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Tunable Autler-Townes-Like Resonance Splitting in a
Bent Fiber-Optic Fabry-Perot Resonator: 3D
Modeling and Experimental Verification

Anton V. Dyshlyuk

Abstract—We present a numerical and experimental study of
resonance splitting in the transmission and reflection spectra of the
Fabry-Perot resonator made of a bent section of a conventional
single-mode optical fiber with metallized end faces. We show the
splitting to be similar in nature to the well-known Autler—-Townes
effect and to arise from the strong coupling between the core mode
and cladding whispering gallery mode of the bent fiber. The effect
of all major parameters of the bent resonator on the splitting of its
resonances is demonstrated. Potential applications of the observed
effects in the field of precision optical refractometry as well as
further research directions are discussed.

Index Terms—Autler-Townes splitting, electromagnetically
induced transparency, Fano resonance, optical fiber bend, optical
refractometry.

1. INTRODUCTION

ANO resonances and related phenomena, similar to
F electromagnetically-induced transparency and Autler-
Townes (Rabi) splitting, attract considerable attention of re-
searchers in photonics, nanooptics, plasmonics and metamate-
rials due to the intriguing possibilities of tailoring the frequency
response of resonant systems [ 1]-[7]. For example, an asymmet-
ric Fano line shape or a narrow dip in a wide resonance, char-
acteristic of electromagnetic-induced transparency, can provide
an extremely sharp drop from maximum to almost zero in the
reflection, transmission, extinction, scattering spectra, etc. This
is a very attractive feature for the design of functional elements
of photonics, especially switching and sensing devices.

In [8], [9] we have for the first time, to the best of our
knowledge, demonstrated and studied tunable Fano resonances
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and related effects observed in a Fabry-Perot resonator made
up of a bent slab single-mode waveguide with metallized ends.
The discovered effects may find diverse applications, with one
of the more obvious among them dealing with precision optical
refractometry. Several designs of refractive index (RI) sensors
based on bent single-mode optical fibers (OF) have already been
reported, which use strong coupling between freely propagating
fundamental and cladding modes [10]-[13]. In terms of their
simple optical layout such fiber optic refractometers compare
favorably with analogs, the latter typically requiring chemical
(etching) or mechanical (polishing) processing of the fiber or
additional elements such as long-period or tilted waveguide
diffraction gratings [14]. However, in terms of metrological
performance, they are typically inferior to more traditional re-
fractometric techniques, for example, based on the well-known
Kretschman scheme [15], [16]. The Fano resonances and re-
lated effects demonstrated in [8], [9] open up a new degree
of freedom in the design of bent fiber based photonic devices
and can provide a significant improvement in the measurement
performance of the bent fiber-based RI sensors thus leading to
the development of novel compact, portable, and inexpensive
ultra-sensitive fiber-optic refractometers, for example, for bio-
and chemosensing applications. In [8], [9], however, we have
studied these phenomena only numerically and in a simplified
2D geometry. The present work, which is a follow-up research on
the same topic, is aimed at a rigorous modeling of these effects
in the full three-dimensional geometry of a bent optical fiber
with circular cross-section and their experimental demonstration
using conventional telecom single-mode optical fibers.

We must emphasize that although we deal here with a Fabry-
Perot resonator, the particular type of the resonator is not essen-
tial. Similar results can be obtained with a ring or some other
kind of a resonator based on the bent optical fiber. The key
point that we want to make with this and our preceding work
is twofold. Firstly, we wish to demonstrate how, by introducing
a longitudinal resonator, one can bridge the gap between bent
fiber-based photonic devices and the physics behind Fano res-
onances, electromagnetically induced transparency and Autler-
Townes splitting. This opens up a new dimension in the design
of functional elements of photonics and may lead to applications
far beyond those that we currently anticipate. Secondly, we wish
to show that a bent single mode fiber-based resonator already
consists, effectively, of two coupled resonators. This enables
one to obtain a full range of Fano-like resonant features without
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Fig. 1. Effective indexes of the bent single-mode optical fiber supermodes vs.
bend radius at a fixed wavelength of 1550 nm. In the insets: (a), (b) amplitude
profiles of the two supermodes at the radius of a pronounced anti-crossing of
their dispersion curves (R = 7.188 mm), (c) schematic drawing of the bent
single-mode optical fiber (shown in pale yellow is the symmetry plane), (d)
electric field amplitude distribution of guided light in the longitudinal section of
the bent optical fiber at R = 7.188 mm.

the need for designing two separate coupled resonators (such as
coupled ring resonators) or using additional scattering elements
(such as FBG) to introduce coupling between different resonant
states in a single resonator.

The paper is organized as follows. First, based on the analysis
of mode coupling in a bent naked single-mode OF, tunable
resonance line splitting in the reflection and transmission spectra
of a bent Fabry-Perot fiber-optic resonator will be demonstrated,
similar to the well-known Autler-Townes splitting. Then, the
effect of all major geometric parameters of the bent resonator
on the observed splitting will be demonstrated and discussed.
In the final part of the article we will present the experimental
results, make their comparison with the results of numerical
modeling, and discus further research directions.

II. NUMERICAL RESULTS AND DISCUSSION

The bent single-mode SMF-28-type optical fiber under study
is shown schematically in Fig. 1(c) and has the following
parameters: core radius p; = 4.15 pum, core refractive index
n; = 1.4504, optical cladding radius ps = 62.5 um, cladding
refractive index ny = 1.4447, and bend radius R. To model
propagation of guided light in the fiber we use bidirectional
eigenmode expansion method implemented in the Lumerical
MODE Solutions software. Throughout the simulations we as-
sume that the polymer coatings have been removed from the fiber
so that its quartz optical cladding is in contact with air with RI ng
= 1. Therefore, due to the total internal reflection at the cladding
| air interface, not only the core, but also the cladding of the
fiber possesses pronounced light-guiding properties. Moreover,
due to the large discontinuity in refractive index at the cladding
| ambient medium interface, the loss of guided light through
tunneling out of the bent fiber is negligible (at the bend radii
considered in the work), so that all the modes of the fiber,
including cladding modes can, to a good approximation, be
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considered guided modes with zero propagation losses, with
their field confined to the fiber. For this reason, to simplify
numerical modeling we disregard radiation modes and use re-
flecting, rather than absorbing, boundary conditions of the type
perfect electric conductor (PEC) at the external boundaries of
the calculation domain.

Generally speaking, there are two basic lines of reasoning
about light propagation through the bent fiber under study [17].
Within the first appoximate approach, its core and cladding are
considered separately: the core supports a single fundamental
mode (FM), whereas the cladding - a large number of cladding
modes. As a result of bending, the field of the cladding modes
shifts along the bend radius so that they are guided predomi-
nantly by that outer (with respect to the bend) surface of the
cladding, which effectively turns them into whispering gallery
modes (WGMs). With certain combinations of wavelength and
bend radius, the effective refractive indices of FM and a WGM
become equal, which leads to the strong coupling between them.
The coupled modes then exchange power as they propagate
along the fiber, which is observed as periodic redistribution of
guided light intensity between the core and the cladding of the
fiber (Fig. 1(d)). The period of this exchange depends on the
coupling coefficient determined by the overlap integral of the
FM and WGM profiles, and decreases with the growth of the
latter [17].

In the second more exact approach, the modes of the entire
bent fiber viewed as a whole are calculated, which are hereinafter
referred to as supermodes. If no coupling takes place between
the FM and WGM, the supermodes, in terms of their effective
indexes and profiles, do not differ much from the corresponding
modes considered separately. However, when such a coupling
does occur, the dispersion curves of supermodes, in contrast to
those of FM and WGMs, exhibit a characteristic anti-crossing
behavior, which is a well-known signature of the strong coupling
regime [18]. This is illustrated in Fig. 1, which shows the
effective indexes of bent fiber supermodes vs bend radius at
a fixed wavelength of 1550 nm. Within an anti-crossing, the
amplitude profiles of both supermodes, as Fig. la and 1(b)
show, are similar and represent a superposition of the separately
considered FM (local maximum in the region of the core) and
WGM (field distribution in the cladding to the right of the core)
profiles, i.e. they result from the hybridization of the latter. The
phase profiles of the supermodes, however, are quite different so
that the redistribution of guided light intensity between the core
and cladding of the bent fiber corresponds to the interference
(beating) of the supermodes as they propagate along the bent
fiber with constant amplitudes (in contrast to the separately
considered FM and WGM whose amplitudes vary as functions
of the coordinate along the bent fiber’s optical axis as a result of
the coupling). The beating period is given by A / An, where An
is the difference of the effective indexes of the supermodes at
the anti-crossing of their dispersion curves, which, in terms of
the separately considered FM and WGM, is determined by their
coupling coefficient.

The exchange of power between the coupled FM and WGM
has a clear parallel to a simple mechanical system of two coupled
pendulums (Fig. 2(b)). In the free oscillation regime, the growth
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Fig. 2. Schematic of the bent fiber optic Faby-Perot resonator (a) and its
mechanical analogy (b)

in oscillation amplitude of one of them is accompanied by the
decrease of that of the other [19], i.e. their motion in time
is analogous to the spatial variation of the amplitudes of the
coupled FM and WGM in the bent fiber (Fig.1(d)).

It is well known that in mechanical systems of coupled os-
cillators one can readily observe Fano resonances as well as
effects similar to the Autler-Townes splitting but in the forced,
rather than free, oscillation regime under the action of a har-
monic driving force applied to one of the pendulums [7], [18].
At a sufficiently high coupling coefficient the resonance peak
in the frequency response of the driven oscillator splits and,
depending of the resonant frequency of the other oscillator, one
can obtain either symmetric splitting pattern characteristic of the
Aulter-Townes effect, or asymmetric splitting with a pronounced
dominant peak and weak secondary peak with an asymmetric
line shape (insets 1-5 in Fig. 3(a)-(d)).

To realize a similar oscillation regime in the optical domain
using a bent single-mode optical fiber let us form a Fabry-Perot
resonator (FPR) by applying gold mirrors of thickness h to the
end faces of a section of bent fiber of length L as shown in Fig. 2a.
Light is fed into and output from the resonator through straight
input and output section of the same fiber. Such a resonator can
be viewed as two separate coupled resonators corresponding to
the longitudinal resonances of the coupled fundamental (FM-
resonator) and whispering gallery (WGM-resonator) modes.
The excitation light guided by the core of the input fiber section
and fed into the core of the bent resonator through the left mirror
plays the same role as the driving force applied to one of the
pendulums in the mechanical system (Fig. 2(b)).

We plot in Fig. 3 the numerically calculated reflection and
transmission spectra of the bent FPR for various bend radii near
R = 7.188 mm where a pronounced anti-crossing is observed in
the dispersion curves of the supermodes of the bent optical fiber
(Fig. 1).

For the sake of comparison, we also show with semi-
transparent lines in Fig. 3(c) the reflection and transmission
spectra of the corresponding straight resonator. The reflection
and transmission coefficients are defined, respectively, as the
ratio of powers of the reflected FM in the input fiber section and
transmitted FM in the output section to the power supplied by
the exciting fundamental mode in the input section.
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Fig. 3. The calculated reflection and transmission spectra of the bent fiber-
optic Fabry-Perot resonator at L = Smm, h = 10 nm and R = 7.15 mm (a); R
=7.175 mm (b); R = 7.188 mm (c); R = 7.2 mm (d); R = 7.225 (e). In Fig. 3
(c), for comparison, the reflection and transmission spectra of the corresponding
straight resonator (L = 5 mm, h = 10 nm) are shown with semi-transparent
lines. The insets on the left show the frequency response of the driven pendulum
1 in the mechanical system, calculated for w; =1, v; = v2 = 0.1, g2 =0.2,
and wo = 1.2 (1) ; we = 1.05 (2); we = 0.98 (3); we = 0.9 (4); wa = 0.75
(5). The insets (6) and (7) show an enlarged view of the secondary peak in the
transmission spectrum of the bent FPR with an asymmetric Fano line shape.
The gray vertical semi-transparent lines illustrate the shift of the split resonance
lines with changing of the bend radius.

As seen from the comparison of the straight and bent RFP
spectra in Fig. 3c, the bending of the resonator brings about
splitting of the resonances, which at R = 7.188 mm is sym-
metric and similar to the Autler-Townes splitting. Increasing or
decreasing the bend radius relative to R = 7.188 mm shifts the
split resonance lines in a manner shown schematically with grey
vertical semi-transparent lines. Obviously, the pattern of this
shifting is defined by the anti-crossing behavior of the dispersion
curves of the bent fiber supermodes (Fig. 1). Furthermore, as the
bend radius departs from the resonant value of 7.188 mm the sec-
ondary peak in the transmission spectrum and the corresponding
dip in the reflection spectrum become less pronounced, which
makes the splitting less appreciable.

We also note that at R = 7.15 mm and R = 7.225 mm the
weak secondary transmission peak has an asymmetric line shape
characteristic of a low Q-factor Fano resonance (insets 6 and 7
in Fig. 3(a), 3(e)).

To interpret the obtained results, it is worthwhile to compare
the transmission spectrum of the bent fiber optic resonator with
the frequency response of the driven pendulum in the mechan-
ical oscillatory system (insets 1-5 in Fig. 3(a)-(e)). Clearly,
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Fig.4. The calculated transmission and reflection spectra of a bent Fabry-Perot

fiber-optic resonator at R = 7.188 mm, h = 10 nm and L = 2.5 mm (a); L =
7.5 mm (b); L = 12.5 mm (¢); L = 18 mm (d); L = 22.5 mm (e). The gray
vertical lines schematically illustrate the displacement of the split resonance
lines as the length of the resonator changes.

these spectra are virtually identical, which is an evidence of
a close analogy between the mechanical and optical systems
under consideration. In terms of this analogy, the FM-resonator
corresponds to the driven pendulum 1, whereas WGM-resonator
— to the coupled pendulum 2 (Fig. 2(b)). The coupling between
fundamental and whispering gallery modes in the bent fiber then
plays the role of the coupling spring in the mechanical system.

As a result of the strong dependence of WGM effective
index on the bend radius, the resonances of the WGM-resonator
shift with changing R, whereas the resonant frequencies of the
FM-resonator remain nearly constant. Changing the bend radius
is thus equivalent to varying the second pendulum’s resonant
frequency (w2) while keeping that of the first one (wq) fixed
in the mechanical system. R = 7.188 mm corresponds to the
phase matching condition between FM and WGM in the bent
fiber, which makes the resonant frequencies of the FM- and
WGM-resonators match each other. This case, therefore, cor-
responds to wi~w- in the mechanical system when a clear-cut
symmetric resonance splitting is observed. As the bend radius
departs from 7,188 mm the phase matching between FM and
WGM is gradually lost making the splitting asymmetric and
less pronounced, which in terms of the mechanical system
corresponds to w1 Swa.

To demonstrate the effect of the FPR length on the resonance
splitting, we plot in Fig. 4 its transmission and reflection spectra
calculatedatL. =2.5...22.5mm, R =7.188 mm, and h = 10 nm.
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Fig.5. Thecalculated transmission and reflection spectra of a bent Fabry-Perot
fiber-optic resonator at R =7.188 mm, L = 5 mm and various mirror thicknesses:
h=5nm (a); h=7.5nm (b); h = 10 nm (c); h = 22.5 nm (d). The insets on the
left show the frequency response of the driven pendulum 1 in the mechanical
oscillatory system, calculated for wy; =1, we =098, g=0.2andv; =2 =
0.15 (1); 0.1 (2); 0.075 (3); 0.05 (4). Figure (e) shows an example of irregular
splitting of the bend FPR resonances when the fundamental mode is coupled
simultaneously to two WGMs (R = 7.375 mm, L = 10 mm, h = 15 nm).

As seen from the figure, increasing the length of the resonator
makes the splitting look more pronounced by driving the split
resonance lines further apart. This, however, is an apparent effect
arising from different scales on the horizontal axes of Fig. 4(a)-
(e). A closer analysis of the presented spectra shows that an
increase in the length of the resonator makes its lines sharper
and more closely spaced while the splitting remains unchanged
in its absolute value.

An interesting feature is observed at L = 18 mm (Fig. 4(d))
when the resonant transmission is almost zeroed by the overlap
of the split lines from two adjacent resonances, which is ac-
companied by a deep minimum in the reflection spectrum. The
calculation of the intensity distribution in the bent resonator
shows that almost all of the injected power goes, in this case,
into the cladding of the output fiber section.

Figure 5 illustrates the effect of the mirror thickness on the
resonance splitting of the bent FPR by showing its transmission
and reflection spectra calculated at h = 5; 7.5; 10 and 22.5 nm;
R =7.188 mm, L = 5 mm. As seen from the graphs, the primary
effect of thicker mirrors is to make the resonance lines sharper
as a result of higher mirror reflectivity and, therefore, higher
Q-factor of the resonator. Narrowing of the resonance lines,
in turn, makes their splitting more clear-cut. Disregarding the
lowering of the resonant transmission with an increase in £,
which results from higher absorption losses in thicker mirrors,
the calculated transmission spectra, as seen from insets 1-4, are
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very similar to the frequency response of the driven pendulum in
the mechanical system (Fig. 2(b)) with simultaneously decreas-
ing both pendulums’ damping constants y; and 7s.

All the results shown above are obtained for the bend radii near
the resonant value of R = 7.188 mm, which corresponds to the
strong coupling of the fundamental mode of the core to one of the
cladding whispering gallery modes. There are, however, a great
number of such cladding modes many of which can couple to FM
at various R values, as can be readily appreciated from Fig. 1. The
splitting of resonances similar to that already demonstrated can
therefore be observed at different bend radii. Its width is defined
by the effective index difference of the hybrid supermodes of
the bent fiber at the anti-crossing of their dispersion curves, An.

In terms of the separately considered FM and WGM, An
is determined by their coupling coefficient and is therefore a
measure of the coupling strength of FM- and WFM-resonators.
As seen from Fig. 1, in the bend radius range from 6.8 to 7.7 mm
An is largest for the anti-crossing centered at R = 7.188 mm. At
the bend radii of other anti-crossings, the width of the splitting
will be less, meaning that larger Q-factors of the resonator are
required to observe it clearly.

We also note that around certain bend radii the fundamen-
tal mode may become coupled to two WGMs simultaneously
(Fig. 1). This leads to a more complicated and irregular splitting
pattern in the transmission and reflection spectra of the bent
FPR, as exemplified by Fig. 5(e).

All the simulation results in this article are obtained for the
case when the FM in the input fiber section is polarized linearly in
the plane of the fiber bend, which corresponds to the symmetric
boundary condition on the symmetry plane of the structure under
study (Fig. 1(c)). Calculations for the orthogonal polarization
yield similar results albeit slightly shifted in wavelength due to
the polarization dependence of WGMs effective indexes.

III. EXPERIMENT

A schematic of the experimental setup for the study of the
resonance splitting of the bent fiber optic Fabry-Perot resonator,
along with the experimental results are shown in Fig. 6.To
measure experimentally the reflection spectra of the bent fiber
optic Fabry-Perot resonator we prepared several samples of such
resonators of 1 cm-long sections of an SMF-28-type telecom
optical fiber. The end faces of the resonators are coated with a
thin layer of gold by the electron beam evaporation technique
in the ADVAVAC vacuum chamber. We then fix the resonators
upon rounded support 7 (Fig. 6(a)) and lead-in fiber 3 is aligned
with the input end of the resonator using optical microscopes,
broadband light source 1 (Thorlabs ASE730) and optical spec-
trum analyzer 8 (Yokogawa AQ6370B). After alignment the
contact point is secured with epoxy adhesive 4. Excitation of
the resonator and the measurement of its reflection spectrum is
carried out via fiber optic circulator 2.

The resonator is bent by calibrated displacement of its loose
end using a precision translation stage 6. The evolution of the
bentresonator’s measured reflection spectrum with varying bend
radius is illustrated in Fig. 6(b)-(f). The insets 1-5 of these
figures show the corresponding simulation results. Obviously,

Fig. 6. Schematic representation of the experimental setup for studying the
reflection spectrum of a bent fiber optic Fabry-Perot resonator (a): 1 - broadband
light source (Thorlabs ASE 730), 2 - fiber-optic circulator , 3 — exciting optical
fiber, 4 - fixing the contact point with an epoxy adhesive, 5 — bent fiber optic
Fabry-Perot resonator, 6 - bending the resonator by calibrated displacement
of its loose end using a precision translation stage , 7 — a rounded support,
8 - optical spectrum analyzer (Yokogawa AQ6370B ). The evolution of the
measured reflection spectra with varying bend radius (b)-(f). Yellow insets (1-5)
show the corresponding numerically calculated reflection spectra at L = 1 cm,
h=5nmmand R =7.375 mm (1), R = 7.4 mm (2), R = 7.425 mm (3),R =
7.45 mm (4), R = 7.475 mm (5).

the experimental and numerical results are in good agreement,
which confirms the validity of the numerical modeling carried
out in this work.

IV. CONCLUSIONS

We have, thus, studied tunable splitting of resonances in the
transmission and reflection spectra of the bent single mode
optical fiber-based Fabry-Perot resonator, which is similar to the
well-knows Autler-Townes splitting. The splitting is shown to
result from the strong coupling between the fundamental mode
of the core and whispering gallery modes of the cladding of the
bent fiber. We have demonstrated and discussed how the splitting
is affected by all major parameters of the resonator. The validity
of the numerical modeling is confirmed by the experimental
results.

We must note that the resonance splitting demonstrated in
this work does not lead to narrow spectral features and sharp
drops in the transmission and reflection spectra, characteristic of
high Q-factor Fano resonances and electromagnetically induced
transparency. This is due to the fact that the latter effects arise
from the interference of a narrow resonant lineshape with a
nonresonant continuum or another low Q-factor resonance. In
particular, to observe such effects in the mechanical system
of two coupled pendulums (Fig. 2(b)) the following condi-
tion must be satisfied: y9<<7v1 [7]. In the studied case of
coupling between FM- and WGM-resonators, however, their
losses, defined primarily by the transmission through the input
and output mirrors, are equal. To enable high Q-factor Fano
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resonance and electromagnetically induced transparency-like
operation regimes in the bent fiber optic Fabry-Perot resonator,
which are more attractive in terms of the develepmentfiber optic
sensing and switching devices, variable transmission mirrors
must be employed providing low losses for the WGM-resonator
and high losses for the FM-resonator. The simplest example of
such a mirror is a thick gold layer on the fiber end face with a hole
at the center produced by a laser ablation technique. Results of
further researches in this direction will be published elsewhere.

We stress again that although we have studied here the
Fabry-Perot resonator, the particular type of resonator is not
essential and similar results can be obtained with other kinds
of bent fiber-based resonators. The most important point we
wish to make is that, by introducing a longitudinal resonator,
one can obtain a full range of Fano-like resonant features with
a single section of conventional bent single-mode optical fiber
without resorting to any additional coupling elements or building
a system of two separate coupled resonators. This opens up a
new degree of freedom in the design of functional elements
of photonics based on bent optical fibers and waveguides and
may lead to diverse applications far beyond what we currently
anticipate.
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Tunable Autler-Townes-Like Resonance Splitting in a
Bent Fiber-Optic Fabry-Perot Resonator: 3D
Modeling and Experimental Verification

Anton V. Dyshlyuk @, Uliana A. Eryusheva, and Oleg B. Vitrik

Abstract—We present a numerical and experimental study of
resonance splitting in the transmission and reflection spectra of the
Fabry-Perot resonator made of a bent section of a conventional
single-mode optical fiber with metallized end faces. We show the
splitting to be similar in nature to the well-known Autler-Townes
effect and to arise from the strong coupling between the core mode
and cladding whispering gallery mode of the bent fiber. The effect
of all major parameters of the bent resonator on the splitting of its
resonances is demonstrated. Potential applications of the observed
effects in the field of precision optical refractometry as well as
further research directions are discussed.

Index Terms—Autler-Townes splitting, electromagnetically
induced transparency, Fano resonance, optical fiber bend, optical
refractometry.

1. INTRODUCTION

ANO resonances and related phenomena, similar to
F electromagnetically-induced transparency and Autler-
Townes (Rabi) splitting, attract considerable attention of re-
searchers in photonics, nanooptics, plasmonics and metamate-
rials due to the intriguing possibilities of tailoring the frequency
response of resonant systems [ 1]-[7]. For example, an asymmet-
ric Fano line shape or a narrow dip in a wide resonance, char-
acteristic of electromagnetic-induced transparency, can provide
an extremely sharp drop from maximum to almost zero in the
reflection, transmission, extinction, scattering spectra, etc. This
is a very attractive feature for the design of functional elements
of photonics, especially switching and sensing devices.

In [8], [9] we have for the first time, to the best of our
knowledge, demonstrated and studied tunable Fano resonances
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and related effects observed in a Fabry-Perot resonator made
up of a bent slab single-mode waveguide with metallized ends.
The discovered effects may find diverse applications, with one
of the more obvious among them dealing with precision optical
refractometry. Several designs of refractive index (RI) sensors
based on bent single-mode optical fibers (OF) have already been
reported, which use strong coupling between freely propagating
fundamental and cladding modes [10]-[13]. In terms of their
simple optical layout such fiber optic refractometers compare
favorably with analogs, the latter typically requiring chemical
(etching) or mechanical (polishing) processing of the fiber or
additional elements such as long-period or tilted waveguide
diffraction gratings [14]. However, in terms of metrological
performance, they are typically inferior to more traditional re-
fractometric techniques, for example, based on the well-known
Kretschman scheme [15], [16]. The Fano resonances and re-
lated effects demonstrated in [8], [9] open up a new degree
of freedom in the design of bent fiber based photonic devices
and can provide a significant improvement in the measurement
performance of the bent fiber-based RI sensors thus leading to
the development of novel compact, portable, and inexpensive
ultra-sensitive fiber-optic refractometers, for example, for bio-
and chemosensing applications. In [8], [9], however, we have
studied these phenomena only numerically and in a simplified
2D geometry. The present work, which is a follow-up research on
the same topic, is aimed at a rigorous modeling of these effects
in the full three-dimensional geometry of a bent optical fiber
with circular cross-section and their experimental demonstration
using conventional telecom single-mode optical fibers.

We must emphasize that although we deal here with a Fabry-
Perot resonator, the particular type of the resonator is not essen-
tial. Similar results can be obtained with a ring or some other
kind of a resonator based on the bent optical fiber. The key
point that we want to make with this and our preceding work
is twofold. Firstly, we wish to demonstrate how, by introducing
a longitudinal resonator, one can bridge the gap between bent
fiber-based photonic devices and the physics behind Fano res-
onances, electromagnetically induced transparency and Autler-
Townes splitting. This opens up a new dimension in the design
of functional elements of photonics and may lead to applications
far beyond those that we currently anticipate. Secondly, we wish
to show that a bent single mode fiber-based resonator already
consists, effectively, of two coupled resonators. This enables
one to obtain a full range of Fano-like resonant features without

0733-8724 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 1. Effective indexes of the bent single-mode optical fiber supermodes vs.
bend radius at a fixed wavelength of 1550 nm. In the insets: (a), (b) amplitude
profiles of the two supermodes at the radius of a pronounced anti-crossing of
their dispersion curves (R = 7.188 mm), (c) schematic drawing of the bent
single-mode optical fiber (shown in pale yellow is the symmetry plane), (d)
electric field amplitude distribution of guided light in the longitudinal section of
the bent optical fiber at R = 7.188 mm.

the need for designing two separate coupled resonators (such as
coupled ring resonators) or using additional scattering elements
(such as FBG) to introduce coupling between different resonant
states in a single resonator.

The paper is organized as follows. First, based on the analysis
of mode coupling in a bent naked single-mode OF, tunable
resonance line splitting in the reflection and transmission spectra
of a bent Fabry-Perot fiber-optic resonator will be demonstrated,
similar to the well-known Autler-Townes splitting. Then, the
effect of all major geometric parameters of the bent resonator
on the observed splitting will be demonstrated and discussed.
In the final part of the article we will present the experimental
results, make their comparison with the results of numerical
modeling, and discus further research directions.

II. NUMERICAL RESULTS AND DISCUSSION

The bent single-mode SMF-28-type optical fiber under study
is shown schematically in Fig. 1(c) and has the following
parameters: core radius p; = 4.15 pum, core refractive index
n; = 1.4504, optical cladding radius p, = 62.5 pum, cladding
refractive index ny = 1.4447, and bend radius R. To model
propagation of guided light in the fiber we use bidirectional
eigenmode expansion method implemented in the Lumerical
MODE Solutions software. Throughout the simulations we as-
sume that the polymer coatings have been removed from the fiber
so that its quartz optical cladding is in contact with air with RI ng
= 1. Therefore, due to the total internal reflection at the cladding
| air interface, not only the core, but also the cladding of the
fiber possesses pronounced light-guiding properties. Moreover,
due to the large discontinuity in refractive index at the cladding
| ambient medium interface, the loss of guided light through
tunneling out of the bent fiber is negligible (at the bend radii
considered in the work), so that all the modes of the fiber,
including cladding modes can, to a good approximation, be

JOURNAL OF LIGHTWAVE TECHNOLOGY

considered guided modes with zero propagation losses, with
their field confined to the fiber. For this reason, to simplify
numerical modeling we disregard radiation modes and use re-
flecting, rather than absorbing, boundary conditions of the type
perfect electric conductor (PEC) at the external boundaries of
the calculation domain.

Generally speaking, there are two basic lines of reasoning
about light propagation through the bent fiber under study [17].
Within the first appoximate approach, its core and cladding are
considered separately: the core supports a single fundamental
mode (FM), whereas the cladding - a large number of cladding
modes. As a result of bending, the field of the cladding modes
shifts along the bend radius so that they are guided predomi-
nantly by that outer (with respect to the bend) surface of the
cladding, which effectively turns them into whispering gallery
modes (WGMs). With certain combinations of wavelength and
bend radius, the effective refractive indices of FM and a WGM
become equal, which leads to the strong coupling between them.
The coupled modes then exchange power as they propagate
along the fiber, which is observed as periodic redistribution of
guided light intensity between the core and the cladding of the
fiber (Fig. 1(d)). The period of this exchange depends on the
coupling coefficient determined by the overlap integral of the
FM and WGM profiles, and decreases with the growth of the
latter [17].

In the second more exact approach, the modes of the entire
bent fiber viewed as a whole are calculated, which are hereinafter
referred to as supermodes. If no coupling takes place between
the FM and WGM, the supermodes, in terms of their effective
indexes and profiles, do not differ much from the corresponding
modes considered separately. However, when such a coupling
does occur, the dispersion curves of supermodes, in contrast to
those of FM and WGMs, exhibit a characteristic anti-crossing
behavior, which is a well-known signature of the strong coupling
regime [18]. This is illustrated in Fig. 1, which shows the
effective indexes of bent fiber supermodes vs bend radius at
a fixed wavelength of 1550 nm. Within an anti-crossing, the
amplitude profiles of both supermodes, as Fig. 1la and 1(b)
show, are similar and represent a superposition of the separately
considered FM (local maximum in the region of the core) and
WGM (field distribution in the cladding to the right of the core)
profiles, i.e. they result from the hybridization of the latter. The
phase profiles of the supermodes, however, are quite different so
that the redistribution of guided light intensity between the core
and cladding of the bent fiber corresponds to the interference
(beating) of the supermodes as they propagate along the bent
fiber with constant amplitudes (in contrast to the separately
considered FM and WGM whose amplitudes vary as functions
of the coordinate along the bent fiber’s optical axis as a result of
the coupling). The beating period is given by A / An, where An
is the difference of the effective indexes of the supermodes at
the anti-crossing of their dispersion curves, which, in terms of
the separately considered FM and WGM, is determined by their
coupling coefficient.

The exchange of power between the coupled FM and WGM
has a clear parallel to a simple mechanical system of two coupled
pendulums (Fig. 2(b)). In the free oscillation regime, the growth
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Fig. 2. Schematic of the bent fiber optic Faby-Perot resonator (a) and its
mechanical analogy (b)

in oscillation amplitude of one of them is accompanied by the
decrease of that of the other [19], i.e. their motion in time
is analogous to the spatial variation of the amplitudes of the
coupled FM and WGM in the bent fiber (Fig.1(d)).

It is well known that in mechanical systems of coupled os-
cillators one can readily observe Fano resonances as well as
effects similar to the Autler-Townes splitting but in the forced,
rather than free, oscillation regime under the action of a har-
monic driving force applied to one of the pendulums [7], [18].
At a sufficiently high coupling coefficient the resonance peak
in the frequency response of the driven oscillator splits and,
depending of the resonant frequency of the other oscillator, one
can obtain either symmetric splitting pattern characteristic of the
Aulter-Townes effect, or asymmetric splitting with a pronounced
dominant peak and weak secondary peak with an asymmetric
line shape (insets 1-5 in Fig. 3(a)-(d)).

To realize a similar oscillation regime in the optical domain
using a bent single-mode optical fiber let us form a Fabry-Perot
resonator (FPR) by applying gold mirrors of thickness h to the
end faces of a section of bent fiber of length L as shown in Fig. 2a.
Light is fed into and output from the resonator through straight
input and output section of the same fiber. Such a resonator can
be viewed as two separate coupled resonators corresponding to
the longitudinal resonances of the coupled fundamental (FM-
resonator) and whispering gallery (WGM-resonator) modes.
The excitation light guided by the core of the input fiber section
and fed into the core of the bent resonator through the left mirror
plays the same role as the driving force applied to one of the
pendulums in the mechanical system (Fig. 2(b)).

We plot in Fig. 3 the numerically calculated reflection and
transmission spectra of the bent FPR for various bend radii near
R =7.188 mm where a pronounced anti-crossing is observed in
the dispersion curves of the supermodes of the bent optical fiber
(Fig. D).

For the sake of comparison, we also show with semi-
transparent lines in Fig. 3(c) the reflection and transmission
spectra of the corresponding straight resonator. The reflection
and transmission coefficients are defined, respectively, as the
ratio of powers of the reflected FM in the input fiber section and
transmitted FM in the output section to the power supplied by
the exciting fundamental mode in the input section.

Transmission Reflection

1.0

(a)

Frequency (1)
0.5 response

0.0 —

0.5+

0.0

0.5+

0.5+

0.0
(e)
)
0.5 1
0.0 T = g
1550.0 1550.2 15504 A, Nnm

Fig. 3. The calculated reflection and transmission spectra of the bent fiber-
optic Fabry-Perot resonator at L = Smm, h = 10 nm and R = 7.15 mm (a); R
=7.175 mm (b); R = 7.188 mm (c); R = 7.2 mm (d); R = 7.225 (e). In Fig. 3
(c), for comparison, the reflection and transmission spectra of the corresponding
straight resonator (L = 5 mm, h = 10 nm) are shown with semi-transparent
lines. The insets on the left show the frequency response of the driven pendulum
1 in the mechanical system, calculated for w; =1, v; =v2 =0.1,g2 =0.2,
and wo = 1.2 (1) ; wa = 1.05 (2); w2 = 0.98 (3); wa = 0.9 (4); wa = 0.75
(5). The insets (6) and (7) show an enlarged view of the secondary peak in the
transmission spectrum of the bent FPR with an asymmetric Fano line shape.
The gray vertical semi-transparent lines illustrate the shift of the split resonance
lines with changing of the bend radius.

As seen from the comparison of the straight and bent RFP
spectra in Fig. 3c, the bending of the resonator brings about
splitting of the resonances, which at R = 7.188 mm is sym-
metric and similar to the Autler-Townes splitting. Increasing or
decreasing the bend radius relative to R = 7.188 mm shifts the
split resonance lines in a manner shown schematically with grey
vertical semi-transparent lines. Obviously, the pattern of this
shifting is defined by the anti-crossing behavior of the dispersion
curves of the bent fiber supermodes (Fig. 1). Furthermore, as the
bend radius departs from the resonant value of 7.188 mm the sec-
ondary peak in the transmission spectrum and the corresponding
dip in the reflection spectrum become less pronounced, which
makes the splitting less appreciable.

We also note that at R = 7.15 mm and R = 7.225 mm the
weak secondary transmission peak has an asymmetric line shape
characteristic of a low Q-factor Fano resonance (insets 6 and 7
in Fig. 3(a), 3(e)).

To interpret the obtained results, it is worthwhile to compare
the transmission spectrum of the bent fiber optic resonator with
the frequency response of the driven pendulum in the mechan-
ical oscillatory system (insets 1-5 in Fig. 3(a)-(e)). Clearly,
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Fig.4. Thecalculated transmission and reflection spectra of a bent Fabry-Perot

fiber-optic resonator at R = 7.188 mm, h = 10 nm and L = 2.5 mm (a); L =
7.5 mm (b); L = 12.5 mm (¢); L = 18 mm (d); L = 22.5 mm (e). The gray
vertical lines schematically illustrate the displacement of the split resonance
lines as the length of the resonator changes.

these spectra are virtually identical, which is an evidence of
a close analogy between the mechanical and optical systems
under consideration. In terms of this analogy, the FM-resonator
corresponds to the driven pendulum 1, whereas WGM-resonator
— to the coupled pendulum 2 (Fig. 2(b)). The coupling between
fundamental and whispering gallery modes in the bent fiber then
plays the role of the coupling spring in the mechanical system.

As a result of the strong dependence of WGM effective
index on the bend radius, the resonances of the WGM-resonator
shift with changing R, whereas the resonant frequencies of the
FM-resonator remain nearly constant. Changing the bend radius
is thus equivalent to varying the second pendulum’s resonant
frequency (w2) while keeping that of the first one (w;) fixed
in the mechanical system. R = 7.188 mm corresponds to the
phase matching condition between FM and WGM in the bent
fiber, which makes the resonant frequencies of the FM- and
WGM-resonators match each other. This case, therefore, cor-
responds to wi~w- in the mechanical system when a clear-cut
symmetric resonance splitting is observed. As the bend radius
departs from 7,188 mm the phase matching between FM and
WGM is gradually lost making the splitting asymmetric and
less pronounced, which in terms of the mechanical system
corresponds to wi Swo.

To demonstrate the effect of the FPR length on the resonance
splitting, we plot in Fig. 4 its transmission and reflection spectra
calculatedatL. =2.5...22.5mm, R =7.188 mm, and h = 10 nm.
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Fig.5. Thecalculated transmission and reflection spectra of a bent Fabry-Perot
fiber-optic resonator at R = 7.188 mm, L = 5 mm and various mirror thicknesses:
h=5nm (a); h =7.5nm (b); h = 10 nm (¢); h = 22.5 nm (d). The insets on the
left show the frequency response of the driven pendulum 1 in the mechanical
oscillatory system, calculated for wy =1, wp =098, g =0.2and v; =2 =
0.15 (1); 0.1 (2); 0.075 (3); 0.05 (4). Figure (e) shows an example of irregular
splitting of the bend FPR resonances when the fundamental mode is coupled
simultaneously to two WGMs (R = 7.375 mm, L = 10 mm, h = 15 nm).

As seen from the figure, increasing the length of the resonator
makes the splitting look more pronounced by driving the split
resonance lines further apart. This, however, is an apparent effect
arising from different scales on the horizontal axes of Fig. 4(a)-
(e). A closer analysis of the presented spectra shows that an
increase in the length of the resonator makes its lines sharper
and more closely spaced while the splitting remains unchanged
in its absolute value.

An interesting feature is observed at L = 18 mm (Fig. 4(d))
when the resonant transmission is almost zeroed by the overlap
of the split lines from two adjacent resonances, which is ac-
companied by a deep minimum in the reflection spectrum. The
calculation of the intensity distribution in the bent resonator
shows that almost all of the injected power goes, in this case,
into the cladding of the output fiber section.

Figure 5 illustrates the effect of the mirror thickness on the
resonance splitting of the bent FPR by showing its transmission
and reflection spectra calculated at h = 5; 7.5; 10 and 22.5 nm;
R =7.188 mm, L = 5 mm. As seen from the graphs, the primary
effect of thicker mirrors is to make the resonance lines sharper
as a result of higher mirror reflectivity and, therefore, higher
Q-factor of the resonator. Narrowing of the resonance lines,
in turn, makes their splitting more clear-cut. Disregarding the
lowering of the resonant transmission with an increase in A,
which results from higher absorption losses in thicker mirrors,
the calculated transmission spectra, as seen from insets 1-4, are
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very similar to the frequency response of the driven pendulum in
the mechanical system (Fig. 2(b)) with simultaneously decreas-
ing both pendulums’ damping constants v, and ~s.

All the results shown above are obtained for the bend radii near
the resonant value of R = 7.188 mm, which corresponds to the
strong coupling of the fundamental mode of the core to one of the
cladding whispering gallery modes. There are, however, a great
number of such cladding modes many of which can couple to FM
at various R values, as can be readily appreciated from Fig. 1. The
splitting of resonances similar to that already demonstrated can
therefore be observed at different bend radii. Its width is defined
by the effective index difference of the hybrid supermodes of
the bent fiber at the anti-crossing of their dispersion curves, An.

In terms of the separately considered FM and WGM, An
is determined by their coupling coefficient and is therefore a
measure of the coupling strength of FM- and WFM-resonators.
As seen from Fig. 1, in the bend radius range from 6.8 to 7.7 mm
An is largest for the anti-crossing centered at R = 7.188 mm. At
the bend radii of other anti-crossings, the width of the splitting
will be less, meaning that larger Q-factors of the resonator are
required to observe it clearly.

We also note that around certain bend radii the fundamen-
tal mode may become coupled to two WGMs simultaneously
(Fig. 1). This leads to a more complicated and irregular splitting
pattern in the transmission and reflection spectra of the bent
FPR, as exemplified by Fig. 5(e).

All the simulation results in this article are obtained for the
case when the FM in the input fiber section is polarized linearly in
the plane of the fiber bend, which corresponds to the symmetric
boundary condition on the symmetry plane of the structure under
study (Fig. 1(c)). Calculations for the orthogonal polarization
yield similar results albeit slightly shifted in wavelength due to
the polarization dependence of WGMs effective indexes.

III. EXPERIMENT

A schematic of the experimental setup for the study of the
resonance splitting of the bent fiber optic Fabry-Perot resonator,
along with the experimental results are shown in Fig. 6.To
measure experimentally the reflection spectra of the bent fiber
optic Fabry-Perot resonator we prepared several samples of such
resonators of 1 cm-long sections of an SMF-28-type telecom
optical fiber. The end faces of the resonators are coated with a
thin layer of gold by the electron beam evaporation technique
in the ADVAVAC vacuum chamber. We then fix the resonators
upon rounded support 7 (Fig. 6(a)) and lead-in fiber 3 is aligned
with the input end of the resonator using optical microscopes,
broadband light source 1 (Thorlabs ASE730) and optical spec-
trum analyzer 8 (Yokogawa AQ6370B). After alignment the
contact point is secured with epoxy adhesive 4. Excitation of
the resonator and the measurement of its reflection spectrum is
carried out via fiber optic circulator 2.

The resonator is bent by calibrated displacement of its loose
end using a precision translation stage 6. The evolution of the
bent resonator’s measured reflection spectrum with varying bend
radius is illustrated in Fig. 6(b)-(f). The insets 1-5 of these
figures show the corresponding simulation results. Obviously,

Fig. 6. Schematic representation of the experimental setup for studying the
reflection spectrum of a bent fiber optic Fabry-Perot resonator (a): 1 - broadband
light source (Thorlabs ASE 730), 2 - fiber-optic circulator , 3 — exciting optical
fiber, 4 - fixing the contact point with an epoxy adhesive, 5 — bent fiber optic
Fabry-Perot resonator, 6 - bending the resonator by calibrated displacement
of its loose end using a precision translation stage , 7 — a rounded support,
8 - optical spectrum analyzer (Yokogawa AQ6370B ). The evolution of the
measured reflection spectra with varying bend radius (b)-(f). Yellow insets (1-5)
show the corresponding numerically calculated reflection spectra at L = 1 cm,
h=5mmand R = 7375 mm (1), R =74 mm (2), R = 7425 mm (3), R =
7.45 mm (4), R = 7.475 mm (5).

the experimental and numerical results are in good agreement,
which confirms the validity of the numerical modeling carried
out in this work.

IV. CONCLUSIONS

We have, thus, studied tunable splitting of resonances in the
transmission and reflection spectra of the bent single mode
optical fiber-based Fabry-Perot resonator, which is similar to the
well-knows Autler-Townes splitting. The splitting is shown to
result from the strong coupling between the fundamental mode
of the core and whispering gallery modes of the cladding of the
bent fiber. We have demonstrated and discussed how the splitting
is affected by all major parameters of the resonator. The validity
of the numerical modeling is confirmed by the experimental
results.

We must note that the resonance splitting demonstrated in
this work does not lead to narrow spectral features and sharp
drops in the transmission and reflection spectra, characteristic of
high Q-factor Fano resonances and electromagnetically induced
transparency. This is due to the fact that the latter effects arise
from the interference of a narrow resonant lineshape with a
nonresonant continuum or another low Q-factor resonance. In
particular, to observe such effects in the mechanical system
of two coupled pendulums (Fig. 2(b)) the following condi-
tion must be satisfied: vo<<<y; [7]. In the studied case of
coupling between FM- and WGM-resonators, however, their
losses, defined primarily by the transmission through the input
and output mirrors, are equal. To enable high Q-factor Fano
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resonance and electromagnetically induced transparency-like
operation regimes in the bent fiber optic Fabry-Perot resonator,
which are more attractive in terms of the development fiber optic
sensing and switching devices, variable transmission mirrors
must be employed providing low losses for the WGM-resonator
and high losses for the FM-resonator. The simplest example of
such a mirror is a thick gold layer on the fiber end face with a hole
at the center produced by a laser ablation technique. Results of
further researches in this direction will be published elsewhere.

We stress again that although we have studied here the
Fabry-Perot resonator, the particular type of resonator is not
essential and similar results can be obtained with other kinds
of bent fiber-based resonators. The most important point we
wish to make is that, by introducing a longitudinal resonator,
one can obtain a full range of Fano-like resonant features with
a single section of conventional bent single-mode optical fiber
without resorting to any additional coupling elements or building
a system of two separate coupled resonators. This opens up a
new degree of freedom in the design of functional elements
of photonics based on bent optical fibers and waveguides and
may lead to diverse applications far beyond what we currently
anticipate.
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