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Abstract: This paper focuses on the optimization of pump spectra to
achieve low Raman gain ripples over C-band in ultra-low loss photonic
crystal fiber (PCF) and dispersion compensating PCFs (DCPCFs). Genetic
algorithm (GA), a multivariate stochastic optimization algorithm, is applied
to optimize the pump powers and the wavelengths for the aforesaid fiber
designs. In addition, the GA integrated with full-vectorial finite element
method with curvilinear edge/nodal elements is used to optimize the
structural parameters of DCPCF. The optimized DCPCF provides
broadband dispersion compensation over C-band with low negative
dispersion coefficient of −530 ps/nm/km at 1550 nm, which is five times
larger than the conventional dispersion compensating fibers with nearly
equal effective mode area (21.7 μm2). A peak gain of 8.4 dB with ±0.21 dB
gain ripple is achieved for a 2.73 km long DCPCF module when three
optimized pumps are used in the backward direction. The lowest gain ripple
of ±0.36 dB is attained for a 10 km long ultra-low loss PCF with three
backward pumps. Sensitivity analysis has been performed and it is found
that within the experimental fabrication tolerances of ±2%, the absolute
magnitude of dispersion may vary by ±16%, while the Raman gain may
change by ±7%. Through tolerance study, it is examined that the ring core’s
hole-size is more sensitive to the structural deformations.
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1. Introduction
Fiber Raman amplifiers (FRAs) have emerged as elegant solutions to enhance the bandwidth
of wavelength division multiplexed (WDM) and dense WDM transmission networks due to
(1) their ability to operate in any band of transmission networks prior to the availability of a
suitable pump and (2) the reduction of the noise figure. Typically, FRAs based on stimulated
Raman scattering process consist of a gain medium (i.e. optical fiber) and a pump or multipumps either placed in co- or contra-direction. FRAs can be distinguished in two categories,
namely distributed FRA where the gain is distributed along the length of the fiber and discrete
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or lumped FRA where dispersion compensating fibers (DCFs) are the gain medium [1, 2].
For the practical use of FRAs in optical telecom links, the gain flatness is one of the important
issues to provide an equal amount of gain to every signal. To resolve this problem, several
pumps [3-6] in both co- and counter propagation schemes have been employed to achieve the
lowest gain ripples in conventional FRAs. However, gain ripples can also be lowered either
by modifying fiber designs [7] and using a single pump with added dispersion compensation
functionality or by using a nonlinear spectral pump broadening [8-10].
In recent years, photonic crystal fibers (PCFs), special kind of optical fibers, where microsized air-channels run along the propagation direction, have boosted optical fiber technology
due to their superior optical properties over conventional optical fibers such as, ultra-wide
band single mode operation [11], small or large [12] effective mode area, and overall
manageable dispersion properties [13-17]. The small effective mode area in PCFs results due
to large degrees of freedom in geometrical parameters, which can gives rise to high
nonlinearity and thus high Raman gain efficiency (RGE) that is defined as the Raman gain
coefficient per unit effective mode area [18]. This suggests PCFs to act as a strong Raman
gain medium. In past, Raman amplification properties of PCFs have been studied theoretically
[19] where a model was proposed to obtain Raman performances of a low-loss PCF. Yusoff et
al. [20] have experimentally obtained Raman gain in U-band in a highly nonlinear holey fiber,
while Matos et al. [21] have measured the RGE of a PCF. Recently, authors have also
proposed PCFs based Raman amplifier modules [22-24] which incorporate two key
functionalities, namely, Raman amplification and dispersion compensation into a single
component. The fiber designs were tailored to achieve the gain-flattened Raman
characteristics in S- and C wavelength bands by using a single pump. So far, the lowest gain
ripples (GRs) in PCF Raman amplifiers were accomplished through modification in fiber
designs, but no proper optimization technique has been applied to find the optimal pump
profile to achieve the best gain flatness. Recently, an effort has been made by Poli et al. [25]
to obtain the gain flattened PCF Raman amplifier at the expense of five pumps using a
superposition method.
In this paper, we optimize the pump spectra (wavelengths and powers) by using a genetic
algorithm (GA) [26] to achieve low GR in PCF-based Raman amplifiers. Three different
examples of PCFs have been considered; ultra-low loss PCF [27] (ULL-PCF) and dispersion
compensating PCFs (DCPCFs). To the best of author’s knowledge, optimization of pump
spectra based on GA will be applied to PCF-based amplifiers for the first time. Further, a full
vectorial finite element method (V-FEM) combined with GA is used to accurately determine
the DCPCF structural parameters [28, 29]. The V-FEM with curvilinear edge/nodal elements
is used to precisely calculate the dispersion characteristics of ULL-PCF and DCPCFs. The
optimized DCPCF provides a broadband dispersion compensation over C-band with the
largest negative dispersion of −530 ps/nm/km and effective mode area of 21.7 μm2 at 1550
nm wavelength. The module comprised of a 2.73 km long DCPCF can compensate the
positive dispersion accumulated over an 80 km long conventional single mode fiber (SMF)
link with a residual dispersion below ±0.47 ps/nm/km in C-band. It has been found that three
pumps operating in the backward direction of a 10 km long ultra-low loss PCF provide a peak
gain of 8.8 dB with ±0.36 dB GR, while a maximum gain of 8.4 dB with ±0.21 dB of GR is
attained in a 2.73 km module of DCPCF over C-band.
This paper is organized as follows. In section 2, we have described the fiber geometries,
the procedure for determining the optimized structural parameters of DCPCF, and the basic
modal characteristics of PCFs. The Raman amplification model is briefly described in section
3 where the RGE and Rayleigh backscattering coefficient of PCFs are evaluated. Then, in
section 4, we have discussed the optimization of pump spectra for both ULL-PCF and the
optimized DCPCF structures. Raman characteristics such as optical signal to noise ratio
(OSNR), noise figure (NF), and double Rayleigh backscattering (DRB) have been obtained
for optimized pump profile of the corresponding fiber designs. The feasibility and the
sensitivity of the fiber tolerances are discussed in section 5 while the summary of the work is
included in section 6.
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2. Fiber design and optimization
This section describes the fiber designs, the optimization method to find the optimum DCPCF
structural parameters, and their modal properties. Figures 1(a), 1(b), and 1(c) show the
transverse cross-section of ULL-PCF and DCPCFs, where the air-holes are arranged in a
triangular lattice with an uniform lattice constant Λ. The ULL-PCF that was fabricated up to
10 km in length exhibits the lowest attenuation of 0.37 dB/km at 1550 nm [27]. The fabricated
ULL-PCF has a pitch constant of 4.0 μm and hole-diameter of 2.5 μm. The fiber shows an
effective mode area of 16.4 μm2 at 1550 nm.
We have considered two different designs of DCPCFs for present analysis. The first
design, whose design parameters were manually obtained and the dispersion and Raman
characteristics were published in Ref. [22], will be referred as type-1 DCPCF, while the
second DCPCF design whose structural parameters are optimized by GA will be named
hereafter as type-2 DCPCF. To achieve a large negative dispersion over C-band, dual
concentric core approach is used for designing DCPCFs. In type-1 design, the ring core was
created at 2nd air-hole ring, while in type-2, the ring-core was built from 2nd to 7th air-hole
ring with a reduced hole-diameter of ds as shown in Figs. 1(b) and 1(c). The air-holes
surrounding the central core and in the outermost hole rings have hole diameter d, such that
d>ds. The opto-geometrical parameters d, ds, and Λ are well optimized by GA algorithm as
discussed in Ref. [29]. The following fitness function F (Λ, d/Λ, ds/Λ) was considered to
obtain an optimal value of d, ds, and Λ such that type-2 DCPCF exhibits a slowly varying
negative dispersion and can compensates for dispersion slope.
⎛

F ⎜ Λ,
⎝

d ds ⎞
, ⎟ = exp ( w1 f1 + f 2 )
Λ Λ⎠

(1)

∑

(2)

with

f1 = −

λ =1.565 μ m
λ =1.53 μ m

Dtarget ( λ ) + DDCPCF ( λ )

⎧− 0.9 exp( w1 f1 ) if
f2 = ⎨
else
⎩0

Aeff @1.55 μm < 20 μm 2

(3)

where w1 is a scaling parameter and taken as 0.001, Aeff is the effective mode area, DDCPCF is
the dispersion coefficient of DCPCF, and λ is the free space wavelength. Dtarget is defined as

Dtarget ( λ ) = X × DSMF

(4)

where X is the integer and DSMF is the dispersion coefficient of SMF. f1 corresponds to the
dispersion slope compensation and if DSMF is completely compensated by DCPCF f1 is zero
and F becomes to its maximum value of 1. f2 is the penalty term with regard to Aeff, and the
structure having smaller effective area will be discarded in GA analysis. The constraint on
effective mode area was applied to ensure that DCPCF should have a similar effective mode
area as of conventional DCF and the mode-field should nearly match to the mode-field of
conventional SMF so that splice loss between two can be decreased and nonlinearity can be
reduced. On the basis of GA, the optimized structural parameters for type-2 DCPCF are
obtained as d = 0.955 μm, ds = 0.706 μm, and Λ= 1.81 μm.
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(a)

(b)

(c)

Fig. 1. Transverse cross-section of (a) ULL-PCF (d/Λ=0.625 and Λ=4.0 μm) [27] (b) type-1
DCPCF (d/Λ=0.7, ds/Λ=0.26, and Λ=2 μm) [22], and (c) type-2 DCPCF (d/Λ=0.527, ds/Λ=0.39,
and Λ=1.81μm) optimized through GA. The background material is silica while circles
represent the air-holes.
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Fig. 2. (a). Attenuation spectrum and (b). dispersion characteristics of ULL-PCF [25]. The
ULL-PCF shows a loss of 0.37 dB/km at 1550 nm and exhibits anomalous dispersion
characteristics.

Table 1. Fiber’s parameters and their modal properties.

Fiber property

ULL-PCF

Type-1 DCPCF

Type-2 DCPCF

Λ [μm]

4.0

2.0

1.89

Aeff [μm2] @ 1550 nm

16.4

11.3

21.7

D [ps/nm/km] @1550 nm

58.4

−240

−530

Figures 2(a) and 2(b) depict the attenuation and dispersion spectrum of ULL-PCF. The
fiber shows an attenuation of 0.37 dB/km at 1550 nm and exhibits anomalous dispersion over
wavelength range of interest. Figure 3(a) represents the dispersion characteristics of type-1
(solid blue curve) and type-2 (solid red curve) DCPCFs. The material dispersion of silica has
been taken into account by three-term Sellemier’s formula. Due to small pitch of type-2
DCPCF, fiber shows large negative dispersion in comparison to type-1 DCPCF. The
dispersion exhibited by both DCPCFs at 1550 nm is −240 ps/nm/km and −530 ps/nm/km,
respectively. Since both DCPCFs show different dispersion coefficients and hence the length
required for the compensation of the dispersion accumulated in a pool (80 km) of SMF link
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will be different. By a standard mathematical relationship [30] between the length of DCF and
dispersion coefficient of the compensating fiber, the length of type-1 and type-2 DCPCFs are
calculated, respectively, as 5.2 km and 2.73 km. The variation of link residual dispersion over
C-band is depicted in Fig. 3(b) for both DCPCFs. It can be clearly seen that the link residual
dispersion stays below ±0.47 ps/nm/km over C-band. Note that the dispersion coefficient of
type-2 DCPCF is five times larger than the conventional DCF [30] with nearly equal effective
mode area (21.7 μm2). Table 1 summarizes the fiber’s parameters and their important modal
characteristics.
−100

2
Link residual dispersion [ps/nm/km]

Type−1
Type−2
Dispersion [ps/nm/km]

−200

−300

−400

−500

−600
1520

1530

1540
1550
Wavelength [nm]

1560

Type−1
Type−2

1.5
1
0.5
0
−0.5
−1
−1.5
−2
1520

1570

1530

(a)

1540
1550
Wavelength [nm]

1560

1570

(b)

Fig. 3. (a). Dispersion characteristics and (b). the spectral variation of link residual dispersion
for type-1 DCPCF (solid blue curve) and type-2 DCPCF (solid red curve). The type-1 and type2 DCPCFs exhibit dispersion of −240 ps/nm/km and −530 ps/nm/km, respectively, at 1550 nm.
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Fig. 4. (a). RGE as a function of frequency shift and (b). Rayleigh backscattering coefficient as
a function of the wavelength for ULL-PCF, type-1, and type-2 DCPCFs. The peak RGE (2.1
W−1.km−1) is obtained at 13.1 THz for ULL-PCF, while the peak RGE of 4.17 W−1.km−1 and
2.8 W−1.km−1 occur at 13.0 THz for type-1 and type-2 DCPCFs, respectively, for a depolarized
pump of 1455 nm wavelength.

3. Raman amplification model for PCFs
In this section, we describe a model to obtain Raman amplification characteristics of ULLPCF and DCPCFs. The RGE, one of the important parameter’s required to solve propagation
equations, is computed as [18, 23, 31]

γ R = ∫∫ CSiSi ( Δν ) is ( x, y ) ip ( x, y ) dx dy
S

(5)

where is and ip are the normalized signal and pump intensities obtained through an exact
definition of Poynting vector [18] which is calculated by V-FEM. S is the PCF cross-section,
and CSiSi (Δν) is the Raman gain spectra of Si-O-Si bounds [31] for a depolarized pump of
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1455 nm. The RGE spectrum as a function of the frequency shift (Δν) for ULL-PCF (solid
black curve), type-1 (solid blue curve) and type-2 (solid red curve) DCPCFs is plotted in Fig.
4(a), while the spectral variation of Rayleigh backscattering coefficient (εR) for corresponding
fiber designs has been illustrated in Fig. 4(b). The Rayleigh backscattering coefficient for
PCFs is calculated [19, 23] as

ε R (λ ) =

3
8πλ n
2

2
Si

∫∫S C R

i 2 ( x, y ) dx dy ,

(6)

where nSi is the refractive index of silica, CR is the Rayleigh scattering coefficient which is
assumed to be 1 dB/km/μm4, i(x, y) is the normalized field intensity of a signal, and λ is the
desired wavelength.
The RGE spectrum reveals two peaks around its maximum for ULL-PCF which is due to
Raman nature of silica glass. The ULL-PCF shows a peak of 2.1 W−1.km−1 around a frequency
shift of 13.1 THz, while type-1 and type-2 DCPCFs show the single peak of 4.17 W−1.km−1
and 2.8 W−1.km−1 around a frequency shift of 13 THz. Note that type-1 DCPCF shows higher
RGE which is due to its small effective mode area that allows a strong overlap between pump
and signal field intensities before the phase matching wavelength (PMW) between the
individual core modes. From Fig. 4(b) it can be clearly seen that type-1 DCPCF has larger
Rayleigh backscattering coefficient than the type-2 DCPCF, and ULL-PCF.
4. Optimization of pump spectra
The selection of the pump wavelengths and powers by a trial and error approach is a tedious
way to design a FRA with flat Raman gain characteristics. Therefore, we employ an
optimization technique which is based on the GA to optimize the pump spectra namely the
initial pump power and wavelength to attain minimum GR. The GA, a multivariate stochastic
optimization algorithm, based on natural selection and natural genetics, is generally able to
find more accurate solutions in a reasonable amount of time [32] and has been used by many
researchers [6, 33] to optimize pump spectra in order to achieve flat gain in conventional
optical FRAs. The GA repeatedly modifies a population of individual solutions. At each step
the GA selects individuals at random from the current population to be parents and uses them
to produce the children for next generation. Over successive generation, the population
“evolves” toward an optimal solution. The use of GA requires the determination of the
chromosome representation, the creation of initial population, the determination of the fitness
function, the selection of function, and the termination criteria [32].
For any GA, an “individual” i.e. number of variables is a feasible solution which is
described by “chromosome”. At the first generation, a population of “individuals” (pump
wavelengths and powers) is randomly created. After generating an initial population (which is
20 in our case) that contains a certain number of individuals, a series of processes (selection,
crossover, and mutation) is performed on the population to produce the next generation. The
GA keeps on running from generation to generation by selecting and reproducing parents until
a termination criterion is satisfied. The most frequently used stopping criterion is a specified
number of generations, which we have defined as 50, a number that is sufficient to obtain
optimal solution. The following fitness function F (λk, Pk) is defined to achieve the optimal
solutions,

⎧ Gmax (λk , Pk ) − Gmin (λk , Pk )
⎪
F (λk , Pk ) = ⎨
2
⎪
1000
⎩

if

Gmax > 8 [dB]

(7)

else

with
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G = 10 log10

PS+ ( L)
PS (0)

(8)

where λk and Pk are the pump wavelengths and pump powers, and k = 1, 2 m with m as
number of pumps used, L denotes the length of the fiber, G is the Raman gain and defined by
(8). The optimization problem is solved in MATLAB using its GA toolbox [26] on a 3.2 GHz
windows based PC. It took nearly 48-72 hours to find the optimal pump profiles for different
fiber designs. In our optimization procedure, we have defined a fitness function (7)-(8) that
governs the gain ripples accurately and used a constraint to yield moderate gain values using
GA toolbox of MATLAB.
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Fig. 5. (a). Power evolution of pumps and signals along the distance of fiber and the spectral
variation of (b). gain, (c). OSNR, NF, and (d). DRB of a 10 km long ultra-low loss PCF. It can
be clearly seen that with three pumps, the fiber shows the lowest GR of ±0.36 dB with a peak
gain of 8.8 dB over C-band.
Table 2. Optimized pump powers and wavelengths for 10 km long ULL-PCF.

m

λ1

λ2

λ3

P1

P2

P3

[nm]

[nm]

[nm]

[mW]

[mW]

[mW]

1

1454.5

720

2

1425.6

1456.0

3

1426.2

1436.9
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1465.6

483

570

383

293

392

[dB]

Max
gain
[dB]

OSNR
ripple
[dB]

720

±1.35

8.6

±0.43

1053

±0.48

8.9

±0.42

1068

±0.36

8.8

±0.38

Total
power
[mW]

GR
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4.1 Gain characteristics of ultra-low loss PCF
We have fixed the following set of parameters in our simulations; three pumps travel in the
backward direction and twenty four signal channels spaced at 200 GHz from 191.27 THz to
196.08 THz with an input power of −10 dBm/ch in the forward direction. The backward
reflections of the signals from the fiber end, the amplified spontaneous emission, and the
single Rayleigh backscattering in both forward and backward directions have been considered
in model as mentioned in Ref. [23]. On the basis of GA, the power evolution of three pumps
and twenty four signals along fiber length is depicted in Fig. 5(a). The dotted, dashed, and
solid red curves correspond to pumps 1, 2, and 3, respectively, while the solid blue curves
stand for the signals. The spectral variation of the gain attained by the signals in a 10 km long
ULL-PCF for different set of pumps is exhibited in Fig. 5(b). When a single pump is used
(solid red curve), an 8.6 dB of maximum gain can be achieved with ±1.35 dB GR, while the
GR decreases to ±0.48 dB by using two pumps (solid black curve). Further, by increasing the
number of pumps to three, we found that the GR can be reduced to ±0.36 dB with a peak gain
of 8.8 dB. The corresponding gain curve is shown by solid blue curve in Fig. 5(b). A total
pump power of 1068 mW was used to achieve the lowest GR in ULL-PCF based Raman
amplifier.
On the basis of the optimized pump spectra and signal values, the corresponding OSNR,
DRB, and NF are calculated from the formulae described in Ref. [23]. The variation of OSNR
(solid blue curve), NF (dotted blue curve), and DRB (solid blue curve) for the optimized
pump profile are illustrated in Figs. 5(c) and 5(d), respectively. It is evident from the figures
that a high OSNR (>35dB) with ±0.38 dB ripple, low DRB values, and low NF (<9.8 dB)
with an offset of 0.9 dB can be achieved in a 10 km long ULL-PCF Raman amplifier. In a
comparison to Ref. [25], where a superposition method was employed to achieve the almost
similar GR in ULL-PCF with five numbers of pumps, we have succeeded to reduce the
number of pumps by applying a more accurate optimization procedure. The pump powers
with corresponding wavelengths, GR, peak gain and OSNR ripples are tabulated in Table 2
for a 10 km long ULL-PCF Raman amplifier, where the index m tells about the number of
pumps.
4.2 Gain characteristics of type-1 DCPCF
In this subsection, we study the Raman performance of type-1 DCPCF. The power evolutions
of pumps and signals are shown in Fig. 6(a). The dotted, dashed, and solid red curves
correspond to pumps 1, 2, and 3, respectively, while the solid blue curves stand for the signals.
Due to the lack of experimental measurement of attenuation spectrum for DCPCFs with dual
concentric cores, we have considered an attenuation spectrum of an ultra-low loss regular PCF
[27] and raised the attenuation coefficient to 0.58 dB/km at 1550 nm. The attenuation value of
0.58 dB/km is almost near to the attenuation of a high delta conventional optical fiber
From Table 3 and Fig. 6(b), we can deduce that the GR are ± 1.2 dB (one pump, solid red
curve), ±0.8 dB (two pumps, solid black curve), and ±0.4 dB (three pumps, solid blue curve);
the total input powers of the individual set of pumps are 520 mW, 770 mW, and 690 mW,
respectively. A peak gain of 21.6 dB is achieved in a 5.2 km long type-1 DCPCF Raman
amplifier. Further, to compare with existing DCF Raman gain performances whose RGE data
was provided by Furukawa Elec. Co. Ltd. [34], we have considered similar pump power,
wavelength, fiber length and attenuation spectrum as of DCPCF and found ±2.9 dB of GR
(solid green curve) in conventional DCF Raman amplifier by using a single pump. Note that
the conventional DCF shows a dispersion of approximately −120 ps/nm/km at 1550 nm. This
comparison between DCPCF Raman amplifier and conventional DCF Raman amplifier
proves the superiority of PCFs over conventional ones. Figures 6(c) and 6(d) present the
spectral variation of OSNR, NF, and DRB in a 5.2 km long type-1 DCPCF Raman amplifier.
The module shows high OSNR (>27 dB), low NF (<9 dB), and relatively high DRB values. It
is worthy to mention that the zero dispersion wavelength of the fiber is 1421.46 nm which
expels the possibility of generating the dominant nonlinear effects such as four-wave mixing.
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4.3 Gain characteristics of type-2 DCPCF
In this subsection, the Raman amplification properties of type-2 DCPCF are described. The
power evolution of three pumps and 24 signals along the fiber distance is depicted in Fig. 7(a).
The dotted, dashed, and solid red curves correspond to pumps 1, 2, and 3, respectively, while
the solid blue curves stand for the signals. The spectral variation of the gain for the individual
set of pump powers is illustrated in Fig. 7(b), where, the solid red curve dictates the scenario
when one pump was set to propagate, the solid black curve corresponds to two pump case,
and the solid blue curve stands for three pump case. The GR for each set of pumps varies as
±0.78 dB, ±0.35 dB, and ±0.21 dB, respectively. A peak gain of 8.4 dB can be obtained in
type-2 DCPCF when three pumps are used in the backward direction. Note that an attenuation
spectrum of an ULL-PCF with a raised value of 0.58 dB/km at 1550 nm is taken into account
to compute its amplification properties.
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Fig. 6. (a). Power evolutions of pumps and signals along the distance of the fiber, the spectral
variation of (b). gain, (c). OSNR and NF, and (d). DRB in a 5.2 km long type-1 DCPCF Raman
amplifier. It can be clearly seen that with three pumps, the fiber shows GR of ±0.4 dB with a
maximum gain of 21.6 dB at the expense of 690 mW of total pump power over C-band.
Table 3. Optimized pump profile for a 5.2 km long type-1 DCPCF Raman amplifier module.

m

λ1

λ2

λ3

P1

P2

P3

[nm]

[nm]

[mW]
520

[mW]

[mW]

1

[nm]
1450.0

2

1427.0

1458.5

360

410

3

1426.6

1448.6

240

250
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1460.3

200

Total
power
[mW]
520

OSNR
ripple
[dB]

±1.2

Max
gain
[dB]
20.4

[dB]

770

±0.8

20.6

±1.0

690

±0.4

21.6

±2.1

GR

±2.8
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Table 4. Optimized pump profile for a 2.73 km long type-2 DCPCF Raman amplifier module.

m

λ1

λ2

λ3

P1

P2

P3

[nm]
1463.4

[nm]

[nm]

[mW]
890

[mW]

[mW]

1
2

1427.9

1468.4

480

630

3

1427

1456.7

490

180

1470.6

460

30

Total
power
[mW]
890

OSNR
ripple
[dB]

±0.78

Max
gain
[dB]
9.2

1100

±0.35
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Fig. 7. (a). Power evolutions of pumps and signals along the length of the fiber, the spectral
variation of (b) gain, (c) OSNR and NF, and (d) DRB in a 2.73 km long optimized type-2
DCPCF Raman amplifier. It can be clearly seen that with three pumps, the fiber shows GR of
±0.21 dB with a maximum gain of 8.4 dB at the expense of 1.1 W of total pump power over Cband.

The spectral variation of OSNR and NF is shown in Fig. 7(c) while DRB variation is
exhibited in Fig. 7(d). It is revealed from the noise performances of the fiber that it supports
high OSNR (> 43 dB) with ±0.6 dB ripples, low NF (<8 dB), and low DRB (<−58 dB). This
ensures better performance of type-2 DCPCF in comparison to OFS-Laboratory’s DCF
Raman amplifier [35] whose typical characteristics are; DRB<−48 dB, NF<9 dB, GR < ±0.38
dB, and effective area of 18.7±1.5 μm2. The pump spectrum for individual set of pumps is
tabulated in Table 4, where the index m presents the number of pumps.
Next, we have compared the Raman gain for different attenuation levels. Due to complex
geometry of fibers, they may exhibit larger attenuation coefficients than the assumed
attenuation value of 0.58 dB/km at 1550 nm. To compute the impact of background losses on
the gain characteristic, we have considered attenuation spectrum of ULL-PCF which was
normalized and then raised to a level of a 5 dB/km at 1550 nm keeping a constant spectral
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variation. We expect that with the present fabrication technology the fiber may show this loss
value, however, with progress in the development of fabrication procedure/technique, losses
in such PCF designs can be lowered to the level of conventional DCFs. Figure 8 represents the
spectral variation of gain attained in type-2 DCPCF Raman amplifier module for two different
attenuation levels. It can be interpreted from the figure that the gain decreases (solid red
curve) as the attenuation increases, which is as expected. We would like to mention that in a
real situation, the attenuation spectral variation of DCPCF may change from the considered
spectrum, thus may scale the gain values as well as the GR.
Through a comparative study between type-1 and type-2 DCPCF Raman amplifier, it has
been examined that type-1 DCPCF has higher Raman gain than type-2 DCPCF, which is due
to higher RGE and longer length of type-1 DCPCF in comparison to type-2 DCPCF.
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Fig. 8. Gain variation of type-2 DCPCF Raman amplifier module for two different attenuation
levels. Solid blue and red curves stand for the loss levels of 0.58 dB/km and 5 dB/km at 1550
nm.
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5. Tolerance study and feasibility aspects
To meet the fabrication requirements and mass production of the proposed DCPCF designs,
we have extensively carried out structural tolerance analysis for different fiber design
parameters; pitch constant Λ, ring-hole size ds, and air-hole size d, which determine the device
performances. To know the impact of structural deformations on the module performances,
we vary one parameter, for example ds, and fix other parameters such as Λ and d. Figure 9
depicts the dispersion characteristics of type-1 DCPCF for the change in ring’s hole diameter
ds which is varied within ±2% tolerances from its nominal value. It can be evident from the
figure that the minimum of the dispersion curve shifts toward left when ds is decreased to –1%
(solid green curve) and –2% (solid black curve), while the dispersion shifts toward right for

#78520 - $15.00 USD

(C) 2007 OSA

Received 2 January 2007; revised 31 January 2007; accepted 20 February 2007

5 March 2007 / Vol. 15, No. 5 / OPTICS EXPRESS 2665

+1% (solid magenta curve) and +2% (solid red curve) variation in ds. This shift in dispersion
curves results due to the shift of the PMW. The decrement in ds may result into weak overlap
of the pump and signal fields which may further decrease the gain efficiency, while the
increment in ds may lead to a strong overlap of the pump and the signal fields thus enhancing
the RGE.
Figure 10 shows the tolerances in the pitch constant of the fiber. It can be concluded from
the graph that for –1% (solid green curve) and –2% (solid black curve) change in the pitch
constant Λ, the absolute magnitude of dispersion coefficient increases while it decreases for
+1% (solid magenta curve) and +2% (solid red curve) variation, which is contrary to the effect
observed in hole diameter d tolerances. It is noticed that a ±2% tolerance in pitch may change
the absolute magnitude of dispersion coefficient by a ±16% and may also vary the RGE by a
±8%, while the RGE remains almost insensitive (<0.9%) to deformations in hole diameter d.
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Fig. 13. Spectral variation of splice loss between type-1 DCPCF and conventional SMF in
absence of any misalignments.

Next, we evaluate the impact of structural deformations of ds and Λ on the Raman gain
performances of type-1 DCPCF module. We have considered a maximum of ±2% tolerances
that may occur during the fabrication of the proposed fiber design. Figure 11 illustrates the
percentage change in the Raman gain that may take place by the presence of possible
tolerances in Λ and ds. The blue color filled triangles stand for the tolerances in ds, while the
red color filled squares correspond to the tolerances in Λ. It can be clearly observed from the
curves that a ±2% change in ds may lead to a ±7% change in the gain values of type-1 DCPCF
Raman amplifier module, while a ±2% variation in the pitch constant Λ may modify the gain
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performances by a ±2%. It adds evidence from this tolerance analysis that Raman
performances of the fiber are more sensitive to the deformations in ds.
Further, we perform the sensitivity analysis for type-2 DCPCF where the ring core is built
by 2nd-7th air hole rings. Here, we have evaluated the impact of hole-diameter ds of the ring’s
core on the dispersion characteristics after confirming from previous analysis that ds is more
sensitive to structural deformations. We observed that a ±1% change in ds shifts the minimum
of the dispersion curves to right or left hand side. The wavelength corresponding to the
minima of each dispersion curves has been noted and the shift in the corresponding
wavelength (represented by Δλ) for minima of each dispersion curves is evaluated and plotted
in Fig. 12 as a function of the change in ds. It can be seen from the figure that −1% decrease in
ds may shift the PMW by a −6%, and hence may decrease the gain efficiency of type-2
DCPCF Raman amplifier module and thus overall Raman gain.
Finally, we calculate the splice loss between type-1 DCPCF module and a conventional
SMF based on standard mode-field diameter definition and assuming absence of
misalignments between the spliced fibers. The splice loss decreases linearly with the
increment in wavelength (see Fig. 13). An average splice loss of 0.94 dB is obtained with a
splice loss value of 0.84 dB at 1550 nm. However, the splice loss between conventional fiber
and DCPCFs can be further reduced by splicing the fibers by the methodology presented in
Ref. [36] that is by adopting buffer/ferrule technique [36], the splice loss can be reduced
below 0.6 dB. Another important concern about type-1 and type-2 DCPCFs is the fabrication.
The geometrical parameters of both DCPCFs allow the fabrication of them as a similar
DCPCF with dual concentric core and smallest pitch of 1 μm was successfully fabricated by
Roberts et al. [37]. We believe that by using the same fabrication methodology, the proposed
DCPCF designs can be fabricated within allowable tolerances.
6. Summary
To summarize our work, we have optimized the pump spectra to achieve flat-Raman gain
characteristics for different kind of PCFs by employing a GA optimization technique. The
design parameters for type-2 DCPCF have been optimized by combining GA to V-FEM. In
the optimization of pump spectra (i.e. pump power and wavelength), three pumps in the
backward direction were fixed for numerical simulations as our main aim was to lower the GR
by utilizing the less number of pumps. However, the optimization procedure can be extended
even for larger number of pumps and can also be applied to bi-directional pump schemes,
which can be useful to have effective control of NF as well as gain and such study is currently
under investigation. The ULL-PCF, type-1, and type-2 DCPCFs show the lowest GR of ±0.36
dB, ±0.4 dB, and ±0.21 dB, with peak gain values of 8.8 dB, 21.4 dB, and 8.4 dB, respectively,
when three backward pumps are used. We have also carried out an extensive tolerance
analysis to show the performances of the device under practical situation. It can be extracted
from the sensitivity analysis that the Raman performances as well as the dispersion
characteristics are more sensitive to the structural deformations in the hole-diameter ds of the
air-holes in the ring core. A ±2% variation in ds may lead to a ±7% change in the Raman gain
and may shift the absolute magnitude of the dispersion coefficient by a ±16 %.
Through numerical simulations, it was observed that PCFs can serve as a suitable Raman
gain medium to provide amplification with integrated dispersion compensation functionality.
However, there is an experimental gap towards the realization of such PCF designs. We hope
to stir the experimentalist to come forward for the fabrication of dispersion compensating PCF
structures with added Raman amplification properties, as PCFs can be appropriate platforms
to compensate for the dispersion in transmission networks.
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