Northumbria Research Link

Citation: Lian, Xiaokang, Farrell, Gerald, Wu, Qiang, Han, Wei, Shen, Changyu, Ma,
Yougiao and Semenova, Yuliya (2020) Spectral dependence of transmission losses in
high-index polymer coated no-core fibers. Journal of Lightwave Technology, 38 (22). pp.
6352-6361. ISSN 0733-8724

Published by: IEEE

URL: https://doi.org/10.1109/jlt.2020.3010101
<https://doi.org/10.1109/jIt.2020.3010101>

This version was downloaded from Northumbria Research Link:
http://nrl.northumbria.ac.uk/id/eprint/43778/

Northumbria University has developed Northumbria Research Link (NRL) to enable users
to access the University’'s research output. Copyright © and moral rights for items on
NRL are retained by the individual author(s) and/or other copyright owners. Single copies
of full items can be reproduced, displayed or performed, and given to third parties in any
format or medium for personal research or study, educational, or not-for-profit purposes
without prior permission or charge, provided the authors, title and full bibliographic
details are given, as well as a hyperlink and/or URL to the original metadata page. The
content must not be changed in any way. Full items must not be sold commercially in any
format or medium without formal permission of the copyright holder. The full policy is
available online: http://nrl.northumbria.ac.uk/policies.html

This document may differ from the final, published version of the research and has been
made available online in accordance with publisher policies. To read and/or cite from the
published version of the research, please visit the publisher's website (a subscription
may be required.)

[

% Northumbria . g

University UniversityLibrary

CUSTOMER

SERVICE
EXCELLENCE


http://nrl.northumbria.ac.uk/policies.html

Spectral dependence of transmission losses in
high-index polymer coated no-core fibers

Xiaokang Lian, Gerald Farrell, Qiang Wu, Wei Han, Changyu Shen, Yougiao Ma, and Yuliya
Semenova.

Abstract— A high-index polymer coated no-core fiber
(PC-NCEF) is effectively a depressed core fiber, where the light is
guided by the anti-resonant, inhibited coupling and total internal
reflection effects and the dispersion diagram shows periodic
resonant and anti-resonant bands. In this paper, the transmission
spectra of the straight and bent PC-NCFs (length > 5 cm) are
measured and analyzed from a modal dispersion perspective. For
the purpose of the study, the PC-NCFs are contained within a
fiber hetero-structure using two single-mode fiber (SMF) pigtails
forming a SMF-PC-NCF-SMF structure. The anti-resonance
spectral characteristics are suppressed by the multimode
interference in the PC-NCF with a short fiber length. The increase
of the length or fiber bending (bend radius > 28 cm) can make the
anti-resonance dominate and result in the periodic transmission
loss dips and variations in the depth of these loss dips, due to the
different modal intensity distributions in different bands and the
material absorption of the polymer. The PC-NCFs are expected to
be used in many devices including curvature sensors and tunable
loss filters, as the experiments show that the change of loss dip
around 1550 nm is over 31 dB and the average sensitivity is up to
14.77 dB/m™ in the bend radius range from oo to 47.48 cm. Our
study details the general principles of the effect of high-index
layers in the formation of the transmission loss dips in fiber optics.

Index Terms—Optical fibers, Optical fiber devices, Optical
fiber losses, Optical fiber dispersion, Optical fiber interference.

I. INTRODUCTION

COATING of optical fibers has been extensively studied as a
key element of the design of various devices such as
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optical sensors [1-10], filters [11,12] and modulators [13].
Fiber coating materials include metals, metal oxides, graphene,
polymers, and many others. These materials are either chosen
to be sensitive to specific physical, chemical and bio-
parameters in order to enhance the sensitivity of the sensor
[14-19] or to facilitate particular waveguiding mechanisms
[2,3,20]. For example, thin films of silver or gold deposited on
an optical fiber can form surface plasmon resonances due to the
coupling between light and the surface electrons of the metal
films [2]. Lossy films (i.e., indium-tin oxide (ITO) [20]) on the
surface of no-core fibers (NCFs) can cause lossy mode
resonances (LMRs), due to the coupling between the guided
modes in the optical fiber and the lossy modes in the fiber
coating [3].

The high refractive index coated fibers show exceptional
modal characteristics. The high-index coating can cause mode
reorganization [14-16], when a core mode in the fiber is
coupled into the modes of the high-index coating and other
fiber modes are reorganized. The mode reorganization
phenomenon along with drastic changes of the modal field
distributions were also observed numerically in a LMR fiber
structure [21,22], where the real part of the complex refractive
index of the lossy coating is higher than that of the fiber and the
surrounding medium. The energy of the lossy modes was
demonstrated numerically to be distributed both in the fiber
core and the lossy coating along with a mode splitting
phenomenon near the resonant wavelength [23]. Although a
number of methods have been employed to investigate the
high-index coated fiber structure [14-23], it was rarely
mentioned that a high-index coating changes the index
distribution within a fiber. For example, an NCF is a typical
conventional step-index fiber, which consists of a silica core
surrounded by the low-index air acting as its cladding. Light
guiding within the NCF is based on the total internal reflection
effect. If an NCF is coated with a high-index material, its
original index distribution changes to the inversed index
distribution with the high-index coating acting as the new fiber
cladding, and the light guiding mechanism in such a fiber is
also changed. This inversed-index structure can be considered
as a depressed core fiber [24].

In our previous paper [25], a dispersion diagram of the
depressed core fiber was obtained by solving the full-vector
eigenvalue equations. Analysis of the dispersion diagram
suggests that the light guiding mechanism in the fiber core is
supported by the anti-resonant, inhibited coupling and total
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internal reflection effects. The anti-resonant effect is typically
described by an anti-resonant reflecting optical waveguide
(ARROW) model [26]. In this model, the high-index cladding
region of the depressed core fiber is treated as a Fabry-Perot
resonator, which allows the anti-resonant light to be reflected
back while allowing forward transmission of the resonant light.
The inhibited coupling mechanism explains the coexistence of
cladding- and core-type modes in the same effective refractive
index- wavelength (nes - A) dispersion space. To date the
anti-resonant and inhibited coupling guiding nature of the high
refractive index coated fiber structure, has not been exploited.

In this paper, a high-index polymer coated no-core fiber
(PC-NCF) is studied, which consists of an NCF with acrylate
polymer coating. Compared to a semiconductor coating with a
complex refractive index in the LMR fiber structure [20], the
refractive index of the acrylate polymer is a real number
[27-29]. The PC-NCF can be used as a model for studies of the
waveguiding properties of the depressed core fiber, since the
refractive index of the polymer coating (as a cladding region) is
higher than that of the silica core. In section Ill, the spectra of
the straight and bent PC-NCFs with several different lengths
were measured and periodic transmission loss dips were found
in the spectra of straight PC-NCFs with long lengths and in bent
PC-NCFs. The effects of the multimode interference and the
anti-resonance on the spectral characteristics of the PC-NCFs
are analyzed. With the knowledge of the anti-resonant and
inhibited coupling guiding mechanisms, the relationship
between the modal field distribution and the transmission loss
is studied. In section 1V, the implications of the results for the
LMR fiber structures are discussed.

Il. METHODS

The PC-NCF used in this paper is FG125LA from Thorlabs,
which is an NCF coated with a layer of acrylate polymer. The
microscopic image and the cross-sectional view of the PC-NCF
are shown in Fig. 1(a) and Fig. 1(b), respectively. The PC-NCF
is described by a three-layer fiber model, where the silica NCF
plays the role of a core region, the polymer coating serves as the
cladding region and the surrounding medium air acting in effect
as a second cladding region. The refractive indices of the three
layers are ni, nz and ns respectively, with n; > n; > n3. The
transmission spectra of the straight and bent PC-NCFs are
studied, where the PC-NCF is spliced with two single mode
fiber (SMF) pigtails forming a fiber hetero-structure
SMF-PC-NCF-SMF as shown in Fig. 4. The experimental
setup is shown in Fig. 1(c), where the fiber is fixed on two
translation stages and the bending curvature of the PC-NCF is
controlled by moving the two stages toward one another. The
bend radius is calculated based on the displacement of the
translation stages [30].

In our previous work [25] the effective refractive indices and
the transverse intensity profiles of modes in a depressed core
fiber were calculated by solving the full-vector eigenvalue
equations, with the fiber parameters the same as those of the
studied PC-NCF. In this paper the calculations for both the
straight and bent PC-NCFs were carried out by the full-vector
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Fig. 1. (a) Microscopic image of the polymer coated no-core fiber (PC-NCF).
(b) Refractive index variations along the cross section of the PC-NCF (n,>n; >
ns). (c) Schematic of the experimental setup for measurements of the straight
and bent PC-NCF samples.

finite element method with COMSOL Multiphysics, where the
maximum mesh size is 0.44 and the relative error in the
computed eigenvalues is smaller than 102, The numerical
results obtained agree well with the analytical results in [25] for
the straight PC-NCF. Furthermore, the waveguiding in the
straight PC-NCF was analyzed using the ray optics approach
and the transmission loss spectra were simulated analytically
based on an asymmetric planar reflection model.

In the calculations, the refractive indices of the silica NCF
and the polymer coating are assumed as n; = 1.445 and ny =
1.51 at A = 1550 nm, respectively. The radii of the silica NCF
and the polymer coating are r1 = 62.5 pm and r, = 125 pm
respectively. The thickness of the polymer coating is d = 62.5
M. The surrounding medium is air with the refractive index of
nsz = 1. The radii and the refractive indices of the core (co) and
cladding (cl) regions of the input/output SMF (from Corning)
are repo = 4.15 m, rer = 62.5 |m, ne = 1.4504 and ng = 1.4447.
The material dispersion was not considered in the calculations
for the sake of conciseness.

In the experiments, a broadband light source (Thorlabs
S5FC1005s, 1030 nm-1660 nm) and an optical spectrum
analyzer (OSA, Agilent 86142B) were used. The polymer
coating with the length of about 0.5 cm at both ends of the
PC-NCF was removed before splicing with the SMFs, as shown
in Fig. 1(a). Any slight unevenness at the end points of the
remaining polymer coating does not affect the experimental
results for the transmission spectral loss. The ends of the bare
NCF and the SMF have the same diameter as shown in Fig. 4
and were axially aligned and spliced using a Fujikura 70S
splicer in automatic mode.

IIl. RESULTS

A. Modes in the straight PC-NCFs

The modes in PC-NCFs include TEqn, TMon, HEmN and
EHmn, where ‘0’ and ‘m’ on the left side of the comma in the
subscript positions are the azimuthal mode numbers and ‘N’ on



the right side are the radial mode numbers. Fig. 2(a) shows the
dispersion diagram (ne vs. A) for the modes HE1n, N = 34,
35, ..., 38. The cladding modes, which are guided in the
cladding region by total internal reflections are depicted within
the top part of the graph where nest > n1. On a same dispersion
curve, as A increase the cladding modes HE1 n can change into
anti-resonant core modes HE1n+nn), N = 1, 2, ..., where the
subscript ‘n’ denotes the radial number in the core region while
the number ‘N-n’ denotes the radial number in the cladding
region [25]. The total radial number does not change for each of
the dispersion curves. The step-like dispersion curves
consistent with the mode reorganization phenomenon [14-16].
The anti-resonant—core—modes HEq1n:nn) exhibit similar
qualitative and quantitative behavior as the HE;, modes of
conventional step-index fibers and can be approximated as the
linear polarization modes LPgy, in the NCF {without—the
polymercoating) [25]. As shown in the Fig. 2(a), the dispersion
curves of the modes LPg,, shown in orange color are overlapped
with the anti-resenant-core-medes HE1 n+n-n) in the PC-NCF.

Fig. 2(a) exhibits periodic strong and moderate index
dispersion bands, corresponding to resonant and anti-resonant
bands. The resonant bands are indicated by the vertical black
and red dashed lines, which intersect with the horizontal purple
dashed line corresponding to the value of ni. The intersect
points can be approximated as the cutoff positions of the TMy
and TEny modes in the equivalent asymmetric planar waveguide,
calculated by [25,31]:

2d n%—n%
2_.2
1 ni-n3
N—1+;tan‘1 K
Jns-nf

where, N =34, 35, ..., 38.

In order to analyze the modal field distributions in different
dispersion bands, one dispersion period indicated by the red
dashed rectangle in Fig. 2(a) is enlarged and shown in Fig. 2(b).
The modal intensity and electric field vector distributions at
several points indicated in Fig. 2(b) are shown in Fig. 3. It
should be noted that the HE mode is a two-fold degeneracy
mode, including the modes HE, and HE, whose modal
intensity distributions are identical except for a /2 rotation of
the electric vector as shown later in Fig. 8. Fig. 3 shows only
one of the two degenerate modes for simplicity. For the
cladding mode HE 36 at point A the modal energy is mainly
confined in the fiber cladding region, for the anti-resonant core
mode HE;1 1435 at point D the modal energy is mainly confined
in the fiber core region. The modes at B and C are denoted as
[HE.11+35)], where the brackets indicate that the modes are in a
transition state and their modal energy is evenly distributed
both in the fiber core and cladding regions. The modes at points
E and F are also in transition states and denoted as [HE 1 1+z5)] or
[HE12+34)]. Similarly, the modes at points A" and D' represent
the low-order and high-order anti-resonant core modes HE1,1+(ze)
and HE;1 »+(s), respectively. The modes at points B', C', E'and F'
are in transition states.

for TEy modes
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= = 2
e » K {Z—g, for TMy modes (1)
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Fig. 2. (a) shows the dispersion curves (ner vs. A) of modes HE;n, N= 34,
35, ..., 38 in the PC-NCF, which change into the anti-resonant core modes
HE1 - 1= 1,2, ... as Aincreases. The orange lines are the dispersion curves
of the LPys1 (HE11) and LPg, (HE;2) in the NCF. (b) is the partially enlarged
image of (a), indicated by the red dashed frame. The black and red vertical
dashed lines indicate the resonant bands.
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Fig. 3. The intensity and electric field vector distributions of modes in PC-NCF,
whose positions in dispersion diagram are indicated in Fig. 2(b).

Another modal characteristic of the PC-NCF is the
coexistence of the core and cladding modes in the dispersion
space [25]. Some cladding modes exist in the dispersion space



below the horizontal purple dashed line corresponding to the
value of ni. For example, the modes EHmss, m =2, 3, ... 7 at
points A"- F" with the wavelength of 1590 nm, whose modal
intensities and electric field vector distributions are shown in
Fig. 3(b). Although the energy of these cladding modes at
points A"- F" with nerr < n1 is mainly confined in the cladding
region, they differ from the cladding modes with ness > ny, since
the total internal reflection does not apply at the inner boundary
of the cladding region. The confinement of energy in the
cladding region for the modes at points A"- F" is attributed to
the anti-resonant and inhibited coupling effects.

If the material dispersion is considered, the refractive index
of the polymer coating will decrease smoothly as the
wavelength increases according to the Cauchy—Schott equation
[27]. Based on Eq. (1), the resonant coupling position is mainly
dependent on the thickness and the refractive index of the
coating. The anti-resonance condition is maintained if an
inversed index profile (the refractive index of the cladding is
higher than that of the fiber core) is maintained. Therefore, the
changes of the index due to material dispersion will only
modify the resonant wavelength positions (period), which may
cause the discrepancies between the simulated and measured
results, as discussed in section IlI-C. The modal field
distributions in both the resonant and anti-resonant bands will
not be affected by the changes of the refractive index of the
polymer coating, if the inversed index profile is unchanged.

The process of mode coupling in the LMR and PC-NCF
structures is different, which depends on the overlap of modal
fields and the phase-matching conditions (equality of real parts
of the effective refractive index). As shown in the dispersion
diagram and the mode profiles for the PC-NCF in Fig. 2, Fig. 3
and Ref. [25], the coupling between the cladding modes and the
anti-resonant core modes is takes place in accordance with the
order of the modes and the symmetry of the modal field
distributions, that is the fundamental core modes are at first
coupled to the corresponding cladding modes and then the
high-order core modes become low-order core modes due to
modes reorganization. The field of the core modes in both fiber

structures is distributed throughout the entire fiber cross section.

The parts of modal field of the core modes which propagate in
the high-loss coating layer of the LMR structure may be
absorbed and changed to a different extent based on their
different symmetries. As a result, in the LMR structure mode
coupling occurs in_a less predictable manner and some
high-order modes may couple to cladding modes before the
low-order modes, as shown in the Refs. [21] and [22].

B. Analysis of the effects of anti-resonance and multimode
interference on the transmission spectra of the PC-NCFs

The complex modal dispersion indicates the actual light field
in the PC-NCF is very complex, possessing both anti-resonance
(AR) and the multimode interference (MMI) properties. Fig. 4
shows a ray trajectory within the SMF- PC-NCF-SMF
hetero-structure. The light in the lead-in SMF excites multiple
LPon (HE1,n) modes in the NCF. An individual guided LPg,
mode indicated by the red arrows in the NCF will progressively
reflect between the polymer coatings at a certain angle 61,

13 Ny >Mny > Mg

VAVAVAV/NY
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L 9 i
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Fig. 4. Schematic of the ray trajectories of an excited guide mode within the
SMF-PC-NCF-SMF hetero-structure.

forming the multiple reflections and multi-path interference at
the inner boundary of the polymer coating region, which
corresponds to the anti-resonance property. All the black and
red arrows in the middle section fiber represent the ray
trajectories of an guided mode HE 1 n+n-n) in the PC-NCF. After
the propagation within the PC-NCF light will couple into the
lead-out SMF. The transmitted power in the lead-out SMF is
dependent on the coupling between its modal field and the field
in the silica NCF.
The nesr(LPo,n) can be written as [31,32]:

Ners(LPon) = kio\jkg"% - % [(Zn - %) %]2 @

where k, = 2/ is wavenumber in vacuum. The angle 6o
(equal to 6, in Fig. 4) between the incident direction of the
mode LPy, (at the boundary) and the radial direction can be
calculated with nisindo » = Nere(LPo,n), as:

Qo‘n — aSin (neff(LPO,n)) (3)

ni

The energy coupling coefficient 7o, between the fundamental
mode in the SMF and the guided mode LPo in the NCF can be
calculated as [32-34]:

© 2
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(4)

where Es and E,, represent the field profiles of the
fundamental mode in the SMF and the LPo,, mode in the NCF,
respectively.

The reflections of a ray (LPon) from the high-index polymer
coating of the PC-NCF can be approximated as the reflections
of an unpolarized incident beam from an equivalent
asymmetric planar waveguide as shown in the Appendix. The
reflection coefficient (R) of an individual unpolarized beam
incident on an asymmetric planar waveguide is calculated by
Eg. (19) in the appendix. Using Egs. (2-4,19), the transmission
power of the hetero-structure SMF-PC-NCF-SMF induced by
the multiple reflections or multi-path interference in the
PC-NCF can be calculated as:

Lig = 1010810(2 Tl(z),nRo,n) 5)



where the—subseript—AR —denotes—antiresonance; R, is the
reflection coefficient of an individual LPo, mode (beam). Eq. (5)
is a scalar superposition of the transmission efficiency of all
individual modes HEx n+n-nin the PC-NCF.

In Eq. (5), the interference between different guided modes is
not considered, which is a superposition of both the intensity
and the phase of different guided modes HEin+nn) in the
PC-NCF. The interference between different guided modes
HE1,n+(n-n) in the PC-NCF is similar to and can be approximated
as the multimode interference of LPo, (HE1s) modes in an
SMF-NCF-SMF [32-34], since the nes and the mode field
distribution of HEin:n.ny modes in PC-NCF can be
approximated by that of the LPo, (HE1,n) modes in the NCF as
discussed in section I11-A and Ref. [25].

The transmission efficiency of the straight SMF-NCF-SMF
based on the MMI effect can be calculated by [33]:

Ihymr = 101logy, (|Z Mo,n€XP (i M)r) (6)

which is related to the length L. Combining Egs. (5) and (6), the
transmission efficiency of the SMF-PC-NCF-SMF including both the
AR and the MM effects can be calculated as:

. 2nep(LPon )L\ |2
= 1010g,0 (AT 13,15 + B[S mopexp (1 2metronlt) )
™

where A and B (A + B = 1) are defined as intensity coefficients
for the AR and MMI effects, respectively. These coefficients
are used to set the relative levels of AR interference and MMI
for the purpose of discussion below.

Figs. 5(a)-5(d) show the simulated transmission spectra of
the hetero-structure SMF-PC-NCF-SMF with L = 5.8 cm
(approximately one self-imaging distance), calculated by Eq.
(7). The spectrum in Fig. 5(a) calculated with A=0and B=1is
as expected similar to the simulated and measured results of an
SME-NCF-SMF in our previous work Ref. [35], where the
transmission peaks and dips are solely due to the MMI effect.
As the intensity coefficient A increases to 0.5 in Fig. 5(b) and
then to 1 in Fig. 5(d), the AR characteristics in the spectrum
become more and more pronounced, showing periodic
transmission dips aligned with the vertical black and red dashed
lines. The results are similar for the hetero-structure
SMF-PC-NCF-SMF with L = 75.8 cm, as shown in Figs.
5(e)-5(h). It should be noted that the spectra for different values
of L in Figs. 5(d) and 5(h) are the same, indicating the AR effect
(A =1, B = 0) is independent of the value of length L.

The depth of the transmission loss dip around 1550 nm in Fig.
5(d) and Fig. 5(h) is 1.97 dB in both cases, this is calculated as
the difference between the minimum value of the transmission
loss taken at the dip labelled P3 and the average of the two
adjacent transmission levels at the points labelled P1 and P2, as
shown in Fig. 5(d).

The above analysis indicates that the MMI effect can be
suppressed to obtain a periodic transmission spectrum due to
AR. This can be achieved either by increasing the length of the

L=758cm

-0\

Ml catcutated by Eq. (7)
Ii; {AZAR B:MMI iil

Transmission (dB)

1550 1600 1650 1450 1500 1550 1600 1650
A (nm) A (nm)
Fig. 5. The transmission spectra of the SMF-PC-NCF-SMF hetero-structure,
calculated by Eq. (7) with different intensity coefficients A and B as indicated.
(a)-(d) L =5.8 cm; (e)-(f) L = 75.8 cm. The black and red dashed vertical lines
indicate the resonant bands.

15 i L
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PC-NCF or by bending the fiber as discussed in the sections
which follow below.

C. Measured transmission spectra of straight PC-NCFs and
the effect of PC-NCF length L

Fig. 6 shows the experimentally recorded spectra for a
straight SMF-PC-NCF-SMF with different values of L
increasing from 5.8 cm to 85.8 cm. The spectra as a function of
length in the range from 5.8 ¢cm to 38 c¢cm shown in Figs.
6(a)-6(c) display irregular shapes, where the differences are
consistent with the presence of multimode interference. For the
sample with a longer PC-NCF length L = 75.8 cm in Fig. 6(d),
the transmission spectrum exhibits periodic transmission dips
and windows, similar to those in the simulated spectrum shown
in Figs. 5(d) and 5(h) in terms of the spectral positions of the
transmission dips and their depth, consistent with AR
interference. The slight difference in the spectral period of the
simulated and experimental results is due to the material
dispersion, which has not been considered in the simulation.
The periodic spectral characteristics are maintained while the
intensity of the transmission windows is reduced for the
PC-NCF with a longer L of 85.8 cm as shown in Fig. 6(e). The
progressive increase of loss in the transmission window as the
length increases is related to the modal attenuation due to the
material absorption.

The experimental results imply that the multimode
interference effect is suppressed in the hetero-structures with a
sufficiently large L, which can be explained as follows. There
are multiple modes in both the anti-resonant and resonant bands
shown in Fig. 2(a), therefore in principle the multimode effects
can occur in all the bands with the result that the spectrum is
dependent on the length L. However, the effect of modal
attenuation due to the material absorption needs to be
considered in practice. The field distributions of modes in
different bands are different, as discussed in section Il1-A. The
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energy of anti-resonant core modes is mainly confined in the
silica core region while that of the transition modes is
distributed in both the silica core and the cladding regions. The
modes propagating in the fiber suffer attenuation due to the
material absorption, which is significantly larger in the polymer
cladding (with a propagation loss level of 0.6 dB cm™ [35])
than in the silica core (a loss level of 0.2x10° dB cm™).
Therefore, the transition modes suffer greater attenuation as a
function of distance than the anti-resonant core modes. The
transition modes will fade earlier than the anti-resonant core
modes during the propagation process, due to the increase of
attenuation with the length L. For larger values of L, the higher
attenuation of the transition modes compared to the
anti-resonant core modes leads to the suppression of the
multimode interference in the resonant bands and the

appearance of periodic transmission dips, forthe-samples-with

alarge-L as shown in Figs. 6(d) and 6(e)-which-is-independent
of thevalue of L. For shorter values of L, the difference in the

modal attenuation fer—the—medes in the resonant and
anti-resonant bands is minor, therefore the multimode property
is present for both bands, which in turn is why the transmission
spectrum in Figs. 6(a)-6(c) is dependent on the length L.

D. Modal field distortions in the bent PC-NCFs

In this section and the following section I1I-E the effect of
bending induced mode field distortions on propagation and the
relative strength of AR interference and MMI are considered.
In the simulations, a bent PC-NCF is transformed to an
equivalent, straight fiber by the process of conformal mapping
[36]. The refractive index distribution in the equivalent straight
PC-NCF is expressed as [36]:

nj(x,y) = ny(x,y)exp (5),i = Tor2 @®)

where ni(x,y) is the refractive index of the bent fiber cross
section, which can be approximated as that of the straight fiber
if the stress-optic effect is not considered. x is a transverse

coordinate, with its origin in the center of the fiber and a
positive value indicating the magnitude of the distance along a
line joining the center of curvature and the center of the fiber. R
is the bend radius. In the simulation of the bent fiber structure
by the finite element method, a perfectly matched layer is set at
the outer boundary of the polymer coating to absorb the
possible outgoing energy. In practice, the energy loss from the
outer boundary of the polymer coating can be neglected for the
studied range (R > 28 cm), since the imaginary part of nes is
10 times smaller than the real part in the simulated results.

Fig. 7(a) shows two groups of dispersion curves for the
modes in the PC-NCF with different bend radii: the upper
group is for the mode HE1 1+35) while the lower group is for the
mode HE12+35). Fig. 8 shows the modal intensity and electric
field vector distributions of the HE11+(3s) and HEz 2435y modes
with R = oo (infinite, represents the fiber straight state) and R =
66.67 cm at the wavelengths of 1550 nm, 1570 nm, and 1590
nm. The HE mode is two-fold degeneracy of modes HE, and
HEp. In a straight PC-NCF the dispersion curves of the modes
HE. and HEj; are overlapped as shown in Fig. 7(a). The modal
intensity distributions for these modes are identical except for a
7/2 rotation of the electric vector as shown in Fig. 8. Under the
influence of bending, the electric field directions of the modes
HE. and HE;, will change to be odd or even along the bending
direction, as shown by the HE 1 n+@s)a and HE1,n+3sp (N =1 or 2)
with R = 66.67 cm. The bending breaks the degeneracy between
the HE1 n+35)a and HE4 n+35p modes as evident by the separated
dispersion curves, which is obvious near the resonant bands
while less obvious far from them. The ness 0f modes increases as
the bend radius decreases, where the increasing amplitude is
higher near the resonant bands (around 1550 nm and 1590 nm)
compared to those in the anti-resonant band (around 1570 nm).
Fiber bending skews the modal intensity distribution toward the
outer edge of the fiber bend, with the result that light leaks from
the core region into the cladding region at the bend, as shown
by the modes HE 1 n+(s5) (n = 1 or 2) with R = 66.67 cm in Fig. 8.
The modal field distortions are obvious at wavelengths of 1550
nm and 1590 nm around the resonant bands while less obvious
at the wavelength of 1570 nm in the middle of the anti-resonant
band, which is consistent with the change of the dispersion
curves shown in Fig. 7(a). The modes in the bending states
show strong hybridization with the cladding modes. For
example, the azimuthal field distribution in the cladding region
of the HE1,2+(35y mode at the wavelength of 1590 nm with R =
66.67 cm has a pattern with six radial dark lines. The
characteristics of the intensity distribution in the cladding
region are similar with the cladding mode EHe 35 shown in Fig.
3(b). The hybridization phenomenon was also found in the
hypocycloid-shaped hollow-core photonic crystal fiber [37],
which indicates the resonant coupling between the core and the
cladding modes.

To quantify the change in modal intensity distribution and to
compare the responses of different order modes to fiber
bending, the fractional power in the fiber cladding region is
calculated numerically using the following expression:
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where s,; and s, represent the cross-section areas of the fiber
cladding and core, respectively. P, is the z component of
Poynting vector, calculated by:
P, = ZRe(H;E, — H3E,) (10)
Since the HE is a two-fold degeneracy mode, the fractional
power in the cladding is the average of the modes HE, and HEp,
as follows:
T (HE) = 2 (T (HEQ) + T (HE,)) (11)
Fig. 7(b) shows that the fractional power in the cladding
. (HE) for the HE1,1+(35yand HE1 2+(35y modes, with R = oo and
R = 66.67 cm. The I',;(HE) of modes in the middle region of
the anti-resonant band is smaller than that near the resonant
bands indicated by the vertical black and red dashed lines, for
the-modes-in the straight PC-NCF with R = co. The modes near
the resonant bands are more sensitive to the fiber bending than
those in the anti-resonant bands, where the T';; (HE) of both the
HE1,1+@3s) and HE1 2435 modes increases significantly near the
anti-resonant bands. The enlarged insert figure in Fig. 7(b)
shows that the I';;(HE) of the high-order mode HEj+@s) is
larger than that of the low-order mode HEji+@ss) in the

anti-resonant bands, which means that the confinement loss of
the former is larger than that of the latter.

E. Measured transmission spectra of the bent PC-NCFs

Using the previously described experimental setup in Fig.
1(c), Fig. 9 shows the measured transmission spectra for
SMF-PC-NCF-SMF with L= 5.8 cm and 75.8 cm under
different bending states. The spectrum of the structure with L =
5.8 cm and R = oo shows irregular interference dips in Fig. 9(a).
The fiber bending changes the spectrum with irregular
interference dips to a spectrum with periodic transmission dips,
although the intensity of the transmission windows is
inconsistent, as one can see for the curve with R = 58.41 cm in
Fig. 9(a). The depths of the transmission dips increase (a little)
and the intensities of the transmission windows become
relatively consistent as the bend radius decreases to R = 28.51
cm in Fig. 9(a). The appearance of periodic transmission dips in
the spectrum of the bent PC-NCF with the short length L can be
explained in two steps. Firstly, fiber bending shifts the modal
intensity distribution form the silica core region into the
polymer cladding region, which causes an increase of loss in all
bands since the material absorption in the polymer is higher
than that in the silica. Secondly, the fractional power in the
cladding is larger in the resonant bands than in the anti-resonant
bands, which indicates that there is more loss in the former
bands than in the latter bands. Therefore, fiber bending can lead
to the formation of the periodic transmission dips and an
increase of their depths in the PC-NCFs with a short length.

Similarly, the depth of the transmission dips increases as the
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Fig. 7. (a) Dispersion curves (nes vs. 1) and (b) the fractional power in the
cladding of HEj 1435 and HE; 2+s) modes with the bend radius R = o and R =
66.67 cm. The inset of (b) is an enlarged figure of the part indicated by the black
dashed rectangle. HE1n+3s) (n = 1 or 2) is a two-fold degeneracy mode of
HE 1 n+(3s and HEj n+(3sp. The black and red dashed vertical lines indicate the
resonant bands.
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Fig. 8. The modal intensity and electric field vector distributions of HEy 1435
and HE; »:s) modes under different bending states as indicated.

bend radius decreases for the PC-NCF with a large length of
L=75.8 cm, as shown in Fig. 9(b). Under the similar bend radii,
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Fig. 9. Measured transmission spectra of the hetero-structure

SMF-PC-NCF-SMF with (a) L = 5.8 cm and (a) L = 75.8 cm, under different
bending states as indicated. The black and red dashed vertical lines indicate the
resonant bands.

the depth of the transmission dips for the PC-NCF with L = 5.8
cm (around 5 dB, R =58.41 cm, in Fig. 9(a)) is smaller than that
for the PC-NCF with L = 75.8 cm (around 20 dB, R = 55.68 cm,
in Fig. 9(b)). The larger depth of the transmission dips for the
longer PC-NCF is caused by a larger propagation loss, provided
that the confinement losses (the fractional power in the
cladding) of the modes are similar for both the long and short
PC-NCFs. The intensity of the transmission windows of the
PC-NCF with L = 75.8 cm decreases strongly as the bend radius
decreases from R =« to R = 113.36 c¢cm as shown in Fig. 9(b).
The situation is different for the PC-NCF with L = 5.8 cm as
shown in Fig. 9(a), where the intensity of the transmission
window does not decrease noticeably within the studied range
of bend radius. The decreased intensity of the transmission
windows is related to the attenuation of the (especially for the
higher order) anti-resonant core modes. The fractional power in
the cladding of the high-order modes is larger than that of the
low-order modes, as discussed in section I11-D.

The consequence of introducing a fiber bend is that
compared to the low-order modes, the high order modes are
more easily affected by bending, which shifts the modal field
into the fiber cladding. Therefore, the higher order modes
propagating in a bent PC-NCF experience higher loss and some
of them will fade with the decrease of the bend radius, leading
to the decrease of the intensity of the transmission windows.
The shorter the propagation length the lower the attenuation of
the anti-resonant core modes, therefore, there is no significant
reduction in the intensity of the transmission windows for the
short PC-NCF within a certain range of bend radius.

The depth of the transmission loss dip around 1550 nm for
the PC-NCF with L = 75.8 cm increases over 31 dB from 3.54
dB to 34.65 dB as the bend radius decreases fromR =w toR =

47.48 cm (the bending curvature increases from 0 to 2.106 m™).
The average change rate of the depth in the studied range is up
to 14.77 dB/m™.

IV. DISCUSSION

A PC-NCF has been studied as an example of the depressed
core fiber in this work. Compared to the more frequently
studied anti-resonance guiding in hollow-core fibers, whose
core modes have a leaky nature [26,38,39], the anti-resonant
core modes in the depressed core fiber are non-leaky. The
energy of the core modes in the hollow-core fibers tends to leak
out from both the core and the cladding regions at the resonant
bands while that of the depressed core fibers are totally
reflected back at the outer boundary of the cladding region
although they can leak from the core region. Therefore, the
hollow-core fibers generally show periodic transmission loss
dips [26,39,40] while the depressed core fiber with multiple
non-leaky core modes are prone to showing multimode
interference characteristics of the transmission spectrum.
However, the appearance of the periodic transmission dips and
windows in the long or bent PC-NCFs demonstrated in this
work reflect the anti-resonance nature of the depressed core
fibers.

The LMR fiber structures are similar with the PC-NCFs,
although the coating materials (i.e. ITO in Ref. [20]) of the
former are strongly lossy and usually have a complex refractive
index. The generation of the loss dips is related to the resonant
coupling of the core modes and cladding modes in both the
PC-NCF and the LMR fiber structures. The resonant coupling
in both structures causes similar changes of the modal field
distributions in the resonant bands, where the modal energy is
evenly distributed in both the core and the cladding regions [22].
The main difference in the sensing process in these two fiber
structures is related to the different modal properties. If the
high-index coating in the LMR structure is treated as a
Fabry-Perot resonator in the ARROW model, it is easy to
understand the general rules of the LMR with the help of Eq.
(1). For example, the resonant wavelengths are dependent on
the thickness and the refractive index of the high-index layer (if
other parameters are constant), which is near to the cutoff of the
TE and TM modes in the high-index layer [20]. In addition, the
Eg. (1) also helps to explain the generation of the multiple
LMRs with the thick coating and the excitation of the LMR by
both TE and TM light [20]. It should be note that the coating
materials in LMR fiber structures are usually much more lossy
compared to the acrylate polymer in PC-NCF, therefore the loss
dips can be formed with a much shorter length for the coating
(for example the ITO-coated region is 4 cm in [20]).

The sensing mechanism for the PC-NCF is similar to that for
the LMR structure and relies on the change of the thickness and
refractive index contrast of the high-index coating and the
intensity of the evanescent wave generated at the outer
boundary of the coating layer [3,5,6]. Based on the theoretical
analysis in this work, several methods of reducing the length of
the PC-NCF in practical devices such as curvature sensors and
optical filters exist. As discussed above, one method of




achieving periodic transmission dips in the PC-NCF with a
short length L is to introduce bending of the fiber, which leads
to an increase of the fractional power in the PC coating and
consequently to an increase of losses in the coating. In a similar

fashion, reducing the mode confinement by tapering the silica
fiber can increase the fractional power in the cladding, which
also allows one to shorten the length of the device. Increasing
the losses within the polymer coating also allows to reduce the
length of the fiber. In addition, our previous experiments
indicated that bending of any short part of the PC-NCF while
keeping the rest of the structure straight also allows to achieve
periodic transmission dips, which could reduce the length of the
device.

V. CONCLUSION

Light propagation in PC-NCFs was studied experimentally
and theoretically. The periodic loss dips were found in the
transmission spectra of the PC-NCFs with a longer length or
under bending states. The wavelength positions of the
transmission dips can be predicted based on the ARROW
model, with the knowledge of the anti-resonant and inhibited
coupling guiding mechanisms. The fractional power in the fiber
cladding (polymer coating) for the modes in the resonant bands
is higher than that for the modes in the anti-resonant bands, and
the fiber bending can enhance this difference. Therefore, the
modes in the resonant bands experience higher attenuation due
to the material absorption within the polymer coating, which
suppresses the multimode interference and displays
anti-resonant characteristics. Our results indicate that the
PC-NCFs or the depressed core fibers can be used in many
devices including bend/curvature sensors and tunable loss
filters. Our analysis, regardless of the specific refractive index
dispersion properties of the high-index fiber layers, may
contribute to a better understanding of the resonant
phenomenon in fiber optics such as the LMR in lossy film
coated fiber structures.

VI. APPENDIX

The multiple reflections of one beam in an asymmetric
planar waveguide are considered in this section. The
asymmetric planar waveguide consists of three regions with
refractive indices of ni, nz and n;z (N2 > n1 > n3) as indicated in
Fig. 10(a). The angle of incidence is 81 within n1 > nisin 61 > ns,
which ensures that Fresnel’s refraction and reflection at the
interface between regions I and Il is as shown in Fig. 10(b)
while total reflection at the interface between regions Il and 11l
is as shown in Fig. 10(c).

The Fresnel’s (intrinsic) transmission (t) and reflection (r)
coefficients for TE beams are [40]:

__njcos6;—n;cosH; 2n;cos 6;
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and for TM beams are [40]:
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Fig. 10. (a) Ray trajectory of a beam with angle of incidence 61 (n1> nasin 61 >
ns) impinging on the interface of an asymmetric waveguide. (b) Fresnel’s
refraction and reflection at the interface between regions I and Il. (c) Total
reflection at the interface between regions II and III, where ‘z’, ‘H’, and ‘h’
denote the Goos- Hanchen shift, the deviation of the reflection light, and the
penetration depth of the evanescent wave, respectively.

where indices i =1 (2) and j = 2 (1), denote the incident region
and transmission region, respectively.

The intrinsic reflection coefficient (r) and the phase change
(¢) in the total reflection case are as follows. For the TE beams:

2
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For the TM beams:
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where index i = 2, 3, denote regions Il and I, respectively.
The total amplitude of multiple reflections for TE (or TM)
beams in the region Il can be calculated as:
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where § is the phase difference between the two adjacent

reflected beams in region I: § = ‘mnzjﬂ. p is number of
L A® js the amplitude of the

2dtanf,

incident beam. Given d = 125 pm, n; = 1.445, n; = 1.51, and a

waveguide length L > 0.5 cm, the p is large enough for the total

reflected amplitude to be approximated as:

reflected beams: p =
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And the global reflection coefficients can be calculated as:
A tiz723t21 s 2
= 40407 = |r12 =133 | (18)

Substituting the intrinsic reflection and refraction coefficient
for the TE (or TM) beams calculated by Egs. (12)-(15) into Egs.
(17) and (18), the global reflection coefficients for the TE and
TM beams are calculated respectively as R | and Ry. The global
reflection coefficient of an unpolarized incident beam is the
average of R | and R thus:
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