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Transmission Behavior of Single-Mode
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The properties of light transmission in a single-mode fiber (SMF) with a cylindrical microchannel
were investigated by the FDTD method. Different microchannel diameters (2-15 pm) were addressed.
The core was made of silica with a refractive index of 1.4 which was covered by a carbon nanosheet
whose refractive index was 2.47. The influence of the Fabry—Perot (FP) resonance was vividly ob-
served in transmission properties. The transmission of light at a constant wavelength varied depending
on the refractive index in the microchannel. The transmitted light decreased by increasing the mi-
crochannel refractive index. The transmission significantly changed with varying the microchannel
refractive index from 1.3 to 1.4 and from 1.1 to 1.2. It was found that an SMF based on the mi-
crochannel at different diameters can be used for refractive index sensing. The numerical results are
in good agreement with those reported in the microhole or microchannel experiment. The compar-
ison of the related experimental and numerical results shows that the well-controlled microchannel
diameter could increase light transmission by passing through the core—microchannel. The refractive
index sensitivity to microchannel diameters is a promising approach for developing applications of fiber
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optical devices.
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1. Introduction

Since the emergence of optical fiber technology
in the 1960s, various applications of optical fiber
have been developed [1]. The lasers also improve
the optical fiber sensing devices in terms of sensitiv-
ity and accuracy [2]. Recently, femtosecond lasers
have been extensively used in microchannel research
in single-mode fibers (SMF) [3]. The ease of mi-
crochannel fabrication and restructuration in SMF
have attracted great attention in terms of refractive
index changes [3]. Due to the symmetry of the cylin-
drical shapes, the cylindrical microchannel is more
interesting, especially for the refractive index sens-
ing devices [4, 5]. The refractive index properties
are strongly dependent on the physical structure of
the microchannel [4].

Utilizing different materials for core-cladding of
optical fiber can enhance the refractive index sens-
ing and accurate responses of fiber-optics devices.
Moreover, the incorporation of dopants in fibers can
alter the refractive index and hence influence the
mortality rate in different wavelength ranges [3].
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Numerical modeling can help to optimize the
fiber structures using Maxwell’s equations. The
time-domain finite-difference (FDTD) method is
a convenient way for simulating an SMF based on
a microchannel [6-8].

Each fiber includes three parts: core, cladding,
and surface. The core usually comprises a reflec-
tive material (for example, glass) set in the cen-
ter of the fiber [4]. Since the development of the
existing fibers and employing high strength fibers
are necessary to maximize the utilization of fiber
technology especially in the environments with dis-
asters, introducing new fibers which are made of
new materials can be interesting [9]. In this re-
spect, here, the carbon nanosheet (n = 2.47) sub-
stituted glass. The cladding is composed of a ma-
terial with a refractive index of 2.473. Given that
several methods have been proposed to achieve the
desired refractive index, it is assumed that this type
of a material exists [9].

The properties of light transmission in an SMF

based on a cylindrical microchannel are investigated
in this research. For this purpose, a continuous
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wave was used to analyze the electric field caused
by the change of the microchannel refractive in-
dex from 1 to 1.4. The electric field resulting from
light transmission properties in carbon nanosheet-
coated fiber with a cross-section microchannel was
also explored. The transmittance spectra of the mi-
crochannel by different diameters were evaluated as
well.  Our theoretical data is in good agreement
with experimental results. The effect of different
core materials on the transmission is a new sub-
ject that has not received much attention during the
past years. However, it can be a helpful parameter
in the optical fiber application and the transmission
behavior of the optical fiber.

2. Optical fiber simulation:
theory and modeling

An optical fiber is indeed a cylindrical waveguide
composed of two concentric cylinders with differ-
ent diameters: the core, with a larger refractive in-
dex (n1), and the cladding, with a smaller refrac-
tive index (ng). The core and cladding are made
of dielectric materials. The simplest form of an op-
tical fiber includes a glass core coated by a layer
with a lower refractive index. Therefore, the light
beam directed toward the end of the fiber is limited
by the overall reflection within the cores. A cylin-
drical microchannel intersecting the fiber core at-
tracts more attention in the research field, especially
in the application involving refractive index-related
sensing.

Regarding the direction of wave propagation and
the distribution of the lateral electric field in the
light propagation direction, a 200 pum cylinder was
considered. Moreover, the core and cladding diam-
eters of the fiber were set as 8 ym and 60 um, re-
spectively. The CNS fiber cladding with a refractive
index of 2.47 coated the core whose refractive index
was by 0.003 greater (2.473).

It should be noted that the results were obtained
for five different microchannel diameters includ-
ing 2,4,5,8 and 15 pgm. The microchannel was
perpendicular to the light propagation direction.
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Fig. 1. Schematic diagram of a microchannel pass-
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To observe the microchannel-guided wave propaga-
tion and the distribution of field along the propaga-
tion direction, a fiber length must be at least equal
to 200 pm. Depending on the SMF on the fiber,
the computation area can be confined to a rectan-
gle (40 pm x40 pm) in the middle of which the core
was set. The cross-section of such a system is shown
in the inset of Fig. 1. It should be stressed that the
scattering of the guided wave by a microchannel is
a 3D problem but it was simplified to a 2D one.
This simplification will not reduce the accuracy of
our calculation by the FDTD algorithm. In this
simulation, the microchannel operates like a scatter
in the core and a Fabry—Perot (FP) interferometer
made of two concave mirrors. Both the scattering
and resonating of the FP cavity are illustrated in
the inset of Fig. 1b. The refractive index of the core
and its surroundings determined the reflectivity.

3. Simulation result and discussion

In this study (a 2D scattering problem), the
TE polarization (H,,Ey, H,) is assumed by the
E, direction along the microchannel. The electric
and magnetic fields components are related to each
other in the following way:

Em+l) — pn) 4 At (V ™ H(n+%))
€

(1)
and
At

H+8) = gy 20 (v X E<”+1>) )
Therefore, in order to obtain the electric field com-
ponent, the Fourier transform in terms of time must
be taken as the following equation:

T

E(w) = / dt E(t)e'*".
0
Thus, the electric field is obtained at any particular
frequency or wavelength.

The lowest mode is considered because of simplic-
ity in the calculation of its distribution. Further-
more, the CW excitation can be used for obtaining
the transmission spectrum. Considering the longi-
tudinal Poynting vector, S = %Re(E x H*) along
the output plane, the power spectral density and
transmission spectrum can be evaluated.

3)

3.1. Scattering electric field distribution

For the sake of simplicity, the simulation area was
converted from 3D to 2D. A CNS-coated fiber with
a refractive index of 2.47 and a core with a refractive
index of 2.473 was considered. The microchannel
was perpendicular to the optical fiber.

The microchannel refractive indices change from
1.0 to 1.4. The transmission properties of light
through a microchannel with different diameters
were evaluated. The wave propagation was driven
by a4, 5, 8 and 15 pm-diameter microchannel using
a CW excited wavelength of the order of 1550 nm.
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The distribution of the electric field at each time
step was measured for the microchannel with dif-
ferent refractive indices. The profiles of the electric
field with different diameters and various refractive
indices are presented in Fig. 2.

According to Fig. 2, the scattering and re-
coupling of the scattered light were strongly related
to the microchannel refraction coefficient. It should
be noted that the transmission of the fiber depended
on the microchannel structure and the light wave-
length. In fact, the light transmitted through the
fiber has a linear response in terms of the refractive
index of the microchannel.

Mostly, the light emitted by the waveguide is dis-
persed after being scattered in the fiber core of
the microchannel. The light returned to the core
provided conditions for the total internal reflection
and phase matching at the core-cladding boundary
which can be assigned to both roles of the FP cav-
ity (scattering, reflecting). The variation of the re-
fractive index in the microchannel not only varies
the reflectance of the core—channel boundary but
also alters the optical pathway between the two
mirrors. The change in the optical pathway is di-
rectly related to the resonance wavelength of the
FP cavity.

Similar changes were observed in the electric field
distribution of microchannels with different diame-
ters and refractive indices. It can be seen that by
increasing the refractive index of the microchannels
with different diameters, the electric field in the
center decreased. Based on the results in Fig. 2,
it can be concluded that the microchannel center
has a higher electric field intensity when compared
to the other regions. At the constant refractive
index, an increment in the diameter of the mi-
crochannel will decline the electric field intensity.
This result was confirmed in different refractive in-
dices of the microchannel/microhole by other re-
searchers [6, 10].

629

3.2. Microchannel transmission properties

The transmission properties of the SMF were
evaluated using the microchannel crossing the fiber
core. The refractive index of the microchannel was
changed from 1.0 to 1.4. The light wavelength
and its spectral width were 1550 nm and 40 nm,
respectively.

Figure 3 represents the transmission dependence
on the microchannel refractive index for various
wavelengths. The transmission vividly changed
with the refractive index of the microchannel. The
changes in the transmission were more observable
in 4 pm, 5 pm, 8 pm and 15 pm diameter of
the microchannel. Herein, the highest and lowest
transmission belonged to the microchannels with
the respective diameters of 15 pym and 2 pm, re-
gardless of the wavelength. However, the overall
transmittance has the smallest value for the small-
est microchannel.

In the case shown in Fig. 3, when increasing the
refractive index of the microchannel, the recorded
transmission decreased. Decreasing transmittance
is independent of the wavelength of incident light.
The maximum transmittance is related to the 15 pm
diameter of the microchannel in each refractive in-
dex of the microchannel. The obtained results are
in line with the previous reports [3, 11]. Therefore,
the transmitted light decreased by increasing the
refractive index of the microchannel.

The transmission curves in Fig. 3a—e show peri-
odical fluctuation with the increase of the refrac-
tive index; although the fluctuation amplitude is
reduced, the period decreases with the increase of
the microchannel diameter, which is similar to the
characteristics of the typical FP cavity.

Qui et al. [6] simulated the SMF in microchan-
nels with diameters of 4, 6, 8, and 11 pym and the
refractive index of the core material was 1.4. In
the present study, the refractive index equals 2.47.
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Fig. 4. Transmission light vs. different wavelengths
15 pm microchannel diameters.

Qui and his co-workers reported that the mi-
crochannel diameter in the range of 4-6 pm is the
most adequate size for optimizing the transmission.
The transmission of all microchannel diameters con-
sidered by us showed similar behavior to those re-
ported [6]. Recently, an SMF-based microhole has
been fabricated and simulated [10] whose results
are in agreement with our findings. Zhou et al. [10]
used a microhole with a diameter of 6 pm fabri-
cated in an SMF by a femtosecond laser. The Zhou
experiment showed that in a specific region of the
refractive index, the transmission of a microhole
increased. Interestingly, in our numerical calcu-
lations as well as in the experimental results, the
nonlinear changes of transmission vs. the refractive
index of the microchannel or microhole coincided
with each other.

Wavelength [nm]

for (a) 2 pum, (b) 4 pm, (¢) 5 pm, (d) 8 um, and (e)

As it was mentioned before, the microchannel
is similar to an FP cavity as it is dependent on
the light wavelength. Changes in the transmis-
sion, if any, are usually small due to the low re-
flectivity of the core-microchannel boundary. How-
ever, the free spectral range of the FP cavity is
larger than the wavelength variations and conse-
quently different wavelengths lower than 1580 nm
will exhibit similar behaviors by the refractive index
changes with different diameters of the microchan-
nel (see Fig. 4). If the core has a lower diame-
ter than the microchannel, different wavelengths do
not influence the transmission. Thus, in the low
refractive index, by increasing the wavelength in
4 pm diameter of the microchannel, the transmis-
sion increased. By increasing the diameter of the
microchannel, the increasing wavelength increases
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the transmission rather than decreases it. However,
at large microchannel diameters, there is a little ir-
regularity in the transmission behavior. Also, in
the microchannel diameters much smaller than the
core diameter, the turning point of wavelengths is
1580 nm. In the lower refractive index, the direction
change of the transmission was much more visible
than a higher refractive index. In the much larger
diameter than the core diameter, the same behav-
ior for the transmission versus the wavelength is not
observed.

To make a comparison between these results and
a similar experimental work, one should refer to
a research concerning tilted fiber Bragg gratings
(TFBQG) and their refractive index sensory [12]. By
detecting the transmission power of TFBGs, Miao
and co-workers [12] measured the surrounding re-
fractive index (SRI). Some SRI sensors have been
proposed as chemical-biochemical sensors which in
fact are based on TFBGs [12, 13]. According to
their report, when the refractive index is chang-
ing within the range of 1.37-1.42, the transmission
power decreases. One of the ways to improve the
detected range of SRI and sensitivity of TFBG is
to reduce the cladding diameter [14]. Our numeri-
cal data and transmission behavior of the simulated
system in the present research agree with experi-
mental data reported by Miao’s research. Further-
more, Tao’s research [15] referred to a similar idea
regarding hollow silica nanomaterials and the re-
fractive index engineering technology. Using such
a technology, films consisting of shape-tunable hol-
low silica nanomaterials were prepared with refrac-
tive indices in the range of 1.045 to 1.426. This
kind of approach enables a new generation of film
materials with a very low refractive index.

Another optical property very important when
designing materials is the effective refractive index.
Based on the FDTD method, the effective refractive
index of the slab has been calculated and presented
in Fig. 5.
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Fig. 5. The effective refractive index for the ma-

terial n = 2.47, for several wavelengths (1520—
1620 nm).
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Fig. 6. (a) The calculated transmission of a cross-
sectional of microchannel different diameters, and
(b) the transmission of a typical FP cavity with
different cavity lengths h = d/2, versus a different
refractive index of the microchannel in 1550 nm.

Figure 6a shows the transmission properties of
microchannels with different diameters with a step
size of 0.02 in 1550 nm, in the refractive index
range of 1.0-1.4. The periodic fluctuations could be
observed by increasing the microchannel diameter.
The period of fluctuations increased, whereas the
amplitude of fluctuations decreased. Interestingly,
the transmission of the FP cavity is the same as the
transmittance of the above-simulated system [16]
according to

(1 - R)?
02 (27 ' (4)
(1 — R)? + 4Rsin® (2Znh)
Here, h, n and R are the cavity length, the refrac-
tive index of the FP cavity and the reflectivity of the
mirrors, respectively. Figure 6b shows the transmit-
tance of the FP cavity in which the length of the
cavity h is one half of the microchannel diameter
(h = d/2). When the refractive index of the SMF
microchannel is changed from 1.0 to 1.4, the period
of transmission fluctuations is similar to the trans-
mission fluctuations of the FP cavity with the cavity
length of & = d/2. One might suspect that the scat-
tering effect influences transmission fluctuations [6].
And indeed, the transmission characteristics of this
system result as a combination of the scattering and
FP resonance effects.

ﬂ:



M. Nadafan et al.

—FDTD
0.6q....... Using reflection, transmission,
and endpoints

£ 05+
=,
o
© 0.4
Y
RS
=
] i
) 0.3
L

024N

01 T T T T T

40
Distance [um]

Fig. 7. The electric field behavior of the two meth-
ods into the fiber axis.

A similar experimental report recorded the trans-
mission changes and the loss of transmission
changes of the microchannel in the range of 1.2 to
1.4 refractive index for 4, 6,8 and 11 pm microchan-
nel diameter in 1550 nm wavelength [17]. The trans-
mission changes of different microchannels in Fig. 6
are in good agreement with the experimental results
reported in [17].

In order to find the accuracy of the simulated sys-
tem, we examined our method with the use of an-
other method. For simplicity, the source has been
considered as an emitter of periodic plane waves and
the electric fields have been studied in the propa-
gation direction of the fiber. The sizes of the fiber
and microchannel are the same size as in our sys-
tem. The system is subjected to the electric fields
of the source, which is located outside of the mi-
crochannel. The electric field of the system is inves-
tigated by the FDTD method. In another method,
the electric field has been studied by employing
the reflection, transmission, and endpoint phenom-
ena. To this end, the microchannel is considered
in an environment with a refractive index of 2.47,
while the source radiation axis is perpendicular to
the microchannel axis.

Inside the microchannel, the electric field trans-
mission from the fiber to the microchannel and re-
flection have been considered as the most effective
aspects. Outside of it, however, the impact of mi-
crochannel endpoints (such as new sources) has re-
ceived more attraction. Taking into account both
phenomena, the electric field error ratio is achieved
at the level of 8%. It should be noted that in the
case of the second method, a large approximation
has been employed to simplify. The obtained re-
sults for electric field propagation in the direction
of the fiber axis together with the comparison of
both methods are presented in Fig. 7. In the sim-
ulation, the wavelength was 1590 nm, the source
has been located at 20 pm and microchannel index
was n = 1.
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4. Conclusion

In the present research, the simulation of a CNS-
coated SMF with a microchannel intersecting the
core was addressed. The numerical results were ob-
tained using the FDTD (2D) method. Different di-
ameters of the microchannel (from 2 pm to 15 pm)
show different transmission properties in the refrac-
tive index range 1.0-1.4. The calculated transmis-
sion vs. refractive index of the microchannel shows
good agreement with the reported experimental re-
sults, which confirms and validates this research.
The numerical transmitted light decreased by in-
crementing the microchannel refractive index. For
the core of SMF with a diameter of 15 ym, the mi-
crochannel exhibited the most changes in transmis-
sion — it can be therefore considered as the most
suitable candidate for refractive index sensing pur-
poses. The transmission results indicated the cru-
cial role of the FP resonance effect in the transmis-
sion characteristics. The simple core-microchannel
structure can be proposed for refractive index sens-
ing applications due to its well-controllable diame-
ter since the diameter size can remarkably influence
the transmission rate of optical fibers.
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