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We design three kinds of photonic crystal fibres (PCF) with two zero-dispersion wavelengths (ZDWs) using the

improved full vector index method (FVIM) and finite-difference frequency domain (FDFD) techniques. Based on these

designed fibres, the effect of fibre structure, pump power and wavelength on the modulation instability (MI) gain in

the anomalous dispersion region close to the second ZDW of the PCFs is comprehensively analysed in this paper. The

analytical results show that an optimal MI gain can be obtained when the optimal pump wavelength (1530 nm) is

slightly shorter than the second ZDW (1538 nm) and the optimal pump power is 250 W. Importantly, the total MI

gain bandwidth has been increased to 260 nm for the first time, so far as we know, for an optimally-designed fibre with

A =14 nm and d/A = 0.676, and the gain profile became much smoother. The optimal pump wavelength relies on

the second ZDW of the PCF whereas the optimal pump power depends on the corporate operation of the optimal fibre

structure and optimal pump wavelength, which is important in designing the most appropriate PCF to attain higher

broadband and gain amplification.
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1. Introduction

As a special four-wave mixing (FWM) pro-
modulation instability (MI) has attracted
much attention for supercontinuum (SC) generation

cess,

and broadband amplification in recent experimental
investigations.' =3 Due to an interplay between non-
linear and dispersive effects, MI occurs and manifests
itself as the breakup of a CW or quasi-CW into a train

[l In general, MI appears in the

of ultra-short pulses.
anomalous group velocity dispersion (GVD) regime. %!
However, MI may occur in the normal GVD regime in
some special cases, such as in the presence of higher

even-order linear dispersions, (¢!

or the co-propagation
of two or more optical fields in the optical fibre.[”]
studied MI

including photonic crystal fibres

Many authors have

[8—12]

in opti-
cal fibres,
(PCFs).["¥l However, the practical application of
MI is extensive. For example, as a combination of
parametric and Raman gain, MI gain may be ex-
ploited as a relatively broadband and tunable gain
mechanism in highly nonlinear fibre-based frequency

converters!'*15] and oscillators.['817] Moreover, a gen-

eral drawback of parametric amplification is that it is
a narrowband gain mechanism that requires sideband
detuning close to the phase-matching condition, un-
less multiple frequency pump schemes are employed.
Therefore, as a promising technique for providing
broadband amplification and wideband loss compen-
sation in the fibre-optical transmission link, MI gain
and control are worthwhile research fields.

In this work, beginning from the extensively ac-
cepted nonlinear Schrédinger equation, we deduce
the general expression of the MI, which includes the
corporate operation of parametric and Raman gain.
By applying the improved full vector effective index
method (FVEM) or finite-difference frequency domain
(FDFD) techniques, we firstly design three kinds of
PCFs with two ZDWs (their second ZDWs are the
same and equal to Azpw = 1538 nm), and then discuss
an interesting situation where their group velocity dis-
persions (GVD) 3, are negative and the fourth-order
dispersions (FODs) (4 are positive for pump wave-
lengths slightly less than their second ZDWs, for in-

stance, in an approximately 8 nm region (1530 nm) of
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downshift from their second ZDWs (1538 nm). The re-
search results show that high-order dispersion, pump
wavelength and power have a great effect on MI gain
bandwidth and profile, and the corporate operation
of GVD and FOD can make the gain bandwidth in-
crease to over 120 nm. Finally, as we will discuss in
this paper, by optimizing the fibre structure parame-
ters, pump wavelength and power, one can obtain an
optimal broadband MI gain bandwidth of ~130 nm
and a flat-top gain profile at the anti-Stokes sideband
or Stokes sideband for the first time. The total gain
bandwidth on both sides of the optimal pump wave-

length (1530 nm) is 260 nm.

2. Theoretical model

Without considering polarization coupling, the
pulse propagation in fibres is described by the scalar
nonlinear Schrédinger equation (NLSE). To describe
all nonlinear phenomena such as dispersion, self-
phase modulations (SPM), self-steepening (SS), stim-
ulated Raman scattering (SRS) and four wave mixing
(FWM), the NLSE has to be expressed as follows:

o0

U (z,t) ar in—1 gn i o
5 +t3 Zﬁn Y U(z,t) =iy <1+wp8t) (U(z,t)/

— 00

R<T>|U<z,t7>|2d7), 1)

where U(z,t) is the electric field amplitude, z is the longitudinal coordinate along the fibre, t is the time
in a reference frame travelling with the pump light w;,, 8, = 9"f(w)/0w"|,=w, is the n-th-order frequency
dependence dispersion coefficient at the central frequency of the pump pulse, v = now,/cAeg is the nonlinear
parameter, ny = 3.0 x 1072° m? /W is the nonlinear refractive index of fused-silica glass, and A.g is the effective
mode area of the fibre which depends on fibre parameters such as the core radius and the core-cladding index
difference; « is the fibre loss. In order to obtain an exact estimate of the effect of Raman gain, the Raman

response function can be written in the form:[*8]

R(t) = (1= fr)0(t) + fr [(fa + fe) ha (8) + fohn (D)], (2)

where

ha (t) t1(t72 4+ t5 ) exp (—t/to) sin(t/ty),

= [(2ty, — t)/£2] exp(—t/ty)

with ¢ > 0. Equation (2) includes both instantaneous electronic and delayed Raman contributions!*®! and is much
more exact than the traditional single-Lorentzian model; fr = 0.18 is the fraction of the Raman contribution
to the nonlinear polarization. f, = 0.75, fi, = 0.21 and f. = 0.04 represent the fractional contributions of the
isotropic and anisotropic parts of the Raman response, respectively; t; = 12.2 fs, to = 32 fs, ¢, = 96 fs are the
chosen parameters. By introducing the Fourier transform [* R (t)exp (i£2t) dt = R (£2), in view of Eq.(2), we
can obtain

fr (8 +13) [t +13(1 — 302%)] (fa + fe) (1+36202%) frfo

R(2) = (1—fr)+

[+ 51—t 22 [+ 50 +002)%]  (1-12022)° + (2tp02)2
283to fr (12 +13) (fa + fo) 2 263 fr fr (23 3)
[ +t5(1 — 12217 + 51+ 12)%] (1 — 12022)° + (2t,02)2

where (2 = w — wp, w is the actual optical frequency.

3. General expression for modulation-instability gain

By restricting our analysis to the undepleted-dump approximation, MI in the NLSE is revealed by a line
stability analysis of its continuous wave (CW) pumped with a power P,, whose evolution along the PCF reads

z) = /Py exp[ivP,2]. (4)
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Equation (4) implies that CW light should be un-
changed during propagation through the fibre except
for acquiring a power-dependence phase shift.

To investigate the effect of small perturbations
on the steady solution, we perturb the steady state
slightly such that

t) = /P, exp[i7Pyz]
+ us(z) exp(i62t) exp [i7Pp2]
+ Uas(2) exp(—i82t) exp [ivPy2],  (5)

where ug(z) and u,s(2) are the small signal amplitudes
of the Stokes and anti-Stokes waves at frequency shifts
£{2, respectively, and here 2 = w, — Wy = wWas — Wp
(£2 > 0). After inserting Eq.(5) into Eq.(1), two cou-
pled linear ordinary differential equations are attained
by picking out the Stokes term and the complex con-
jugate of the anti-Stokes term and making them lin-
earized. They can be written as

d [ us(z) .| @11 a2 us(2)

il =i 6

dz \ ux (2) a1 a2 Uz (2) )
with

a1 = A(02) + B, [(1 - &) R(2) — R (0)],

a12*7P( ) (_Q),
a21——’YP( HR(2),
aze = B(£2) =P, [(1+ &) R(£2) + ER(0)],
and
Z 2,
here £ = 2/wy,.

Suppose a solution of the type us(z) and u},(z)

exp(—ipsz) of Eq.(6).
eigenvalue pu+ = pr + ipg by calculating the roots

One easily finds the complex

of a second-order characteristic polynomial, which is
determined by the following equation,

pr = C(2) +~vPp¢ [R(£2) + R(0)]
+ [D(2)? + 2vP,R (2) D(2)
+ P PER? ()2 (7)

with

o 1 2n+1

D)= ﬁﬁgnn%.

n>1

Modulation instability occurs at the detuning fre-
quency {2, where the Stokes wave or anti-Stokes wave
undergoes exponential growth when the MI gain co-
efficient is defined as gmi(§2) = 2Im(pg) > 0. Here
C(£2) and R(0) are real numbers, so we can gain from

Eq.(7)
gi(2) = 2Im {fprgR(.Q)

+ [D(Q)Q +2yP,R (£2) D(12)

rpzer @]}, 0

The requirement for the gain is the expression in the
square root of Eq.(8) to satisfy the relation

D(2)? + 2yP,R (£2) D(£2)
+7° PR (2) < 0. (9)
Thus, D({2) satisfies

VP, R(2) [1 + \/@} < D(©2
< =1RR(Q) [1 - VT-€].

Furthermore, assuming gyi(§2) = 0, we can attain
the maximum gain bandwidth, which can be approx-
imately expressed as

Bmdx ~ Qmax
vV —12B2/ B4,

Obviously, equations (8) and (9) indicate that MI gain

(B2 <0,84>0). (10)

%

depends on the nonlinear parameter « and even-order
dispersion coefficient fa,, of PCF (notice that the odd-
order dispersion coefficient 82,11 has no effect on MI)
whereas v and (2, depend on the fibre structural pa-
rameters such as the air-hole diameter d and the pitch
A between the holes. As a result, we can control
the MI gain and its bandwidth by designing differ-
ent PCF. Also, MI occurs not only in the anomalous
GVD regime but also in the normal GVD regime when
equation (9) is satisfied for a certain fibre.

4. Design of different structural
PCFs with TZDWs for MI gain

control

Based on the former description, we know that
~ is inversely proportional to Acg, which depends on

the fibre structural parameters. Commonly, A.g =
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nrig and reg is the effective waveguide mode radius
of the fibre which can be described roughly by the
formulal!?:20]

Teff = TC(da A7 A]:))
+ A/ [27?(713 cos ¢ — ngl’eﬂr)l/z ,  (11)

where r. is the fibre effective core radius which is re-
lated to the pump wavelength A, and the air-hole di-
ameter d and the pitch A of PCF; n. is the refractive
index of the fibre core; ¢ is the incidence angle char-
acterizing the mode in the fibre core; and nci of is the
effective refractive index of the cladding, which de-
pends on the fundamental space-filling mode EH7; of
PCF cladding.

We may adopt the improved full vector index
method (FVIM) to find n er. For this, we solve the
characteristic equation of space-filling mode EFH1; of
fibre cladding in a circular unit cell with symmetric
boundary conditions 9y /ds = 0, where v is the elec-
tric field and s is the coordinate along the axis oriented
in the direction perpendicular to the boundary of the

unit cell. The characteristic equation of space-filling

mode FHy; can be expressed asl2l

o et 5 (14152 o0

Vol.18
with
(w) 1 Jo(ur)Yi(uR) — Yo(ur)Ji(uR) 1
g ur Jy(ur)Y1(uR) — Yi(ur)Ji(uR)  u2r?’

_1 1 1 n<2:0 ngir
fow ="l e ) e T )

and
w® = w? (ngl,eﬁ? - "iir)/02,
2

u = w2 (ngo - ngl,eff)/027

where I, J and Y are Bessel functions,  and R are the
air-hole radius and the equivalent circular unit cell ra-
dius of the PCF, respectively; n.i, and n, are the re-
fractive index of air and quartz medium, respectively.
Considering the material dispersion, n., is well ap-
proximated by the Sellmeier equation. Therefore, by
numerically solving Eq.(12), we can have u = u(w),

and then obtain

Netet (W) = \/nZ, — u2 (w) /w2, (13)
With ng e, the effective refractive index neg of the
fundamental mode H F7; transmitted in the fibre can

be attained by solving the following characteristic

equation(?!]
1 Ko(W)
w2 WK (W)

+ 1 ngo : 2( )+ f(w7u) 1/2 _ O (12)
o 4 nazxir g niir B
|
JoU) 1 U e et
= — —_ 1 2
L) U2 ( +
2
. g 1_ ngl,eff
2 n2,
with

1 1
F(U’W):{Uﬁvw]m W

co

1 gleﬂf_ 1]

U? = kj(ng, = nig) - 7,

2 _ 1.2 2 2 2
W= kO (neff - ncl,eff) “Tey

where ko is the free space wave number. Finally,
making use of the dispersion parameter D(w) =
—(N/e)(d?neg(w)/dA?) = —(2mc/A?)ka(w), the other
high-order dispersion coefficients can be also acquired,
ka(w) = 3,50 (Bn/(n—2)!1) 2772, with ks(w) being
the frequen(:};—dependent dispersion.

1 Ko(W)
W2 WK (W

2
+ )} +4F (U, W) (14)

For conveniently studying the effect of the fibre
structure on MI gain in the following sections, we de-
sign three types of PCFs with two ZDWs. Figure 1(a)
shows the dispersion property of PCFs with different
parameters d/A. Figure 1(e) gives the variation of the
effective waveguide mode radius reg with the wave-
length for different parameters d/A, indicating that
reff gradually increases with the increase of d/A and
A. Figure 1(f), 1(g) and 1(h) show the field plots of
the y-polarization fundamental mode for pump wave-
length A, = 1530 nm, which can be attained by using
the FDFD method to numerically solve the Maxwell
equation.?2 As can be seen, the first ZDWs are dif-
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ferent from each other while the second ZDWs are the
same and equal to A, = 1530 nm. Besides the pump
power, pump wavelength and Raman gain, equation
(8) indicates that MI gain also depends mainly on the
even-order dispersion coefficients (2, and the nonlin-
ear parameter v of the fibre. Here, the variation of
the second, fourth-order dispersion coefficients with
wavelength is given by Figs.1(c) and 1(d), respec-
tively. Meanwhile, the nonlinear parameter v is also
shown in Fig.1(b). Figure 1(d) implies that, for visible
wavelengths, the fourth-order dispersion coefficients
are almost equal to 0. Hence, it is unnecessary to
discuss the effect of high-order dispersion on MI gain
if the pump wavelength is close to the first ZDWs.

l
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!
g
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As a result, the pump wavelength should be chosen
not only close to the second ZDW 1538 nm but also
slightly less than 1538 nm, so as to ensure 3 < 0.
The other even-order dispersions (2, (n > 3), such as
Bs = 6.3 x 1078 ps®/km of the fibre with d/A = 0.676
and A = 1.4 pm, have almost no impact on the MI
gain due to the very small dispersion values even if
the pump wavelength lies in the infrared light region,
so they can be neglected. Therefore, it is interesting
and necessary to investigate the detailed behaviour of
the fourth-order dispersion on MI gain for PCFs with
different structural parameters when the pump wave-
length is close to the second ZDW.
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FE, mode Ey mode

y/pum

x/pum
(g) d/A = 0.536,A = 1.6 (h) d/A = 0.437, A = 1.8

/pm

Fig.1. (a) and (b) are the calculated dispersion coefficient and nonlinear parameter variation with wavelength,
respectively. (c) and (d) are the second-order and fourth-order dispersions of the fibre, respectively. (e) is the
variation of the effective waveguide mode radius with wavelength. (f), (g) and (h) are the calculated field plots of
the y-polarization fundamental mode for different fibres with TZDWs at pump wavelength A, = 1530 nm.

5. Effect of fibre structure, pump power and wavelength on MI gain

Figures 2(a), 2(b) and 2(c) show the MI gain variation with sideband wavelengths for PCF with d/A = 0.676,
A =14 pm, B = —3.0693 ps?/km and B4 = 2.6205 x 1073 ps*/km when A\, = 1530 nm and P, = 50 W.
Defining the full width at half maximum (FWHM) of the MI gain peak as gain bandwidth, we see from Figs.2(a)
and 2(c) that the presence of the positive FOD not only leads to generation of two extra MI gain peaks but
also a fourfold increase in MI gain bandwidth, from 37 nm to 148 nm, which is not so flat due to the low pump
power. This case illustrates that the short-wave gain peak at the anti-Stokes sideband is associated with the
usual MI owing to the negative GVD of the fibre, whereas the long-wave gain peak depends on the positive
FOD and is located at the sideband detuning 2max/(27) = \/—1282/Ba/(27) = 18.6 THz, which corresponds
to a sideband shift of ~140 nm. It should be mentioned that the combination of GVD and FOD is not optimal
here, although it will be optimized in Figs.4 and 5.

The detailed dependence of the MI gain upon the pump power and the sideband wavelength detuning
from the pump wavelength is shown in Figs.2(d), 2(e) and 2(f). To better express the MI gain magnitude,
we use a bar to represent the normalized MI gain value. Analysing Figs.2(d), 2(e) and 2(f), we find that the
flat-top MI gain profile certainly depends on the pump power, and the gain bandwidth gradually increases
with augmentation of the pump power. If we just consider the effect of GVD or FOD on MI gain, a two-peak
profile at the anti-Stokes sideband or Stokes sideband does not exist for any pump power (see Figs.2(d) and 2(e)).
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Q200
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< o)
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= 2 100
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Fig.2. (a), (b) and (c) show the MI gain variation with sideband wavelength for pump power P, = 50 W.

(d), (e) and (f) are the sideband wavelength variation with different powers. (a) and (d) only consider the
effect of GVD Ba. (b) and (e) only consider the effect of FOD 4. (c) and (f) consider the combined effect
of GVD (2 and FOD f4. A bar showing the normalized MI gain values is given on the right side of each of

parts (d), (e) and (f).

Conversely, if the corporate effect of GVD and FOD
on MI gain is considered, a great change occurs obvi-
ously. For P, < 175 W, a two-peak gain profile ap-
pears at the anti-Stokes sideband or Stokes sideband
(see Fig.2(f)), but they have different gain magnitudes
(see Fig.2(c)); the gain value at 1567 nm is 1.3 times
that at 1688 nm. But, if P, > 175 W, the two gain
peaks merge together into a single broadband gain
profile at the anti-Stokes sideband or Stokes sideband
(see Fig.2(f)).
MI gain magnitude and its gain profile by choosing an

Thus, we can control the broadband

appropriate pump power when the pump wavelength
is below the second ZDW A.5. Moreover, we can also
decrease the MI gain magnitude and its bandwidth
by reducing the pump power and compensating GVD.
Comparing Fig.2(b) with 2(c), we discover that GVD
compensation gives the maximum gain and its band-
width decreases by ~ 4/5 and ~ 9/20 for P, = 50 W,
respectively.

Although the MI gain and its bandwidth depend
on the pump power of the incident pulse, the gain
bandwidth mainly depends on the fibre structural pa-
rameters d/A because different structural parameters
are linked to different dispersion values, especially

GVD and FOD, which severely affect the MI gain
bandwidth and gain profile. Figure 3 shows the MI
gain profile of three fibres of different structures at
pump power P, =200 W. In Fig.3(a), when only the
effect of GVD is considered, the MI gain bandwidth for
the fibre with d/A = 0.437 and A = 1.8 pm is maximal
and equal to 92 nm, whereas the MI gain bandwidth
for the fibre with d/A = 0.676 and A = 1.4 pm is min-
imal and equal to 80 nm. But their peak gain ampli-
tudes are the reverse of each other: the former’s peak
gain amplitude is about half of the latter’s peak gain
amplitude, one is 4.8 m™! and the other is 9.7 m~!. If
the corporate operation of GVD and FOD is consid-
ered in Fig.3(b), the MI gain bandwidths of the three
fibres will all increase to above 110 nm and their peak
gain amplitudes are not affected by the introduction of
FOD. Comparing Fig.3(a) with Fig.3(b), we see that
the gain bandwidths of the three PCFs are 80 nm,
86 nm and 92 nm respectively with D(£2) = 3,02%/2,
while with D(£2) = 3202%/2 + ($,02%/24 their MI gain
bandwidths are 132 nm, 125 nm and 115 nm respec-
tively. Their increments are 52 nm, 39 nm and 23 nm,
respectively. This case illustrates that the effect of
FOD on the MI gain bandwidth of fibres with larger
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d/A is much larger than those with smaller d/A. Fur-
thermore, different pump powers and fibre parameters
lead to different gain flatness. In Fig.3(b), the gain
flatness for the fibre with d/A = 0.676 and A = 1.4 um
is the best among the designed three PCFs, which
implies that MI gain peaks can become much flat-
ter if an appropriate pump power is chosen. There-

l

10 ~
I Dy =202 —— 4/A=0676
g 2 A=14
T 81 =1530nm - = d/A=0.536
5y P, =200W A=16
—— d/A=0.437
£ 67
2
<
% 4
=
g
2 27
=
<
S 0 T T T T
= 1300 1400 1500 1600 1700 1800

Sideband wavelength A/nm

fore, by designing an appropriate fibre parameter d/A
and controlling the pump power, we can obtain ultra-
broadband and flat-top MI gain room, which is im-
portant to obtaining broadband amplification using
optical fibres, and may be a worthwhile and hopeful

amplification technology in the future.
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Fig.3. Comparison of MI gain bandwidth variations for three fibres of different structures. (a) MI gain for

D) = @92, (b) MI gain for D(£2) = @92 + @94.
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Besides pump power and fibre structural parameters, the pump wavelength is also an important factor in

MI gain. Figure 4 shows the MI gain variation with different pump wavelengths at P, = 200 W. In view of

Fig.4, when GVD and FOD work simultaneously and the pump power remains constant, the MI gain band-

width of the three different fibres gradually decreases as pump wavelength increases, while their gain flatness

gradually becomes smooth. Moreover, there exists an optimal pump wavelength region close to A, = 1530 nm,
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corresponding to about 8 nm of downshift from the fibres’” ZDW \,o = 1538 nm. However, if FOD can be
compensated by a grating pair or another method, the optimal pump wavelength region should be close to
Az2 = 1538 nm, for example, A\, = 1535 nm as shown in Fig.4(a). Therefore, to obtain a flat-top gain profile
and a much higher gain magnitude, it is necessary to choose the optimal pump wavelength for any fibre.

6. Optimal control of MI gain

Based on the above analysis, in order to achieve the optimal gain design, it is better to choose the optimal
fibre parameter A = 1.4 pm and d/A = 0.676 among the three designed PCFs. Moreover, the pump power
should be > 175 W and the pump wavelength should be limited to a small region close to 1530 nm. Figure 5(a)
shows the MI gain profile versus sideband wavelength for five different pump wavelengths in a small region close
to 1530 nm at pump power P, = 250 W. The comparisons display that the optimal pump wavelength is just
)\gpt = 1530 nm and the optimal gain bandwidth is ~130 nm which is less than the maximal gain bandwidth
140 nm obtained from the formula Byi* ~ 2nax ~ \/m. In the case of the optimal pump wavelength
and the fibre parameter, the optimal nonlinearity v°P* is given by 7°P* = nywdP* JeASRY = 2n, /)\gpt(rsgt)z
and the optimal sideband detuning Qggf‘ ko (5/8)2max corresponding to MI peak gain can be obtained from
Fig.5(a). Since the maximum MI gain is given by the phasing matching condition D(Qgg?k) + P PPt = 0 by
neglecting the contribution of Raman gain, one obtains the optimal power design rules by using Egs.(7) and
(11), and only considering GVD and TOD:

23 3

b3 15
167°Pt B3y (15)

Aot — 2n2/{/\gpt [Tc(d,/l,)\gpt) + )\gpt/ [QW\/m HQ} (16)

Obviously, the optimal pump power depends on the optimal fibre structure and optimal pump wavelength (see

opt __
PPt =

Egs.(15) and (16)). The appropriate pump power is determined in the following way. Once the optimal fibre
with TZDWs is chosen, we have its second ZDW value A,2. Then the optimal wavelength is certain to lie in
about an 8 nm interval of downshift from A, according to Fig.4. In succession, making use of formulas (15) and
(16), the optimal pump power can be roughly estimated. Finally, by appropriately changing the estimated pump
power value, the optimal pump power can be established. For example, for the designed fibre with A = 1.4 ym
and d/A = 0.676, the estimated optimal pump power from formula (15) is 210 W, and we may change the
pump power from 200 W to 300 W to ascertain the optimal pump power. In fact, from Fig.5(b), we see that,
corresponding to the optimal pump wavelength A, = 1530 nm, the pump power P, = 250 W is the optimal
choice, which illustrates that using formula (15) to roughly evaluate the optimal pump power is credible. The
difference is related to the choice of the optimal pump wavelength and the approximation of the fibre effective
core radius.
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Fig.5. Optimal design of MI gains: (a) for different pump wavelengths at pump power P, = 250 W; (b) for
different pump powers at pump wavelength A, = 1530 nm.
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Although there are some other methods to obtain
optical amplification, such as optical parametric am-
plification and Raman amplification, they may have
some disadvantages. Optical parametric amplification
can be used to find a higher gain value, but its gain
bandwidth is usually limited to about 100 nm. Raman
amplification can be used to attain a wider gain band-
width (40 THz), but its gain profile is not flat and can
be described by a single-Lorentzian model. However,
MI gain amplification, including the combined opera-
tion of parametric and Raman gain, has the merits of
both optical parametric amplification and Raman am-
plification. It not only enhances the gain bandwidth
of the fibre amplifier to 130 nm in the anti-Stokes re-
gion or Stokes region (total gain bandwidth is 260 nm)
and attains a flat-top gain profile, but also results in
a much higher gain value as compared with the Ra-
man gain of the fibre. For example, a nearly four-
fold gain increase has been experimentally observed
in relatively recent experiments.!8! Thus, using the MI
method to obtain better broadband and flat-top gain
will be a promising amplification technique.

7. Conclusion

In this paper, we have designed three types of
PCFs with TZDWs and different air hole diameter
(d) to pitch (A) ratios d/A by improved FVIM and
FDFD techniques. The first ZDWs are different and

the second ZDWs are the same and equal to 1538 nm.
The effect of pump power, incident wavelength and
fibre structure on MI gain is comprehensively inves-
tigated. The results show that, with the increase of
pump power and wavelength in the anomalous region
close to the second ZDW 1538 nm, the two gain peaks
at the anti-Stokes or Stokes sideband may merge to-
gether into a single broadband gain profile. Moreover,
there exist both optimal pump wavelength and power,
which depend on the fibre structure parameters. For
the optimal fibre with parameter d/A4 = 0.670 and
A = 1.4 pm the optimal pump wavelength is 1530 nm,
which lies in an interval of about 8 nm of downshift
from the second ZDW 1538 nm, and the optimal pump
power is about 250 W. Based on the optimal fibre
structure, optimal pump wavelength and power, an
optimal MI gain bandwidth of 130 nm at the anti-
Stokes or Stokes sideband is obtained. It is noted
that the optimal pump wavelength and pump power
vary with the second ZDW of the fibre. As a result,
the MI gain bandwidth and flatness can be efficiently
improved and controlled by appropriately designing
the fibre structure and choosing the pump wavelength
and power, which may be useful to the enhancement
of amplifier gain and bandwidth. Conversely, restrict-
ing MI gain by compensating the GVD and FOD of
the fibre is also useful in some special fields, such as

long-haul optical communication systems.
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