COL 9(4), 040601(2011)

CHINESE OPTICS LETTERS

April 10, 2011

Dispersion flattened photonic crystal fiber with high
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A robust design for a photonic crystal fiber (PCF) based on pure silica with small normal dispersion and
high nonlinear coefficient for its dual concentric core structure is presented. This design is suitable for flat
broadband supercontinuum (SC) generation in the 1.55-um region. The numerical results show that the
nonlinear coefficient of the proposed eight-ring PCF is 33.8 W~'km™' at 1550 nm. Ultraflat dispersion
with a value between —1.65 and —0.335 ps/(nm-km) is obtained ranging from 1375 to 1625 nm. The 3-dB
bandwidth of the SC is 125 nm (1496-1621 nm), with a fiber length of 80 m and a corresponding input
peak power of 43.8 W. The amplitude noise is considered to be related to SC generation. For practical
fabrication, the influence of the random imperfections of airhole diameters on dispersion and nonlinearity

is discussed to verify the robustness of our design.
OCIS codes: 060.5295, 190.4370, 320.6629.
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Broadband supercontinuum (SC) generation is attracting
substantial research attention because of its enormous
applications such as in optical coherence tomography
(OCT)!M, metrology!?, optical sensing!®!, radio-over-
fiber (ROF)*, and wavelength-division multiplexing
(WDM) systems!®6. In optical communications, both
ROF and WDM systems work in the 1.55-pum waveband,
so researchers focus on SC generation in this waveband.
Spectrum width and flatness are considered as the two
key parameters in evaluating the quality of SC spectrum.
Low-amplitude noise is also important in achieving the
required system performance. SC spectrum with a band-
width of over 1000 nm has been reported. However,
obtaining a relatively flat spectrum remains to be a
challenge. To generate a flatly broadened SC, high non-
linearity and flat chromatic dispersion are essential. This
requirement can be met by optimizing the design of the
fiber and the pumping condition.

Photonic crystal fibers (PCFs) can engineer optical
properties by designing the optical structure in cross-
section, and the unique structure of PCFs can supply
optimized dispersion and nonlinearity for better SC
performancel” 4. Martin-Lopez et al.l'] generated
a spectrally bounded SC spanning 1550 to 1700 nm with
a fiber which has two zero-dispersion wavelengths. Liao
et al.'% generated a SC spectrum of 20-dB bandwidth
spanning 800 to 2400 nm using a chalcogenide-tellurite
composite microstructure fiber. Feng et al.['”] generated
a broad SC from 0.9 to 2.5 um with a single-mode tel-
lurite glass holey fiber. In all of these studies, pump
pulses were operated in the anomalous dispersion region
of the fiber, so the output SC spectra showed significant
spectral oscillations (around 20 dB) which limited their
telecommunication applications. One efficient way to
avoid spectral fluctuations is to allow the pump pulses
to work in the normal dispersion region. In our previous
work, optical fiber with a small normal dispersion over
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a wide wavelength region has been theoretically shown
to be suitable for flat broadband SC generation. How-
ever, a specified structure of PCF was not proposed('8.
In the experiment, the broadening width of SC was
also achieved at 92 nm (at 6 dB) using PCF (made
by Crystal Fiber, with the nonlinear coefficient at 11
Wfl.kmfl)[lﬁ)].

In this letter, a PCF with small normal flat disper-
sion and high nonlinearity at the 1.55-um region is de-
signed using the finite difference (FD) beam propagation
method (BPM) with transparent boundary conditions.
The numerical results show that the proposed PCF is
suitable for a flattened broadening and efficient SC gen-
eration (the 3-dB bandwidth is 125 nm), with a fiber
length of 80 m and a corresponding pump power of 43.8
W. The amplitude noise related to SC generation is also
discussed. In addition, the robustness of the design is
taken into consideration.

A dual concentric core fiber aiming at normal disper-
sion and a high nonlinear coefficient, which is made of
pure silica, is proposed. The z-y dimensional geometry of
the proposed eight-ring PCF is shown in Fig. 1120, The
core of the proposed PCF is pure silica, and the cladding
is formed by a triangular lattice of air holes. The air

Fig. 1. Geometry of the proposed PCF.
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hole pitch is labeled A as the distance between the cen-
ters of neighboring air holes. The two diameters for the
air holes are d; and ds, respectively. The diameter for
the first and fourth air holes is d; = d4, and the other
holes including the center core have the same diameter
as d2 = d3 =d.

To investigate the propagation properties of PCF,
BPM is utilized, which is a mode solver in commer-
cial software (Rsoft Design Group, Ossining, New York)
based on FD BPM. This method propagates a launched
field profile along the longitudinal z axis of the PCF.
The correlation function of the initial profile with the
propagated profile at each point in the waveguide is
constructed. The Fourier transformation of this corre-
lation function extracts periodic variations, which deter-
mines the propagation constants and the effective indices
neg(N) for the modes?!l. The full transparent boundary
condition is positioned outside the outermost ring of holes
to reduce the simulation window!??l. The simulation is
performed in a window of 20x20 (um) within the trans-
verse x—y plane of the PCF, with step sizes of Az = 0.1
pm, Az = Ay = 0.02 ym. Meanwhile, the tolerance for
ner(\) convergence is as low as 4 x 107°, which is an
indication that the numerical precision of this modeling
tool is reliable.

After the modal effect neg(A) was obtained by solving
an eigenvalue problem drawn from Maxwell’s equations
using BPM, the mode dispersion parameter D(\), the
confinement parameter L., and the effective area Aeg
can easily be calculated?3).

Dispersion leads directly to pulse broadening, walk-off,
and phase-matching conditions, so it plays an important
role in the performance of a nonlinear fiber, which in
turn determines the bandwidth and power requirement
of the device. For most telecommunication applications,
a zero-dispersion magnitude and a small slope are neces-
sary. The total dispersion D()) in ps/(nm-km) of a PCF
is obtained by summing up the waveguide dispersion and
material dispersion:

D(A) = Dw(A) + D (N), (1)
Dy(A) = —%diei;’;e“], (2)
Du(\) = —%dd%, (3)

where Re[n.g] is the real part of the refractive index, A
is the operating wavelength, and c is the velocity of light
in vacuum. Material dispersion Dy, () can be calculated
using the Sellmeier equation.

The nonlinearity is typically observed only at very high
light intensities. The nonlinear coefficient in W—!-km™!
is calculated by!24

2 )
= — e — 4
’y A Aeff I ( )

where ~ is the nonlinear coefficient, ny=2.6x102°
m?/W is the nonlinear refractive index that is an in-
dicator of the degree for nonlinear effects (four-wave
mixing, stimulated Raman or Brillouin scattering) that

will occur in a fiber with higher propagating power val-

([ [|E|?dzdy)?

7T EFdedy is the effective mode area

ues, and A.g =

of the core areal?!| in which E is the electric field of
the medium. A small effective area provides the high-
density power needed for significant nonlinear effects.
The effective area can be directly related to the spot
size, with the Gaussian width w and Aeg = mw?25).

After the precise adjustment of the structure of PCF
using different combinations of parameters, the best
parameters by which a flat normal dispersion can be
achieved are obtained, and the PCF is found to be suit-
able for flat broadband SC generation!*®!.

Figure 2 represents the dispersion and nonlinear-
ity curves of the proposed highly nonlinear (HNL)
PCF. The optimal parameters are dj/A=dy/A=0.40,
dy/A=d3/A=d/A=0.82, and A=0.87um, and the ul-
tra flattened dispersion between —1.65 and —0.335
ps/(nm-km) is obtained within the range of 1450 to
1650 nm, whereas the ring number is set as N, = 8. All
dispersion values in the parabola profile are under 0,
indicating a small normal dispersion. Especially at the
peak of the profile (1550 nm), the dispersion value is as
low as —0.340 ps/(nm-km). With a larger wavelength,
the nonlinearity decreases, but the nonlinearity values
in the range of 1450 to 1650 nm are all higher than 30
W~Lkm™!, and at 1550 nm, the value of nonlinearity is
as high as 33.8 W—1.km~'. The values of dispersion and
nonlinearity are suitable for the flat broadened SC.

The electric field distribution is demonstrated in Fig.
3, which represents the mode field intensity distribution
of the fiber at 1550 nm wavelength corresponding to the
optimal design. Figure 3 proves that the mode field has
been confined well in the core. There is still no obvious
light leakage into the cladding region beyond the first
ring at other wavelengths as well as at 1550 nm, which
is also observed and proven during the simulation.

The hole radius of the fiber is in submicron scale, so
this presents a considerable challenge for present fabri-
cation technology!?6=28), Especially for a very small hole
radius, the difference in radius among holes is large. The
large hole has a diameter about two times that of the
small hole. Another important issue to be considered for
PCFs is the fabrication process?3%. A high degree of
fabrication accuracy is required for HNL PCF because
a small change in dimension can cause some important
properties to drift from the optimum value. Consider-
ing that there is no perfect fabrication for the designed
PCFs, each air hole diameter is assumed to be obtained
with Gaussian probability distribution, and the deviation
is within 3% of the proposed value. Previous research

44
A —o— nonlinearit

E 05 | 1’1.01'1 me.am v i 42 :“_\
i L —e— dispersion E
E 140 =3
S -05 ‘

g 138 E
= i 2
] - =
%15t *E
g L 134 £
K] =
S a5t 1822

1 1 1 1 1 30

1
1.35 140 145 150 155 1.60 1.65

Wavelength (um)

Fig. 2. Chromatic dispersion and nonlinear value profile of
the proposed PCF.
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Fig. 3. Mode field pattern of the fundamental mode at 1550
nm.
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Fig. 4. Dispersion and nonlinearity of PCF for the 10 samples
within 3% deviation of the optimum value.

indicated that this level of accuracy during fabrication
was feasible[31].

The fluctuations in the dispersion coefficients and
nonlinearity of 10 PCF samples with irregular air hole
diameters are shown in Fig. 4. The variation in air
hole sizes results in a change in the effective index from
that of a perfect structure, so the dispersion and non-
linearity curves are affected. The trend is the same
as the proposed result. The mean values of the dis-
persion are all within the normal dispersion region
(—4.90197——1.41008 ps/(nm-km)). The standard de-
viation SD = /3" (z; — 2)2/(n — 1) is below 1.30784,
and the standard error for mean (SEM), SEM = SD//n
is below 0.43595. Furthermore, these values increase
when the wavelength becomes longer. Figure 4 shows
that the nonlinear value is almost the same as the pre-
vious result. The SD is below 0.24485, and the SEM
is below 0.08162. In addition, the fluctuations in the
nonlinearity are so small, indicating that the fabrication
error can hardly affect the performance of the proposed
PCF. In other words, the PCF still has high nonlinearity
and flattened dispersion. As a conclusion, the proposed
structure is robust for imperfect fabrication.

To further understand the effect of pumping conditions
on flat broadband SC generation, numerical simulations
are conducted to examine SC generation in the proposed
PCF. Pulse propagation in the fiber is modeled by solv-
ing the generalized nonlinear Schrédinger equation using
the split-step Fourier method.

The propagation of the sech? waveform with full-width
at half-maximum (FWHM), Tpwnm = 1.6 ps, is con-
sidered through the proposed PCF[2l. The fiber pa-
rameters used in the simulation are given as v = 33.8

W-Lkm™1, By = 0.4720 ps?/km, B3 = 0.0033 ps?/km,
and (34 = —1.8123x 107° ps*/km at 1550 nm.

In a normal dispersion fiber, the spectral broadening
is proportional to the soliton factor N which is defined
as N = (Lp/Lny)"/?, where Lp is the dispersion length,
and Lyr, is the nonlinear length. The dispersion length
is defined as Lp = T2/32, where 3, is the group ve-
locity dispersion (GVD), and Tp is the half width at
1/e intensity point; it is related to Trwum = 1.763T;
for hyperbolicsecant pulse. The nonlinear length can be
written as Lnp, = 1/vFp, and Py is the peak power of the
pump pulse. Thus, N can be written as (yPyT2/(32)"/2.
For a given input pulse width, the spectral broadening
can be enhanced by increasing the input power and using
a SC fiber with a higher nonlinearity and smaller GVD.

Figure 5 shows the simulated output spectra from
the 80-m-long SC fiber at different input power values.
When the input peak power values are 5.5, 17.4, 21.9, and
43.8 W at a repetition rate of 10 GHz, the average input
power values are 20, 25, 26, and 29 dBm, respectively,
and the 3-dB bandwidth of the SCs is 25, 66, 79, and
125 nm, respectively. The spectral oscillations are sig-
nificantly small. The spectrum is nearly symmetrically
broadened with an increase in input power. Within an
appropriate range, with a higher input power, a broader
and flatter spectrum can be generated.

The most notable feature of the generated SC spec-
trum is that the spectral broadening is accompanied by
an oscillatory structure covering the spectrum range. As
can be seen clearly, the spectrum consists of many small
peaks. These features show a typical pattern of self-phase
modulation (SPM), which is assumed to be the dominant
nonlinear effect responsible for the spectral broadening.
The multipeak structure in the spectrum is a result of
interference between the same optical frequencies in the
pulse, and the relatively flat SC generation results from
the combination effect of SPM and fiber normal disper-
sion. When the input power is lower, the oscillation in
the spectrum is more significant, and the spectrum is far
from being flat. With an increase in the input power, the
oscillations gradually diminish, and the flat broadband
SC is generated eventually.

The shot noise is modeled semiclassically by subdivid-
ing the original input electric field pulse into small time
steps[®3. This is followed by the addition of a variation
(which obeys Gaussian distribution, and the mean square
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Fig. 5. Simulated output spectra from the proposed PCF for
different input average power values of 20, 25, 26, and 29
dBm corresponding to peak power values of 5.5, 17.4, 21.9,
and 43.8 W, respectively.
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deviation is 1%) in the magnitude of the input pulse elec-
tric field in each time step. An equivalent frequency-
domain implementation of the input pulse shot noise is
found to yield identical results. These variations then
propagat through the PCF and are generally amplified
because of the nonlinear nature.

At a certain input power, for a given set of input pa-
rameters, a pulse train of 20 pulses is numerically gener-
ated using different random seeds for the input pulse shot
noise in the propagation of each pulse along the proposed
PCF. The mean spectral intensity can be calculated from
all 20 pulses. The noise properties are quantified in terms
of the relative intensity noise (RIN)I33 which is defined
as

RIN = ((AP)?) /(Pava)?, (5)

where (AP)? is the mean square intensity fluctuation
spectral density of the optical signal, and Payg is the
average optical power.

Figure 6(a) shows the relationship between RIN and
wavelength for different input average power values.
The level of input shot noise itself is —130 dBc/Hz. At
average input powers of 20, 25, 26, and 29 dBm, the
RIN mean values of the SCs are —97, —85, —82, and
—76, respectively. In an appropriate range, as expected,
with a higher input power, the RIN value increases.
Meanwhile, the amplitude noise (%) is calculated, which
can be described by the oscillation degree, defined

a5/ (P, — P)2/(n — 1)/P (i=1,2, -~ 20). Tn Fig. 6(b),
the amplitude noise (%) of SC generated in PCF is
calculated to be within 2%, which means the ampli-
tude noise is perfectly controlled during the propagation.
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Fig. 6. (a) RINs and (b) amplitude noises for different input
average power values of 20, 25, 26, and 29 dBm, respectively.

For the four different input power values mentioned
above, the order of magnitude is comparable to the mea-
sured value of PCF in the experiment4.

In conclusion, a HNL PCF with small normal ultraflat
chromatic dispersion has been proposed. By optimiz-
ing the geometrical parameters, dispersion is efficiently
designed to be between —1.65 and —0.335 ps/(nm-km)
within the range of 1450—1650 nm. The nonlinear value
is greater than 33.8 W—1-km~! at the telecommunication
window of 1550 nm. This proposed PCF is suitable for
a flattened broadening and efficient SC generation (the
3-dB bandwidth is 125 nm) in the 1.55-pum region, with
a fiber length of 80 m and a corresponding input peak
power of 43.8 W. Finally, its tolerance for fabrication im-
perfections is also analyzed, and the results show that
this structure is robust enough for practical applications
such as in OCT, ROF, and WDM systems.
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