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We present a modified method to design photonic crystal fibers (PCFs) with flattened dispersion char-
acteristic. Using this modified PCF we design a broadband fiber optical parametric amplifier (FOPA),
which provides a gain of 8 dB with 1.5-dB uniformity over a 260-nm bandwidth. Both the simulation
results of total dispersion of PCF and the gain spectrum of FOPA are demonstrated.

OCIS codes: 260.2030, 060.2400.

In recent years, a new type of broadband amplifier, fiber
optical parametric amplifier (FOPA) has been investi-
gated, which utilizes four-wave mixing (FWM) to amplify
the signals and offers a broadband amplification at arbi-
trary wavelengths!'). Though simple single-pump FOPA
could offer a gain bandwidth of more than 200 nm, the
gain spectrum is not flat over the amplifier bandwidth
but has a difference as high as 15 dB between the lowest
and the highest values, which brings to the difficulty to
equalize the power of the various channels in wavelength
division multiplexed (WDM) systems!?). For this rea-
son, much research has been done recently to deal with
the lack of flatness of the gain spectrum for single-pump
FOPABA,

Photonic crystal fibers (PCFs) have opened up new
chance of development to FOPADSl. PCFs are made
from single material such as silica glass, with an array of
microscopic air channels running along its length7—16], A
defect can be created by filling the central air-hole with
glass to guide light by total internal reflection (TIR) be-
tween the solid core and the cladding region with multi-
ple air-holes. These index-guiding PCFs also are called
TIR-PCFs. Basides PCFs use a perfectly periodic struc-
ture exhibiting a photonic band-gap (PBG) effect at the
operating wavelength to guide light in a low index core-
region!™. PCF with relatively low dispersion slope is
useful to flattening the gain spectrum of FOPA.

In this paper, modified index-guiding PCF is investi-
gated, which can exhibit ultra-flattened dispersion and
ultra-low dispersion slope over wide wavelength range. A
broadband FOPA using this PCF can be obtained, which
provides a gain of 8 dB with 1.5-dB uniformity over a 260-
nm bandwidth.

For single-pump FOPA (similar to the condition of
w1 = wsy), the linear propagation-constant mismatch Ag
is given byl17-18]

1
AB=BE 02+ W ., (1)

where ) = wy —wy, is the frequency detuning between the

signal frequency ws and the pump frequency w,. As f(*
is typically at the order of magnitude of 10~* ps*/km,
when the bandwidth (A, — As) operates within 100 nm,
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its effects can be neglected. And then a convenient ap-
proximative transformation of Eq. (1) may be done from
the frequency domain to the more generally used wave-
length domain!®!
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where dD/d\ is the slope of the dispersion.

The total phase mismatch including the nonlinear
phase shift is

k=AB+~(PL+ P) = AB +2vP,. (3)

The parametric gain coefficient is given by[!7]

7 = [R) = (2] = -5 (A8 470 ) . (4

The small-signal power gain at the output can be ex-
pressed as(!7)

Go=1+ PT{DO sinh(gL)r. (5)

From above theory, it is known that the shape of
gain spectrum of FOPA mainly depends on the linear
propagation-constant mismatch Af, which is governed
by the slope of the dispersion dD/dX. The ultra-low
slope of the dispersion can provide broad and flat gain
spectrum of FOPA.

A desirable property of PCFs is that the additional de-
sign parameters of hole diameter d and holes pitch A offer
much greater flexibility in the design of dispersion to get
the required application, as shown in Fig. 1(a). By ma-
nipulating circular air-hole diameter d and pitch A, it is
possible to control the PCF dispersion properties, for ex-
ample, to change the zero-dispersion wavelength or to en-
gineer the dispersion curve to be ultra-flattened!0:19.20],
Furthermore, the diameters of different rings’ air-holes
around the core can be designed respectively in order to
get more flattened dispersion curvell?-21],

The effective refractive index of the fundamental mode
is given as nerr = 3/ko, where 3 is the propagation con-
stant, ko = 27/ is the free-space wave number. Once

http://www.col.org.cn
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Fig. 1. Cross sections of the triangular (a) and the modified
PCF (b) with hole diameter d and pitch A. al, a2 and b1,
b2 are the widths and heights of the ellipse of the two central
rings, respectively.

the modal effective indexes nepr are solved, the dis-
persion parameter D can be obtained by D(A\) =
—(A/e)(A%negr/dN?), where c is the velocity of the light in
vacuum and A is the operating wavelength. Apparently
the geometry parameters of PCFs affect the dispersion
property significantly. Furthermore, most optical energy
is confined in the core region and it is found that the
air holes close to the core influence the dispersion curve
more than those farther to the core. In our previous
research, we replace the circular air-holes in the first
central ring with elliptical air-holes[>?). This method
provides us more design freedom to tailor the PCFs’ dis-
persion property, and the design parameters of width a
and height b of the ellipse can be optimized to present
more flattened and lower dispersion curve.

From the previous research, the dispersion curve can
be flattened by decreasing the area or increasing the
ellipticity of the ellipse air holes in the first central
ring. Meanwhile, the zero-dispersion wavelength moves
to shorter wavelength. To design PCF, which can be
used in FOPA, in this paper we focus on the dispersion
property by replacing both the circular air-holes of the
first and second central rings with elliptic air-holes, as
show in Fig. 1(b). The air-holes of the first ring around
the core are elliptic, which are described with width al
and height 1. The air-holes of the second ring around
the core are also elliptic, which are described with width
a2 and height b2. This new controlling technique is ap-
plied to design PCF with ultra-flattened dispersion and
ultra-low dispersion slope over a wide wavelength range.

Full-vectorial plane-wave expansion (PWE) method
that is highly suited for the analysis of periodic struc-
tures is applied to analyze the dispersion property of the
triangular PCF and it has been one of the major tools for
the analysis and understanding of PCFs!”%. Numerical
results have shown that dispersion curve changed with
the value of al, a2 and b1, b2. With the parameters of
A =23 pym, d = 0.6394 pum, al = a2 = 0.6394 um,
bl = 0.496 pm, b2 = 0.625 pm, high-index core trian-
gular PCF with the zero-dispersion wavelength around
1490 nm, the total dispersion parameter value between
+0.2 ps/(nm-km) over a wavelength range of 250 nm
from 1450 to 1700 nm has been thus designed, as shown
in Fig. 2. Furthermore, we get the slope of dispersion be-
tween 0 and 0.004 ps/(nm?-km) from wavelength 1480 to
1730 nm. That means more uniform gain of FOPA over
a relatively wide bandwidth can be attained. For com-
parison, the total dispersion and the dispersion slope of
PCF with A = 2.3 um, d = 0.6394 um, al = bl = 0.5634
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Fig. 2. Total dispersion and dispersion slope of modified PCF
with a1l = a2 = 0.6394 pm, bl = 0.496 pm, b2 = 0.625 pm.
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Fig. 3. Total dispersion and dispersion slope of modified PCF
with al = bl = 0.5634 pm, a2 = b2 = 0.6322 pm.

/ h /7;77‘
: A A W

—
(@)

—
]

{

Gain (dB)
o

1100 1300 1500 1700 1900
Wavelength (nm)
Fig. 4. Gain spectra of FOPA when considering the relation
of the dispersion slope and wavelength shown in Fig. 2 (solid

curve) and Fig. 3 (dashed curve), also the dispersion slope as
constant of 0.004 ps/(nm?-km) (dotted curve) is presented.

pm, a2 = b2 = 0.6322 ym are demonstrated in Fig. 3,
while keeping the same area of each ring as the modified
PCF of Fig. 2.

The simulation results are demonstrated in Fig. 4. Us-
ing the modified PCF with A = 2.3 um, d = 0.6394 um,
al = a2 = 0.6394 pm, bl = 0.496 pm, b2 = 0.625 pm in
FOPA, the effective mode area of the field Ae¢r is about
12 pm? and the fiber nonlinear coefficient + is about 12
W~'km~!. From Fig. 2, the zero-dispersion wavelength
is around 1490 nm and the slope of dispersion is between
0 and 0.004 ps/(nm?-km) from wavelength 1480 to 1730
nm. We select the pump wavelength A, = 1492 nm, the
pump power P =12.7 W, length L = 12.5 m®. Consider-
ing the relation between the slope of dispersion and wave-
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length, which is considered to be constant in previous re-
search, we present the gain of FOPA, as the solid curve
shown in Fig. 4. As the figure shows, FOPA using the
modified PCF has more flattened gain with 1.5-dB uni-
formity over a wavelength range from 1420 to 1680 nm.
Furthermore, the gain ripple is very small close to 0.2
dB from the wavelength 1470 to 1620 nm. Considering
the slope of dispersion as constant of 0.004 ps/(nm?-km),
while other parameters are same as discussed above, the
gain spectrum is also shown, which is the dotted curve in
Fig. 4. Obviously, the flatness of gain spectrum is very
poor. Also, the gain of FOPA using PCF of Fig. 3 is also
shown in Fig. 4 and the flatness of gain spectrum is un-
acceptable.

With the same value of d/A, we can get greater nonlin-
ear coefficient v by decreasing the pitch A. And the gain
of FOPA can be adjusted to the fiber length, nonlinear
coefficient, and the pump power.

In conclusion, we get ultra-low and ultra-flattened dis-
persion curves by replacing both the circular air-holes of
the first and second central rings with elliptic air-holes.
Based on the theory model of FOPA, a fiber optical
parametric amplifier using modified PCF is put forward,
which provides a gain of 8 dB with 1.5-dB uniformity over
a wide wavelength range from 1420 to 1680 nm. And the
gain flatness has been improved at a large extent. No-
tablely, because of the deformity of the air holes, the
degenerate fundamental mode is split into linear z- and
y-polarized bound modes. In fact, the fundamental mode
of the PCF we study here is one of these two polarized
modes, which has higher effective index than the other
one. The influence of the birefringence to the FOPA is
still under research.

This work was supported by the National Natural Sci-
ence Foundation of China under Grant No. 60377023. J.
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