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ABSTRACT In this paper, we investigate the gain spectra of fiber
optical parametric amplifiers (FOPAs) consisting of dispersion-
flattened fibers (DFFs) with different dispersion curves compar-
atively by means of the dispersion curve model of the DFFs. It
is demonstrated that the broader gain spectrum of FOPAs can
be achieved if the dispersion curve is lower and more flattened.
Based on the preceding analyses, we propose to constitute
FOPAs by using index-guiding photonic crystal fiber (PCF)
with an anticipated ultra-flattened dispersion and ultra-low dis-
persion slope. The as-proposed PCF had different air-holes in
the cladding rings. In total, four parameters of the PCF are opti-
mized by using genetic algorithm.

PACS 42.81.-1; 42.65.Hw; 42.65.Y]

1 Introduction

In current communication systems, wavelength di-
vision multiplexing (WDM) is used to increase the informa-
tion capacity of each fiber, which requires amplifiers with
uniform gain to compensate the loss of fiber and equalize the
power of the various channels. Fiber optical parametric ampli-
fiers (FOPAs), which utilize the principle of four-wave mixing
(FWM) to amplify the signals [1], can provide a broadband
amplification at arbitrary wavelengths when the two pump
wavelengths locate on each side of the zero-dispersion wave-
length (ZDW) and the center wavelength of two pumps is
close to ZDW [2—4].

In most research, the dispersion slope of fiber D, (that
is aD/0)) is considered as a constant and therefore the gain
spectrum of FOPAs is nearly symmetrical [5—7]. However,
in practice the dispersion of fiber D(A) varies with the wave-
length, so does the dispersion slope D; (1). In this paper, we
model the dispersion curve of DFF as a parabola and obtain
its second- and fourth-order dispersion curves, from which the
gain spectrum of FOPAs using DFF is achieved. Compared
with the symmetrical gain spectrum in [8], the gain spectrum
of FOPAs in the paper is asymmetrical because a varying dis-
persion slope of fiber with wavelength D, (1) is considered
to substitute for a constant D,. The gain spectra of FOPAs
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with different dispersion curves are compared, and it is known
that the lower and more flattened the dispersion curve is, the
broader the gain spectrum is.

Based on preceding analyses, index-guiding photonic
crystal fibers (PCFs) are proposed to constitute FOPAs [9, 10].
From the first time PCFs are used in FWM [11], the optical
parametric oscillator composed of PCFs has been the hotspot
in research [12—17]. In most research, the pump wavelength
of the optical parametric oscillator ranges from 600 nm to
800 nm [11-14]: In 2003, John D. Harvey et al. reported
a photonic crystal fiber-optica parametric generator provid-
ing efficient conversion of red pump light with the wavelength
of 647 nm into bule and near-infrared light [12]; subsequently
A. Chen et al. proposed a widely tunable optical parametric
generation in a PCF with the pump wavelength of 650 nm
and demonstrated experimentally more than 450 nm of side-
band tunability when the pump wavelength was tuned over
10 nm [13], which has a striking advancement compared with
the first PCF-optical parametric oscillator with the measured
wavelength-tunability range of 40 nm in the case of pump
wavelength of 751.8 nm [11]. Moveover, the FWM in PCF
also was applied to generate femtosecond pulses: In 2004,
S.0. Konorov et al. put forward a generator of femtosecond
anti-Stokes pulses, which utilized 800 nm laser pump pulses
into an anti-Stokes signal with the central wavelength around
590-600 nm and a Stokes signal centered at 1250 nm [14];
in 2005, Y. Deng et al. reported a broadly tunable femtosec-
ond parametric oscillator using a PCF and achieved pulses
as short as 460fs and a tuning range as wide as 200 nm
around 1000 nm with the pump wavelength of 1040 nm [15].
In recent research, the dispersion-flattened highly nonlin-
ear PCF has been utilized in wavelength conversion in the
range of communication wavelength: In 2005, P.A. Ander-
sen et al. proposed a wavelength converter using dispersion-
flattened highly nonlinear PCF and achieved a conversion
bandwidth of 31 nm with a range of the pump wavelength
from 1559.8 nm to 1545.2 nm [16]; K.K. Chow et al. also re-
ported a polarization-insensitive widely tunable wavelength
converter in dispersion-flattened nonlinear PCF and obtained
a 3-dB conversion range over 40 nm (1535-1575 nm) with
a flat conversion efficiency of —16 dB and a polarization sen-
sitivity of less than 0.3 dB [17].

As is known, photonic crystal fibers (PCFs) are made from
single material such as silica glass, with an array of micro-
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scopic air channels running along its length [18]. A desirable
property of the PCFs is that the additional design parame-
ters of hole diameter, d, and hole pitch, A, offer much greater
flexibility in the design of dispersion for the required applica-
tion. By manipulating circular air-hole diameter, d, and pitch,
A, it is possible to control the PCF dispersion properties,
for example, to change the zero-dispersion wavelength or to
engineer the dispersion curve to be ultra-flattened. The opti-
mization design of PCFs is often difficult because the optical
properties do not usually vary in a simple way with the fiber
geometry parameters [19]. Therefore, optimization design is
proposed to consider the problem inversely, i.e., designing the
PCFs structure based on the anticipated optical characteris-
tic for a given application. In the paper, based on the model
of dispersion curve of fiber and the gain theory of FOPAs,
the conclusion can be drawn that the lower and more flat-
tened the dispersion curve of fiber is, the broader the gain
spectrum of FOPAs is. Moreover, the chromatic dispersion of
PCFs can be engineered easily by varying the holes’ diam-
eter and the holes’ pitch. Furthermore, if each ring’s air-holes
in cladding can be designed, respectively, better performance
can be expected in wide wavelength range [20]. Therefore,
we proposed a dispersion-flattened PCFs with the expected
dispersion characteristics adapted to FOPAs and then used
genetic algorithm (GA) to optimize the four design param-
eters of PCFs, where each ring’s air-holes in cladding are
different. Thus an anticipated PCF with the ultra-flattened
dispersion and ultra-low dispersion slope over wide wave-
length range is obtained and a new FOPA composed of
this PCF also is proposed with a flattened gain band over
50 nm.

2 The dispersion-flattened FOPAs

For FOPAs, a small dispersion slope of fiber Dy
can provide a broad and uniform gain spectrum. In previous
FOPA experiments, the dispersion slope of fiber D, is con-
sidered as a constant, such as 0.07 ps/(nm*km) in common
dispersion-shifted fiber (DSF) and 0.03 ps/(nm”km) in highly
nonlinear fiber (HNLF) [21,22]. However, the dispersion of
fiber D(}) is commonly variable with the wavelength, so is the
dispersion slope D; (1), which has an important influence on
the gain spectrum of FOPAs. Therefore a dispersion-flattened
fiber is proposed in the paper to apply to FOPAs to achieve
abroad and uniform gain spectrum.

The dispersion curve of DFFs D(A) can be assumed to be
aparabola [23],

Y
D(X):De[l—u}

A

Where D, is the minimal value of D()\) at the wavelength
Ae and 22, is the wavelength spacing between the two points
of ZDW. In numerical simulation, the absolute value of D,
is assumed to be 0.15 ps/nm/km, A, is 1732.5nm and 1, is
180 nm. Figure 1a shows the characteristic of dispersion func-
tion of DFFs and it is clear that the fiber dispersion D(A) varies
with wavelength.

Supposing that the pumps are much more intense than the
signal and idler and they co-propagate in a lossless fiber, the
theoretical gain spectrum of two-pump FOPAs at the output
can be expressed as the form [8]:
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Second-order dispersion (s7m)

12 i i i i i
1200 1300 1400 1500 1600 1700 1800
Signal wavelength (nm)

©

-56

4 i
1200 1300

1400 1500 1600 1700 1800
Signal wavelength (nm)

FIGURE 1 (a) The fiber disper-
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where u = y(P) + P;) = yPy, r =24/ P) P>/ Py, and the para-
metric gain coefficient g can be expressed:

1
¢ =[n® = (/2] = = (AB* +2unp+u” —du’r?),
where k is the total phase mismatch including the nonlinear
phase shift:

k=AB+y(Pi+P) =AB+yP.

y is the nonlinear coefficient of fiber and the linear propaga-
tion constant mismatch A8 is shown:

AB=B3+Bs—p1—B2.

Define the parameters, the central frequency of the two pumps
w. = (w1 + @wy) /2; the frequency detuning between the signal
w3 and the central frequency £2 = w3 — w.; the average differ-
ence of the two pumps’ frequencies Awp, = (w1 — @) /2.

We expand B3 around the central frequency of the two

where B denotes the nth derivative of 8 at w.. Similarly, we
can write 81, B> and B4, and utilize the substitutions,$2 = w3 —
we = —(w4 — we), Awp = 0] — we = — (w2 — we).

The linear propagation-constant mismatch A can be
rewritten as:

AB = 22

From [8], it is known that truncating A 8 after the fourth order
should be a generally valid procedure and therefore A 8 can be
expressed as following:

ﬂ(Zm)
(2m )'

[27" — (Awp)™] .

1
AB =2 [2%— (Awp)*]+ Eﬁ(“) [2* = (Awp)?] .
From the preceding theoretical analyses, it is clear that the
dispersion characteristics govern the gain of FOPAs. Given
a graph of fiber chromatic dispersion coefficient D(A), which
is often available from manufacturers, the second and fourth

derivation of 8 can be obtained [24]:
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where D is the dispersion coefficient, dD/0dA is the dispersion
slope and 3% D/ is the second-order differential coefficient
of dispersion. Figure 1b corresponds to 8 and Fig. Ic cor-
responds to B . Thus the gain spectrum of two-pump FOPA
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FIGURE 3 (a) The fiber dispersion
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can be obtained based on the dispersion curve D(}) in Fig. 1a,
as shown in Fig. 1d. In numerical simulation, we consider
atwo-pump FOPA, which is assumed to use 100 m dispersion-
flattened fiber with nonlinear coefficient of 18 W—! /km, and
pumped at 1553.1 nm and 1552 nm with a power of 0.5 W at
each wavelength.

The value of B is actually in a range from 107 to
10~* ps*/km. It has been known that the central wavelength
of the two pumps should be tuned close to fiber ZDW in order
to achieve a broad gain spectrum of FOPA [2], and hence the
two pumps locate on each side of a ZDW of the fiber, in which
case the effects of B4 on the gain bandwidth cannot be neg-
lected [25,26]. As shown in [7], less the absolute value of
is, larger the gain bandwidth becomes. Therefore it is feasible
to design a fiber with lower value of 8 to broaden the gain
bandwidth of FOPAs.

From the preceding analyses, it is clear that the disper-
sion curve of fiber governs the gain spectrum of dispersion-
flattened FOPAs. Therefore the parameters of dispersion
curve are varied to find out their effects on gain spectrum.
Firstly, it is evident that the variation of A, makes the gain
spectrum move, but the figure doesn’t change. Secondly, the
wavelength spacing between the two points of ZDW 21, is
varied and the dispersion curves are shown in Fig. 2a—c. The
corresponding gain spectra are gotten in Fig. 2d, and here A,
is set to 60, 120 and 180 nm, respectively. Finally, the max-
imum value D, of D(}) at the wavelength A. are assumed to
be 0.15, 0.3 and 0.5 ps/nm/km, and the dispersion curves are
shown in Fig. 3a—c. The corresponding gain spectra are shown
in Fig. 3d and here %, is set to 180 nm in advance. From the
Figs. 2 and 3, it is known that lower and more flattened the
dispersion curve is, broader the gain spectrum of FOPAs is.
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Signal wavelength (nm)

Therefore, the next step we will perform is to design a PCF
with the above dispersion performance.

3 The optimization design of PCFs using GA

Based on preceding analyses, we will design an
index-guiding PCF, exhibiting ultra-flattened dispersion and
ultra-low dispersion slope over wide wavelength range, to
constitute FOPAs.

A desirable property of PCFs is that the additional de-
sign parameters of hole diameter, d, and hole pitch, A, offer
much greater flexibility in the design of dispersion to get
the required application, as shown in Fig. 4a. By manipu-
lating circular air-hole diameter, d, and pitch, A, it is pos-
sible to control the PCFs’ dispersion properties, for example,
to change the ZDW or engineer the dispersion curve to be
ultra-flattened [20, 27]. Furthermore, the diameters of differ-
ent rings’ air-holes around the core can be designed respec-
tively in order to get more flattened dispersion curve [28, 29].
Based on this principle, a triangular PCF with flattened disper-
sion curve is designed, where diameters of two central rings’
air holes d; and d, are different from the other air holes diam-
eter d, as shown in Fig. 4b.

Full-vector finite element method (FEM) is applied to ana-
lyze the dispersion property of the PCF in the paper [30]. The
effective refractive index of the fundamental mode is given by
neie = B/ko, B is the propagation constant, kg = 27/A is the
free-space wave number. Once the modal effective indices g
are solved, the dispersion parameter D can be obtained by:

D) = —(A/c)(dnegr/ dA?)
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where ¢ is the velocity of the light in a vacuum and X is
the operating wavelength. The four parameters A, di, d;
and d can be optimized and more flattened dispersion curve
from wavelength 1.4 uwm to 1.7 wm, which is applied to
FOPAs, can be obtained. And the GA is compatible in this
process.

The genetic algorithm (GA), a multivariate stochastic
optimization algorithm, is proposed in the paper to design
dispersion-flattened PCFs. GAs were first introduced by Hol-
land in 1975 [31, 32]. They are now applied to several fields
in physics for which the resolution of inverse problem is
needed [7].

The use of a GA requires the determination of six funda-
mental issues: the chromosome representation, the creation
of the initial population, the fitness function, the selection
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FIGURE 4 (a) Cross section of the
triangular PCF with hole diameter
d, pitch A; (b) cross section of the
index-guiding PCF with hole diam-
eter d, pitch A, where diameters of
two central rings’ air holes are d; and
d>
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function, the genetic operators making up the reproduction
function and the termination criteria.

For any GA, an “individual” is a feasible solution that
is described by a coded datum called a “chromosome” with
values within the variables upper and lower bounds. In the pa-
per, “chromosome” is described by { A, d1, d», d}, where A is
the holes’ pitch and d, d», d are air-holes’ diameters of differ-
ent layers, respectively, as shown in the Fig. 4. And the initial
population is set to 20 (popsize = 20) at the first generation.
The fitness function F; is defined to represent the degree of
satisfaction of the dispersion performance.
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FIGURE 5 (a) The dispersion D
curve of optimized index-guiding
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0.6394 um, d; = 0.625um, dr =
0.55um; (b) the corresponding
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(c) the corresponding fourth-order
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where, & is the number of samples of the dispersion value from
wavelength 1.4 umto 1.7 wum and is fixed at 20 in the calcula-
tion, and dispersion function D; is one of the solution solved
from GA, j = 1, 2, ..., popsize. Genetic operators provide the
basic search mechanism of the GA: crossover and mutation,
which are implemented at each generation. The operators are
used to create new solution based on existing solutions in the
population. The crossover rate here is 85% and the mutation
rate is changed during the evolution process and initially it is
set to be about 8%. The GA moves from generation to gen-
eration selecting and reproducing parents until a termination
criterion is satisfied. The termination criterion is a specified
maximum number of generations in our simulation and the
number of generations is fixed at 50.

Finally, a PCF with low and flattened dispersion from
wavelength of 1.4 um to 1.7 pm, is obtained whose dispersion
curves are shown in Fig. 5. As mentioned above, the fitness
value F is used to evaluate the degree of satisfaction of the
dispersion performance. And F = 0 corresponds to the ideal
solution in this case. The GA optimizes the design process and
improves the dispersion performance, which is expected to be
more flattened in this case. In fact, dispersion values in the
range of £0.2 ps/nm/km can be obtained from wavelength
of 1.445 pm to 1.65 wm when parameters are set A = 2.3 pm,
d =0.6394 um, d; = 0.625 um and d, = 0.55 um, which are
the best solve of the last generation. Furthermore, we get the
second-order dispersion 8% between +2 x 10728 s /m from
the wavelength of 1450 nm to 1650 nm, as shown in Fig. 5b.
However, the fourth-order dispersion ® needs the further
improvement, which limits the gain bandwidth of the flattened
gain of FOPAs.

In numerical simulation, the nonlinear coefficient of
fiber is calculated by y = nyw/(cAesr) [33], where ny =
2.45 x 1072 m?/W is the nonlinear-index coefficient, w is
the optical angular frequency, c is the velocity of light and
Aeir = 5.52 um? is the effective mode area. And the other
parameters are same as used in Fig. 2. Figure 5d shows the
corresponding gain spectrum of FOPA using the designed
PCEF, which provides a gain of 10 dB over 50-nm bandwidth.
It is evident that compared with Fig. 2d, the anticipated gain
spectrum of FOPA has been obtained due to the application of
PCF with ultra-flattened dispersion and ultra-low dispersion
slope over a wide wavelength range, which is optimized by
using GA.

4 Conclusion

In the paper, based on the dispersion curve of
DFF modeled as a parabola, the gain spectrum of dispersion-
flattened FOPAs is investigated, whose asymmetrical charac-
teristic derives from that a varying dispersion slope of fiber
with wavelength D; (1) is considered to substitute for a con-
stant D, . The gain spectra of FOPAs consisting of DFF with
different dispersion curves are compared and it is evident
that lower and more flattened the dispersion curve of DFF is,
broader the gain spectrum of FOPAs is. Subsequently, based
on the above dispersion properties, the index-guiding PCF is
engineered in full-vector finite element method, whose de-
sign parameters (A, di, d, and d) are optimized by using

GA. A novel FOPA composed of the PCF with ultra-flattened
dispersion and ultra-low dispersion slope over a wide wave-
length range is obtained. In future research, we will fo-
cus on the improvement of the fourth-order dispersion by
using GA.
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