in [29] and has the form

( ) ( )A k n d k n dmicro co n co n
p

0
2
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2 2a = ,	 (10)

where A is the constant; dn is the near field diameter; nco is the 
refractive index of the fibre core; and p is the exponent in the 
power law.

The splice loss is also an important parameter in the fibre 
design. Any index-of-refraction mismatch at any point in 
the interface between the highly nonlinear fibre (HNLF) 
and single-mode fibre (SMF) will produce reflection and 
refraction of the light incident at that point and induce the 
splice loss. For splice loss calculations, we have assumed 
that the mode field of SMF is nearly Gaussian. The coupling 
losses for the splice connectors can be calculated by evaluat-
ing the coupling between two misaligned MFD of Gaussian 
beams based on the model that is given by Miller and 
Kaminow [30]:
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nmat is the refractive index of the medium between the two 
fibres; w1 and w2 are the near-field mode radii of transmitting 
and receiving fibres; x and z are the lateral and longitudinal 
offsets; and q is the angular misalignment.

The cutoff wavelength lcut for any mode is defined as the 
maximum wavelength at which that mode will propagate:

V
R n n2

cut
cut

co cl
0 2 2pl = - , 	 (12)

where R0 is the fibre core radius; and Vcut = 2.405 is the 
parameter defined analytically for specified fibre profiles. We 
have two different approaches for finding the cutoff wave-
length lcut for the fundamental mode as shown in Table 1. 
The theoretical cutoff wavelength above which the given 
mode cannot propagate is calculated using the general numer-
ical mode-solvers. An ‘estimated ITU-T’ cutoff value is 
obtained by emulating the actual experimental cutoff mea-
surements, as described in [31].

Refractive index profile based fibre design and optimi-
sation are carried out with the help of the built-in numeri-

cal fibre mode-solver of Optifibre tool by the matrix 
method. It will find linearly polarised modes by an exact 
method that uses radial transfer matrices. This method is 
more accurate, especially in the calculation of dispersion 
and other derivatives with wavelength. Here, the design 
optimisation is done by parameter scanning, i.e., on the 
basis of the parametrical calculations of some fibre charac-
teristic versus certain technological properties or quanti-
ties of the fibre design (for example, the core/cladding 
refractive index difference, the spatial width or some 
region, etc). It predicts automatically how any given fibre 
could be optimised versus a design goal, for example zero 
dispersion and minimal mode area. 

By applying the parametric scanning and the matrix 
method (3), it is found that newly designed HN-UFF (Fibre 
C) offers its optimum performance at the below mentioned 
conditions:

a = 62.5 mm (total fibre radius);

R0 = 2.025 mm, a0 = 2.025 mm;

R1 = 1.1 mm, a1 = 3.125 mm;

R2 = 59.375 mm, a = 62.5 mm;	 (13)
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Table  1.  Performance parameters of optimally designed Fibre A, Fibre B and Fibre C.

Parameters Fiber A Fiber B Fiber C

Index profile

Zero dispersion wavelength 
 lZDW/mm

1.4205 1.5673 1.487 and 1.9857

Dispersion slope 
(at l = lZDW)/ps nm–2 km–1 0.04753 0.3038 0.02476 at lZDW = 1.487 mm,

0.0068 at lZDW = 1.9857 mm
Dispersion variation over 
S, C, L and U bands 
(at l = 1.47 – 1.98)/ps km–1 nm–1

from 2.25  to  15.85 
and 5.06 at l = 1.55 mm

from –3.26 to  10.34 
and –0.6 at l = 1.55 mm

from –0.22 to 1.61
and 1.02 at l = 1.55 mm

MFD (at l = 1.55 mm)/mm 4.465 4.41 4.211

Aeff (at l = 1.55 mm)/mm2 16 15.6 13.32

Nonlinearity coefficient 
(at l = 1.55 mm)/W–1 km–1 7.93 8.055 9.43

First-order PMD/ps 0.102 0.058 0.051

Splice loss (at l = 1.55 mm)/dB 0.49 0.77 0.11

Bending loss  
(at l = 1.55 mm)/dB

amacro = 6.425 ´ 10–21
amicro = 2.33 ´ 10–2

amacro = 1.674 ´ 10–16
amicro =4.116 ´ 10–2

amacro = 2.404 ´ 10–14
amicro = 6.9 ´ 10–3

Calculated cutoff wavelength/mm 1.512 (ITU-T = 1.479) 1.402 (ITU-T = 1.375) 1.2759 (ITU-T = 1.2613)
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n2 = 1.44692, nmax0 = 1.475, nmax1 = 1.445, D0 = 0.65 % ;

a0 = 3.5, h = 14, x0 = 2.025. 

Due to the symmetrical nature of the fibre, we consider here 
only the refractive index profile for half a fibre in terms of its 
radii (a0 and a1 are the cumulative radii of the regions of width 
R0 and R1, respectively).

3. Implementation of the proposed optimised 
HN-UFF fibre

Initially, the design of proposed HN-UFF was started with a 
very high refractive index of the core having a radius R0 for a 
fibre with a single cladding having a radius R2 (without R1 
region). With increasing index difference between the core 
and cladding, the effective area is reduced with increasing 
nonlinearity coefficient [32] and the dispersion slope is shifted 
towards lower wavelengths. Reduction of the effective area 
can be achieved by decreasing the MFD [25, 26]. The refrac-
tive index profile of a specific region is optimised by succes-
sive iterations of the region parameters with the help of a 
numerical fibre mode-solver by the matrix method. First (see 
Fig. 1b), we calculated the fibre performance for the opti-
mised index profile in the R0 and R2 regions without the alpha 
parameter and in the R1 region (Fibre A). The optimum fibre 
performance parameters for Fibre A are obtained at a maxi-
mum refractive index of the core, nmax0 = 1.475, and a radius 
R0 = 2.025 mm. Usually a high refractive index of the fibre is 
obtained by adding germanium to silica and a lower refractive 
index is obtained by adding fluorine [33]. This high core – clad-
ding index difference (step index) ensures our ultimate aim of 
a low effective area Aeff = 16 mm2 and a respective higher non-
linear coefficient g = 7.93 W–1 km–1. The obtained effective 
MFD of this fibre is 4.465 mm. The designed fibre also has a 
very low bending loss and splice loss (see Table 1). We have 
attained lZDW at about 1.4205 mm and the dispersion of this 
fibre is 5.06 ps nm–1 km–1 at 1.55 mm with a dispersion slope 
of 0.04753 ps nm–2 km–1. By optimising the width of the core 
to 2.025 mm, we have also ensured fibre’s fundamental mode 
(LP01) operation. The cutoff wavelength of this fibre in this 
case is as high as 1.512 mm. This combination of the disper-
sion slope and cutoff wavelength will limit the bandwidth 
utilisation of Fibre A. 

To pursuit low dispersion while designing a high band-
width fibre, a significant consideration should not solely be 
on material dispersion but also on waveguide dispersion. 
Also, enough attention should be given to its associated spe-
cific field configuration of electromagnetic radiation within 
the fibre. Concentration of power near the core – cladding 
interface will have different dispersive characteristics than the 
power in the core. Waveguide dispersion varies with physical 
characteristics of fibre, such as the core radius, the a0 value 
for a graded structure, the relative index difference and the 
transmission wavelength. Optimising the above parameters 
will lead to a change in waveguide dispersion, opposite to that 
of material dispersion. Therefore, there will be room for the 
design of fibre with waveguide dispersion that would exactly 
cancel the material dispersion and finally a near-zero disper-
sion could be obtained [19].

Now we introduce the parameter a0 for the core as given 
in Eqn (3) in order to improve the performance of the fibre 

named Fibre B. At an optimal a0 = 3.5, the zero dispersion 
wavelength shifts to the longer wavelength side up to 
1.5673  mm with decreasing dispersion slope down to 
0.3038 ps nm–2 km–1 without compromising the bending loss 
and splice loss. The MFD is reduced to 4.41 mm and the resul-
tant effective area due to the contribution of R0 and R2 regions 
is 15.6 mm2. Thus, the fibre nonlinearity is also slightly 
increased to 8.055 W–1 km–1. A very minimum level of macro- 
and micro-bending loss is obtained, such as 1.67 ´ 10–16 and 
4.116 ´ 10–2 dB km–1, respectively, for 12-mm diameter bend-
ing per turn. With increasing a0, the cutoff wavelength of this 
fibre shifts towards the lower wavelength and reaches 
1.402  mm for the optimum value of a0. 

But still Fibre B does not possess perfect flattened disper-
sion characteristics (or a wide spectrum of normal zero dis-
persion). The overall dispersion characteristic of the fibre is 
controlled by modifying the waveguide dispersion contribu-
tion by including the R1 region with a depressed cladding 
index. This new design of the fibre index profile is named 
Fibre C (see Fig. 1a). This inclusion of the R1 region with a 
depressed cladding index [12, 34] also reduces the effective 
area of the fibre and perfectly flattens the dispersion curve 
down to zero. In addition, it reduces the bending loss of the 
fibre too [35]. The region R1 is also optimised through simu-
lations to obtain an optimised HN-UFF for future optical 
communication. From the successive iterations, the obtained 
optimum maximum refractive index of the R1 region is nmax 
= 1.445, the width of the R1 region is 1.1 mm and the FWHM 
of the Gaussian profile is 14. At these optimised parameters 
the waveguide and material dispersions can cancel each 
other, which leads to a flattened zero dispersion over the 
wide range of the spectrum. The measured bending loss is 
also acceptable at the optimised (region R1) cladding refrac-
tive index and the cladding width. 

The proposed optimal index profiled Fibre C design 
exhibits an improved overall performance such as ultra-flat-
tened dispersion characteristics with a very low splice loss 
and ability to operate only in the fundamental LP01 mode. 
The optimised alpha-peak profile is in the core and the 
Gaussian profile is in the depressed cladding region [see 
Eqn (17)]. This index profile will allow a finer optical con-
finement within the core with a reduced MFD of 4.21 mm 
and an increase in respective nonlinearity. These effects lead 
to an improvement in the splice loss as compared to that in 
Fibre B. However, the bending loss can be controlled as 
shown in Fig. 2. Macro- and micro-bending losses of Fibre C 
are 2.404 ´ 10–14 and 6.9 ´ 10–3 dB km–1, respectively. The 
splice loss is also very low and equal to 0.11 dB at 1.55 mm. 
The values of lZDW of this fibre are 1.487 and 1.9857 mm, 
which can extend the usable bandwidth to the entire S, C, L 
and U bands with a maximum dispersion value of 
1.61  ps  km–1 nm–1. This fibre has a very low theoretical cut-
off wavelength of 1.2759 mm with a very good nonlinear 
coefficient of 9.43  –1 km–1. 

Figure 3a and 3b clearly show the effect of nmax of the R1 
region and its width on total dispersion characteristics of 
Fibre C. As the refractive index of the region is increased, the 
dispersion slope of the proposed fibre is increased and a per-
fect flattened dispersion value is obtained at nmax = 1.445. At 
the same time, an increase in the R1 region width leads to a 
shift of the total dispersion curve to positive values (at an 
optimal width of 1.1 mm), because the total dispersion in this 
case is nearer to zero (anonymous dispersion) over a wide 
range of the spectrum. Figure 3c also shows the optimisation 
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Figure 2.  Dependences of (a) dispersion, (b) MFD, (c) bending loss and (d) splice loss on the wavelength for Fiber C. 
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of the Gaussian profile FWHM h in the R1  region. The per-
fect dispersion flatness is reached at h = 14. The measured 
total dispersion and effective MFD of Fibre A, B and C are 
compared in Fig. 4. Fibre C demonstrates a superior perfor-
mance in dispersion flattening and increased nonlinearity 
resulting from the reduced MFD. The Gaussian profile of the 
R1 region in Fibre C improves the confinement of the field 
distribution and reduces the MFD as compared to Fibre A 
and B. Figure 5 shows 3D plots of the mode field distribution 
of Fibre B and our optimised Fibre C. One can see that 
Fibre C with an alpha-peak profile of the graded index in 
the core and a Gaussian profile in the R1 region of the clad-
ding is indeed an optimised highly nonlinear ultra-flattened 
dispersion fibre. Inclusion of the R1 region in the Fibre C 
design reduces the cutoff wavelength to 1.2759 mm (ITU-T = 
1.2613 mm) and ensures the fibre operation only with the 
fundamental linearly polarised PL01 mode. At the same 
time, Fibre B without the R1 region operates at LP01 and 
LP11 modes (Fig. 5a). The elimination of the LP11 mode in 
Fibre C also significantly contributes the fibre dispersion 
flattening.

The optimised parameters of Fibre A, B and C are listed 
in Table 1. Fibre C has two wavelengths lZDW with a very low 
dispersion slope in between, so that it can support optical 
signal processing in a broad spectral range. The dispersion 
variation in the HNLF over S, C, L, U bands and beyond is 
also very low as compared to the previously reported results 
[5, 12, 25, 26, 36 – 39]. Our proposed Fibre C exhibits a very 
good effective area and nonlinear coefficient. Even though this 
Fibre C has a slightly smaller nonlinearity of 9.43 W–1 km–1 
than that of the previously reported HNLF, a perfect phase 
matching condition between the signals is obtained due to an 
ultra-flattened normal zero dispersion characteristic of our 
Fibre C, which in turn allows efficient wavelength conversion 
in optical networks using the FWM technique and also super-
continuum generation.

4. Results and discussion

Plasma-activated chemical vapour deposition (PACVD) 
manufacturing technology is the most suitable for fabricating 
a fibre with a hyperfine refractive index profile. Compared to 
an outside thermally activated method, PACVD technology 

offers an extremely thin layer deposition (deposition rate of 
0.5 – 1 g min–1) with a high efficiency (~100 % for SiO2 and 
80 % – 100 % for GeO2) due to different reaction kinetics. 
Thus, hundreds of cycles are performed, and less than one 
micrometre thick layers are deposited, allowing a very 
good control of the refractive index profile in the preform 
[40, 41, 42], as in equation (17). The optimised design of fibre 
[see (17)] exhibts the optimal performances as listed in Table 1. 
Our optimal Fibre C design (HN-UFF) ensures a very low 
dispersion and a wide spectral range of flatted dispersion 
(Fig. 6). The proposed fibre has two zero dispersion wave-
lengths lZDW (at 1.487 and 1.9857 mm) with a maximum dis-
persion variation of 1.61 ps km–1 nm–1 between these wave-
lengths. The measured dispersion slope at lZDW = 1.487 mm 
is 0.02476 ps nm–2 km–1. Figure 6 clearly shows that at wave-
lengths in the range from 1.53 to 2 mm, the measured disper-
sion slope varies in a narrow interval between +0.01 to – 0.01. 
This lower value of the dispersion slope demonstrates the 
quality of the dispersion curve flatness. The optimised Fibre  C 
also has Aeff = 13.32 mm2 and g = 9.43 W–1 km–1. Further 
improvement in the nonlinear coefficient is also possible, but 
bending and splice losses have to be compromised. Besides, it 
can affect the flattened dispersion characteristics. 

The PMD is calculated using a discrete model. The fibre 
length L is assumed equal to 1 km and the coupling length is 
l = 20 m, the intrinsic perturbation of the core ellipticity is 
x  = 0.01 and the differential thermal expansion is equal to 
6.5 ́  10–8. Our optimised fibre has a very low first-order PMD 
value of 0.051 ps. Under perfect splicing (without external 
misalignment) with SMF having a MFD of 9.8 mm and a 
matching index within the cladding, our optimal HN-UFF 
has a very low splice loss of 0.11 dB. The index profile in the 
R1 region of Fibre C, which is next to the core, is very low. 
This maximum index difference between the core and the 
cladding will strongly confine the light into the core and pre-
vents its leaking to the cladding [12, 34]. Thus, the bending 
loss can be ignored even in the case of a coiled fibre cable [14]. 
Therefore, the measured macro- and micro-bending losses at 
1.55 mm for our optimised Fibre C are as low as 2.404 ´ 10–14 
and 6.9 ´ 10–3 dB km–1, respectively, even in the case of a 
12-mm bending diameter. To estimate the macro-bending 
loss, use was made of the formula [30] applicable to any mode 
at an arbitrary-index profile. The theoretical cutoff wave-
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length of Fibre C, calculated using the general numerical 
mode solvers, is 1.2759 mm, while the ‘estimated ITU-T’ cut-
off value is 1.2613 mm. Our optimised Fibre C operates at the 
fundamental mode (LP01) only due to the very low cutoff 
wavelengths and hence it can be efficiently utilised in S, C, L, 
U bands and beyond. 

Table 2 shows the supported modes in our designed 
Fibre A, B and C along with the mode index and calculated 
field. The values in the ‘Power’ column correspond to the 
squared sum of the real and imaginary parts and have the 
meaning of the usual coupling coefficients of a particular 
mode. To calculate these above values, the launching input 
beam with a Gaussian profile (FWHM = 10 mm) and a polar 
angle of 0° with respect to fibre axis has a coupling coeffi-
cient of 0.34968 for the LP01 mode, which is approximately 
equal to that of Fibre A and B, but the LP11 influence on 
fibre propagation characteristics is eliminated. By reducing 
the FWHM of the launching Gaussian field, the coupling 
coefficient is increased. 
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The anomalous dispersion region is of interest for such 
nonlinear-optical applications as soliton propagation, opti-
cal phase conjugation and supercontinuum generation. 
Particularly, supercontinuum generation requires several 
zero dispersion wavelengths and also a large separation 
between them. Thus, our aim was to flatten the dispersion at 
a minimal positive value (near zero) over the wide range of 
the spectrum as well as to obtain several zero dispersion 
wavelengths in order to utilise the entire spectrum (from 
1.48 to 1.98 mm) for nonlinear signal processing. In our 
design, 500-nm wavelength spacing in the optical spectrum 
has the dispersion variation from 0 to 1.61 ps km–1 nm–1, 
which means that the entire spectrum can be efficiently used. 
By reducing the core diameter, we can increase the wave-
guide negative dispersion and then at an optimised value the 
total dispersion curve lies exactly on the zero dispersion line. 
However, these modifications limit the bandwidth utilisa-
tion to below 250 nm and affect other parameters such as 
bending and splice losses.

5. Conclusions

We have designed an optimised highly nonlinear fibre with an 
ultra-flattened dispersion characteristic. The optimised Fibre 
C exhibits the dispersion flatness over 500 nm of S, C, L, U 
bands and beyond with a dispersion variation between 0 to 
1.61 ps km–1 nm–1. The designed fibre has two wavelengths 
lZDW equal to 1.487 and 1.9857 mm. The calculation results 
show that the optimised Fibre C has a high nonlinear coeffi-
cient (9.43 W–1 km–1) and a very low splice loss (0.11 dB). The 
mean value of the first-order PMD of our designed fibre is as 
low as 0.051 ps. Fibre C ensures a very large bandwidth of 
operation due to its flattened normal zero dispersion over a 
wide range of the spectrum and very low cutoff wavelength of 
1.2613 mm. The macro- and micro-bending losses are 2.404 ´ 
10–14 and 6.9 ´ 10–3 dB km–1, respectively. Therefore, the 
bending loss can be ignored even in the case of a fibre cable 
that is wound as a coil in compact systems. Our proposed 
design is suitable for many nonlinear applications such as 
fibre lasers emitting at different wavelengths, parametric 
amplification, wavelength conversion, optical regeneration, 
optical sampling, pulse compression, and mainly for super-
continuum generation.
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