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In this paper, a photonic crystal fiber (PCF) with a dispersion-engineered and high nonlinear coefficient has been de-
signed for supercontinuum generation (SCG) and frequency comb generation (FCG). The proposed PCF has a SizNy
rod in the core. This rod provides more optical confinement in the core by increasing the refractive index of the core.
This high confinement reduces the effective mode area of PCF and thus increases the nonlinear coefficient. The effec-
tive mod area and the nonlinear coefficient are obtained as 0.814 pm® and 25 W'm™, respectively. By varying differ-
ent parameters for dispersion engineering, a suitable dispersion profile for the structure has been obtained so that the
proposed PCF has two zero dispersion wavelengths (ZDWs) at 900 nm and 1 590 nm. By injecting a pumping with
power of 1 kW and duration of 50 fs at a wavelength of 1 555 nm to the designed PCF with a length of 4 mm, the out-
put spectrum is broadened in the range from 800 nm to 3 500 nm. For FCG by the four-wave mixing (FWM) method,
phase matching conditions must be provided, and for that, the pumped wavelength must be in the anomalous disper-
sion regime and near ZDW. As a result, two continuous wave lasers pumping at the wavelengths of 1 551 nm and
1 558 nm have been injected into the PCF and optical frequency combs (OFCs) with a pulse width of 1 nm and a free
spectral range of 7 nm has been obtained.
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In recent years, photonic crystal fibers (PCFs) have re-
ceived a lot of attention due to their various applications.
Different configurations of PCFs have been studied, in-
cluding a type composed of silica with air holes and
other PCFs incorporating composite materials in either
the core or the holes!). PCFs have attracted significant
attention due to their exceptional flexibility in manipulat-
ing various optical characteristics like dispersion,
nonlinear effects, effective mode area, and other parame-
ters. These fibers can manipulate these properties by
altering the configuration or dimensions of air holes (d),
and pitch (4), adjusting their shape, or employing differ-
ent materials'”). PCFs have various applications. As an
important example, we can mention supercontinuum
generation (SCG) and optical frequency comb (OFC)
based on SCG™. Increasing the contrast of the refractive
index between the core and the cladding causes the light
to be confined in a smaller area in the core, and as a re-
sult, the nonlinear coefficient increases. The high nonlin-
ear coefficient is a very important parameter in the case
of SCG, so if the nonlinear coefficient is high enough,

the required power for SCG is reduced. This feature
makes PCFs very suitable and interesting for SCG.

The supercontinuum spectrum and OFCs have various
applications, including tomography!®, optical metrol-
ogy™, frequency conversion!®, and spectroscopy!”. So
far, extensive research has been done to investigate and
describe the mechanisms of supercontinuum spectral
broadening®®'?. One way to achieve SCG is by utilizing
ultra-short pulses, typically in the femtosecond or pico-
second range, and injecting them into a highly nonlinear
PCF operating in the anomalous dispersion regime and
near-zero dispersion wavelength. In these conditions,
various nonlinear effects such as four-wave mixing
(FWM), self-phase modulation (SPM), stimulated Ra-
man scattering (SRS), and frequency instability appear
along with high dispersion orders. Their interaction
causes the input pulse to broaden and generate the super-
continuum spectrum. In order to use the supercontinuum
spectrum in optical communication, a low-noise and
stable spectrum is needed. In this case, the pumping
pulse must be injected in the normal dispersion region,
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resulting in coherent SCG. In this case, the main nonlin-
ear effects are SPM, cross-phase modulation, SRS, and
FWM!". Also, to achieve a flatter spectrum, the use of
PCF with two ZDWs or the use of dual pumping with
different wavelengths is suggested'?. In addition, dis-
persion and nonlinear effects can be engineered using
filled liquids'"*).

One of the important advantages of PCFs is the ability
to control dispersion by modifying the size of their air
holes. Additionally, it is possible to alter the dimensions
in a manner that maximizes optical confinement and
improves the nonlinearity of the PCF. For SCG, the use
of nonlinear structures is very important and interesting.
In this regard, materials with different nonlinear coeffi-
cients such as chalcogenide glasses'" and III-V materi-
als!'® have been used. These materials are not an appro-
priate complement to compact electronic and photonic
circuits due to their incompatibility with CMOS. Silicon
photonic circuits offer a potential solution to solve this
issue. Silicon possesses both a high linear and nonlinear
refractive index, making it suitable for constructing
structures capable of SCG!'”. However, silicon has a
high two-photon absorption (TPA) in the near-infrared
wavelength range, which limits its use'®. Structures
based on silicon nitride (Si,N,) are compatible with sili-
con technology, and its TPA is negligible in the infrared
wavelength range and has a nonlinear coefficient 10
times higher than silicon dioxide!"™.

This study focuses on developing a PCF by incorpo-
rating a core material that has a high refractive index.
The main goal is to confine the optical mode within the
core, which leads to the reduction of the effective mode
area. For this purpose, we have used a silica PCF with
SizNy4 rod in the core. In this condition, the nonlinear
coefficient is increased.

In this section, we examine the proposed PCF design
and explore its different optical properties.

As mentioned, increasing the refractive index within
the core causes light to be more confined in the core,
which makes the PCF to be single-mode in a wide range
of wavelength. As a result, the effective mode area de-
creases, and the nonlinear coefficient increases. There-
fore, our intention is to utilize a rod in the core of the
proposed fiber that possesses a significantly high refrac-
tive index. Fig.1(a) provides a visual representation of
the PCF design. To increase the refractive index of the
core, Si;N, material is used, where its linear and nonlin-
ear refractive index is higher than silica and shows better
transparency in longer wavelengths. This fiber is a hex-
agonal PCF structure with 5 rings and the central ring
has been removed. A Si;N, rod is embedded in the core
of PCF. In the proposed PCF, the refractive index of the
core is high enough, which provides the conditions for
the PCF to become single mode, while simultaneously
providing a smaller effective mode area. The mode
propagation profile of the proposed PCF can be seen in
Fig.1(b).
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In order to obtain the optimal structure, we first inves-
tigate the effect of different PCF parameters on the dis-
persion profile. The effect of lattice constant (a) on dis-
persion can be seen in Fig.2. As evident from this figure,
with the increase of a, in addition to decreasing the flat-
ness of the splash dispersion, it changes towards the
normal dispersion regime. Also, with a further reduction
of the lattice constant, the profile becomes flatter but
increases in the anomalous regime.
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Fig.1 (a) The cross section of the proposed PCF; (b)
The mode propagation profile of the proposed PCF
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Fig.2 Variation of the dispersion curve in response to
different lattice constants

Fig.3 displays the dispersion profile resulting from al-
terations in the radius (r) of the air holes. As the radius
of the air holes has been increased, the profile has be-
come flatter, but it increases in the anomalous dispersion
regime. Also, its amount is increased in the anomalous
regime. To generate a suitable SCG and desirable OFCs,
an anomalous dispersion regime is needed, but the
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amount of dispersion profile in this regime should be low
and flat.
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Fig.3 Variation of the dispersion curve in response to
different air hole radii

As mentioned before, a Si3N,4 rod has been used in the
core to further confine the light in the core and increase
the nonlinear coefficient. Fig.4 illustrates the impact of
modifying the dimensions of the Si;N4 rod on the disper-
sion profile. When the radius of this rod is equal to
0.35 um, the dispersion profile is completely in the nor-
mal regime. Although a normal dispersion regime is
suitable for coherent and flat SCG, for phase matching to
frequency comb generation (FCG) with the FWM
method, an anomalous dispersion regime is needed, so
the structure must be designed so that the dispersion
curve has an anomalous part as well. As the radius of the
rod increases, the dispersion moves toward the anoma-
lous range. According to the mentioned discussion about
PCF dimensions, finally, the values of these parameters
have been set as a=1.6 pm, r=0.7 um, and r.=0.45 um.

In this section, the SCG and OFC generation in the
proposed PCF, whose optical properties were explained
in the previous section, is investigated. The propagation
of the optical signal in the optical fiber can be expressed
by numerically solving the nonlinear Schrédinger equa-
tion. This equation is given as!'®!
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where A(Z, T) is the envelope of the input pulse, a is the
loss coefficient, f, is the nth order of dispersion at the
central frequency wy and R(7) is the Raman response
which is as follows')
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where 7, 7, and f; have constant values and it is consid-
ered to be negligible in silicon nitride for Si;N,!'™®.
Schrodinger's equation can be solved simply and with
high accuracy by the split-step Fourier method (SSFM).

According to the dimensions obtained for the pro-
posed PCF in the previous section, the effective mode
area is obtained as 0.814 um®. As a result, and according
to the following equation, the nonlinear coefficient is
25W'm™.

4)

Fig.5 shows the profile of the effective mode area and
the nonlinear coefficient in terms of wavelength. As the
wavelength increases, the effective mode area increases
and according to Eq.(4), and the nonlinear coefficient
decreases. Higher order dispersion values for the pro-
posed PCF are calculated up to the 10th order and pre-
sented in Tab.l. Considering that dispersion plays an
important role in the formation of the output spectrum,
the calculation of these high-order terms enhances the
accuracy of the calculations. To a broad SCG, it is useful
to inject the pulse in the anomalous dispersion regime
and near-to-zero dispersion wavelength!'®. According to
the dispersion profile obtained in the previous section,
the proposed structure has two ZDWs at 900 nm and
1 590 nm. Here we injected a 1 545 nm pump pulse into
the PCF and near the second ZDW. Also, the input pulse
power and duration are 600 W and 50 fs, respectively.
The amount of loss in silicon in the mid-infrared range
can be neglected, especially in applications where the
required length is small, however, we set the amount of
loss to 0.5 dB/cm!'”’. The coupling loss between the op-
tical source and the PCF is estimated to be 1.80 dB!"".
The broadening of the output SCG occurs as a result of
the interaction between the effects associated with Eq.(1)
when the input pumping is applied.
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Fig.4 Variation of the dispersion curve in response to
different SisN4 rod radii

As the pulse propagates through the PCF, various
nonlinear effects like frequency instability and SPM lead
to the initial broadening of the spectrum. Subsequently,
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Fig.5 The nonlinear coefficient and the effective
mode area versus wavelength
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soliton fission takes place, resulting in the generation of
new frequency components. Then, the SRS, FWM, phase
matching, and other nonlinear effects make the spectrum
broader. By injecting the mentioned pulse into the de-
signed PCF with a length of 4 mm, a supercontinuum
spectrum is obtained in the range from 800 nm to
3 500 nm. As shown in Fig.6, the spectral evolution and
temporal evolution profiles are presented along the
propagation length. It is evident from this figure that the
process of generating SC through pumping in the anoma-
lous dispersion regime results in temporal compression
of solitons, accompanied by a symmetric broadening of
the spectrum. As a consequence, a dispersive wave is
generated at higher wavelengths.

Tab.1 Higher order dispersion values of the proposed PCF
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Fig.6 (a) Spectral evolution and (b) temporal evolution plots of the pulse versus propagation distance in the

proposed PCF

The process of SPM results in the symmetrical broad-
ening of the spectrum centered on the wavelength at
which the pumping occurs. This means that the soliton is
propagated through time compression processes. At a
PCF length of approximately 0.55 mm, soliton fission
gives rise to new frequency components across a rela-
tively broad range. Almost at the same time as the soli-
ton fission, the dispersive waves (DWs) are produced in
wavelengths around 1 000 nm and 2 500 nm. Also, the
Raman effect causes a shift to long wavelengths around
the PCF length of 1 mm. In the same way, the trend of
increasing the output intensity during the ZDW of the
PCF is observed at 900 nm and 1 590 nm.

By broadening the spectrum in two additional side-
bands, new frequency components emerge at wave-
lengths where dispersion is unfavorable, preventing effi-
cient spectral broadening. To widen the spectrum, one
can increase both the waveguide's length and the input
pumping power. Furthermore, if the structure can be
designed in such a way that the amount of dispersion in a
wide range is low, flat, and close to zero, the output
spectrum can be optimized in terms of width and coher-

ence. Furthermore, the width of the input pulse is an ad-
ditional crucial parameter that can impact the output
spectrum, and this aspect will be further examined and
discussed.

In Fig.7, the SCG in PCF lengths of 2 mm, 4 mm, and
8 mm is illustrated. At a propagation length of about
2 mm, a flat supercontinuum spectrum is obtained from
800 nm to 3 500 nm at the <—17 dB level. As the PCF
length increases, this spectral width increases. As de-
picted in Fig.6, the effective spectrum broadening ini-
tially begins at 0.55 mm, and a suitable spectrum is ob-
tained at the PCF length of 2 mm. Increasing the length
of the PCF makes the further broadening of the output
spectrum which can be seen in Fig.7. The result of this
increase is the broadening of the spectrum in the normal
dispersion regime, which gives a flat spectrum. Another
effective factor in SCG is varying the input pulse width.

The result of varying the input pulse duration on the
output spectrum is depicted in Fig.8. In this scenario, an
input pulse with a power of 600 W at the wavelength of
1 545 nm is applied to the PCF in the anomalous disper-
sion regime. When the input pulse duration is 10 fs, the
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spectrum has high flatness. When the width of the input
pulse is extended, the resulting spectrum becomes less
uniform and exhibits a reduced flatness. The decrease in
flatness and uniformity of the output spectrum, along
with the variations in intensity, are unfavorable for nu-
merous applications.

-50

Intensity (dB)

'
(=)
(=

'
~
=

'
oo
(=]

T000 1500 2000 2500 3000 3500 4000
Wavelength (nm)
(a)

Intensity (dB)
T S
S o o o

'
(=
(=

'
~
(=]

'
o]
(=]

1000 1500 2000 2500 3000 3500 4000
Wavelength (nm)
(b)

hoh e
S o o o

Intensity (dB)

'
(=)
(=

'
~
(=

'
o
(=]

1000 1500 2000 2500 3000 3500 4000
Wavelength (nm)
(©)

Fig.7 Impact of the length of the PCF on the output
SCG: (a) L=2 mm; (b) L=4 mm; (c) L=8 mm

Although today with various techniques, it is not a
serious challenge to produce pulses with a short width,
suitable pulse widths such as 50 fs and above are more
practical and available. Another important factor for
SCG is the power of the input pulse. To investigate the
effect of the input pulse power on the output spectrum,
an input pump at a wavelength of 1 545 nm and a dura-
tion of 50 fs is utilized. Fig.9 illustrates that the results
indicate an increase in the input power leading to the
widening of the output spectrum as well. As either of
these factors is increased, the resulting output spectrum
becomes wider due to the increased involvement of
nonlinear effects in the evolution of the pulse.

Tab.2 shows a comparison of the distinctive character-
istics of the suggested setup and its discoveries in rela-
tion to previous studies conducted in this area. As men-
tioned, applying an input pulse to the anomalous disper-
sion region results in a wide output spectrum. The pro-
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posed PCF is specifically designed to ensure that its
ZDW falls within the range of telecommunication wave-
lengths to enable the FCG for telecommunication appli-
cations. While the spectral width of the proposed struc-
ture is comparable or, in some cases, lower than previous
works, precise dispersion engineering has simultane-
ously enabled the necessary phase matching to generate
frequency combs.
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Fig.9 Impact of the power of input pulse on the SCG: (a) P=400 W; (b) P=600 W; (c) P=1 kW; (d) P=2 kW

Tab.2 Comparison of the properties and findings between the proposed PCF and prior research

References Material P Pulse duration 7o (am) Bandwidth (nm) Bandwidth (nm)
(fs) (FCG) (SCG)
[20] AssgsS€61.2 0.88 kW 50 3700 - 1700
[21] SOI 400 W 200 2100 - 2 800
[22] ZBLAN 1110 kW 110 2 000 - 3500
[23] AsySes 10 kW 50 4600 - 3860
[24] Nitrobenzene 20 kW 1560 1300 -
[25] Silica 720 W 1550 - 1100
[26] ZBLAN 12.5 kW 10 000 1550 - 3500
[27] As4oSego 50 kW 100 4250 - 11 000
[28] - 250 W 976 15 -
[29] SiN 130 mW 1550 56 -
This work Si3Ny 1 kW 50 1555 150 2700

In order to generate the OFC, two CW laser pumps are
injected into the PCF at the wavelengths of 1 551 nm and
1 558 nm. Considering that these two wavelengths are
near the ZDW, they create the essential conditions for
phase matching, thereby enabling the generation of OFCs.
Fig.10 shows the output OFC around the PCF length of
1 mm, which has a linewidth of 1 nm and a free spectral
range of 7 nm. The number of comb lines is 16 in the
range of 15 dBm. Here, we have used the FWM method to
generate frequency combs. To ensure phase matching, the
input power must be lower than the threshold of other
effects such as stimulated Raman and Brillion effects. As
a result, the input power here is considered to be 20 W,
which results in the dominance of FWM.

As the power or length of the PCF increases, other ef-
fects gradually appear, and as a result, new frequency
components are generated, which interact with the comb
lines generated by FWM. Although in this case, the spec-

tral width in the output increases, the extraction of fre-
quency combs requires more complex structures. Here, it
has been made to use a single PCF for the generation of
frequency combs, eliminating the need for complicated
designs. This approach facilitates compatibility with
optical integrated circuits. A parallel structure with a
shifted ZDW can be employed to enhance the band-
width. By altering the ZDW, phase matching can be
achieved within the intended spectral range. Further-
more, employing the FWM technique allows for adjust-
ing the frequency spacing or wavelength of the fre-
quency combs. Considering Ref.[30], the fabrication
potential for the proposed PCF will be easily feasible.
Also, from the viewpoint of PCF fabrication, the devia-
tion of structural parameters from achieved values can-
not be completely avoided. Consequently, a tolerance
analysis for the performance of the proposed PCF is nec-
essary. The main factor to determine the output spectrum
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is the dispersion profile of the PCF, so the effect of
structural parameters on the dispersion profile should be
investigated. For this, the structural parameters (a, d, and
d. in Fig.1(a)) have been independently investigated by
+10% with respect to the optimal values and there was
no discernible variation in the structure's disper-
sion profile and loss.
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Fig.10 Output OFC of the proposed PCF

In this paper, a dispersion-engineered PCF with high
nonlinear coefficient was designed to generate frequency
combs. To increase the contrast between the refractive
index of the core and the cladding, a Si;N; rod was
added to the core of PCF. Incorporating of this rod in the
core of PCF caused more light confinement in the core,
and as a result, the effective mode area decreased and the
nonlinearity increased. The effective mod area was equal
to 0.814 pm” and as a result, the nonlinear coefficient of
PCF was obtained as 25 W'm™. By varying different
parameters for dispersion engineering, a suitable disper-
sion profile for the structure was obtained. So, the struc-
ture has two ZDW at 900 nm and 1 590 nm. By injecting
an input pulse at a wavelength of 1 545 nm and power of
600 W with a duration of 50 fs into the designed PCF
with a length of 4 mm, a supercontinuum spectrum in the
range from 800 nm to 3 500 nm was obtained. For FCG
by the FWM method, phase matching conditions must be
provided. As a result, two continuous wave laser pumps
at wavelengths of 1 551 nm and 1 558 nm were injected
into the PCF, and OFCs with a pulse width of 1 nm and
free spectral range of 7 nm were obtained. This structure
is suitable for optical communication, remote sensing
applications, remote surgery, and similar operations.
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