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We achieved enhanced Fano resonance by coupling a bottle
resonator with a special non-adiabatic tapered fiber, where
there is a high intensity distribution ratio between high-or-
der and fundamental modes in the tapered region, as well as
single mode propagation in the waist region. The resonance
line shape is theoretically proved to be related to the inten-
sity distribution ratio of the two fiber modes and their
phase shift. An enhanced Fano line shape with an extinction
ratio over 15 dB is experimentally reached by improving the
intensity distribution ratio and tuning the phase shift. The
results can remarkably improve the sensitivity of whisper-
ing-gallery mode microresonators in the field of optical
sensing.  © 2017 Optical Society of America
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Fano resonance originates from the interference between discrete
excited states and a continuum of states in the quantum system
[1,2]. Compared with Lorentz resonance, Fano is characterized
by asymmetric line shape, which causes significant changes in
transmittance and reflectance over a narrow spectrum range.
This is important for optical sensing and optical signal process-
ing. A whispering-gallery mode (WGM) optical microresonator
has high quality factor (Q-factor) and small mode volume [3],
which can significantly enhance the interaction between light
and matter. This makes it an excellent candidate in the aforemen-
tioned fields. Thus, it has been increasingly researched to achieve
Fano resonance in a high Q-factor WGM resonator coupling
system.

For a typical coupling system composed of a single mode
waveguide and a WGM resonator, the transmission spectrum
manifests itself as Lorentzian line shape, i.e., a state of this sys-
tem. It requires another state, discrete or continuum, to pro-
duce a Fano line shape. Generally, a discrete state is produced in
several methods, including introduction of another WGM with
a higher Q-factor in the same resonator [4], indirect coupling
with another resonator’s mode through a waveguide [5-8], and
nonlinear frequency conversion like four-wave mixing [9].
The continuum state is attained by doping the resonator with

0146-9592/17/152956-04 Journal © 2017 Optical Society of America

active rare-earth ions [10,11] or exciting the localized surface
plasmon in a surface-modified resonator by metal nanoparticles
[12]. In Refs. [13—17], a continuum state is introduced by cou-
pling the resonator with only one multimode waveguide, which
is a simple method to achieve a wavelength-independent Fano
line shape. Nevertheless, the passive methods make it hard to
achieve an enhanced Fano resonance, i.e., the transmission of
the system exceeds the unit significantly, which is beneficial to
the optical sensing.

In this Letter, an enhanced Fano resonance is experimentally
observed by coupling a bottle WGM resonator with a special
non-adiabatic multimode tapered fiber. We analyze the cou-
pling characteristics between two fiber modes and one
WGM using the coupled mode theory and demonstrate that
a high intensity distribution ratio and proper phase shift help
achieve the enhanced Fano resonance. Moreover, a Fano line
shape with ultra-high transmissivity is experimentally attained
and theoretically well fitted. This is highly beneficial to improv-
ing the WGM-based sensing performance.

A non-adiabatic tapered fiber is a multimode waveguide in
the near-waist region, and modes in tapered fibers can be de-
termined during the pulling process [18,19]. When multiple
fiber modes couple with a resonance mode, there is a phase
shift that causes the Fano resonance. For simplicity, only
two fiber modes are considered, as shown in Fig. 1(a). A
non-adiabatic tapered fiber consists of the fundamental mode
(mode 1) and a high-order mode (mode 2), and they couple
with a single WGM in a microresonator simultaneously, but
only mode 1 is allowed to pass through the waist region
and can be finally detected. In this situation, assuming that
the coupling strength between two fiber modes is weak, the
coupled mode equation [20] for the optical field inside the
resonator can be expressed by
da

Ko + Kex1 + Kex2

5 )ﬂ + Ve E1 + Kexzf’imﬂEz)
(1)

where a is the amplitude of the WGM, and Aw = @ - @) is the
frequency detuning between the resonance and the incident
light. ko denotes the decay rate due to cavity intrinsic loss,
Kex1 (Kexp) denotes the decay rate due to external coupling to
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mode 1(2). |E;|*(|E,|?) is the input power of mode 1 (mode 2),
| VK1 E11? (|W/KeaEo|?) is the power coupled into the WGM
from the mode 1 (mode 2), and Ag is the phase shift between
them. With the steady state expression of a, we can
have the output £y = E| - o/Kex1 @, and, further, the normal-
ized transmission spectrum of mode 1 can be derived as

_ E 2
iAo 4 KKt TRz e ing 22
T - Ko + Kex1 + Kex2 ’ (2)
By ==

T can be analogized to the classical Fano formula [21], as shown
in Fig. 1(b), where g = -2/ (keq1kex2) /T - (E2/E}) - sin(Ag)
is the asymmetry parameter, and & = Aw/(I'/2) is the
normalized frequency detuning. b = [(ky - Kex1 + Kex2)/
[ -2/ (Kekex2) /T - (E2/Ey) - cos(Ag))* is positive because
it mainly influences the amplitude of the resonance, and I' =
(Ko + Key1 + Kepp) is the full width at half-maximum of the
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Fig. 1. (a) Schematic of two optical fiber modes coupled with one
WGM. (b) Illustration of the Fano resonance formation from the
classical viewpoint [1,21]. (c) Four types of line shapes with the differ-
ent phase shifts on the |/ke E1] > |/Kexa E2| condition, where (d) is
the same as (c), but on the |/k E1| < |/Ke2E>| condition. Note
that k. = 2k = Ko, E5 = 0.5E; for (c), and kepp = 2k = Ko»
E, = E, for (d).
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resonance. In this system, Fano resonance can be explained as
interference between two associated discrete states (the same
WGM excited by mode 1 and mode 2, respectively) and a con-
tinuum (mode 1). From the viewpoint of the asymmetry param-
eter ¢, the phase shift Ag makes the resonance line shape vary
periodically by 27, and the intensity distribution ratio £,/E,
determines the maximum degree of asymmetry. The dependen-
ces on these parameters are demonstrated in Figs. 1(c)-1(d).
When Ag is an integer multiple of 7, the output shows a sym-
metric Lorentzian line shape (blue and red lines), and it can be
tuned between a dip and a peak by changing the intensity dis-
tribution ratio. In other cases, the line shape behaves like an
asymmetric Fano (yellow and orange lines). It is noted that if
the condition | /K E1| < |/Kex2E>| is satisfied, the Fano line
shape becomes sharper than that under the condition
|VKeit E1| > |/KexoE2|- This, thus, provides us a method to
produce an enhanced Fano line shape.

To experimentally demonstrate these rules, we built the
setup, as shown in Fig. 2(a). An add—drop coupling configu-
ration was adapted [22] for its convenience in monitoring the
WGM directly. It included a bottle resonator produced by fus-
ing a fiber (Corning SMF-28e+), a non-adiabatic tapered fiber
(fiber 1) as the input-through fiber, and an adiabatic tapered
fiber (fiber 2) as the add—drop fiber. These two fibers were posi-
tioned on a pair of defocus positions of the bottle [23,24].
A narrow linewidth (<200 kHz) tunable laser excited
WGMs through fiber 1, and we detected the outputs from
the drop and through ports simultaneously.

For a tapered fiber with high transmission, the amplitude
of the fundamental mode £ is the highest, but k., is less than
Ke due to more extended field distribution of high-order
mode [14]. To achieve enhanced Fano line shape, E,;
should be as small as possible to satisfy the condition
| VK1 E1] < |/KexpE]. It has been proved that tapered fiber
with a large cone angle has a low transmission rate, and this
was attained by misaligning the fiber holders by about
2 mm before pulling here.

The transmission of fiber 1 as a function of pulling length is
shown in Fig. 2(b). In the pulling process, the fundamental mode
begins to convert to high-order mode from point A, and, further,
its energy dissipates to the surroundings because of a sharp drop
in the core radius from point B. At point C, the core becomes too
thin to confine the mode, therefore, the cladding becomes the
new core and air becomes the new cladding, producing a muld-
mode fiber. As the fiber becomes thinner, the high-order mode
degenerates into several modes, and they interfere with each other,
especially with the fundamental mode, resulting in serious
oscillations from points C to E. The stepwise drop of the trans-
mission denotes the cutoff of each high-order mode, as shown in
the insert. After point E, the waist diameter meets the single
mode condition again. Oscillations, thus, disappear, and the final
rate decreases to 32%. Experimentally, the bottle is coupled with
the multimode region around point D. Furthermore, serving as
the add—drop ports, fiber 2 is an adiabatic tapered fiber with a
transmission rate over 95%.

The enhanced Fano line shape is characterized in two per-
spectives. First, the response of the through port in a wide spec-
trum range from 1546 to 1550 nm is examined in Fig. 2(c). It is
evident that most of the resonances manifest themselves as
Fano line shapes, and they vary with wavelength, as presented
in the inset of Fig. 2(c). It gives four states, including Fano line
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shape with a left-side shoulder (L-Fano), Lorentzian peak, Fano
line shape with a right-side shoulder(R-Fano), and Lorentzian
dip, respectively. This change is attributed to the fact that the
phase shift between the two fiber modes depends on incident
light wavelength. In addition, it is predicted that this periodic
change will be appropriate to the whole spectrum range.
Second, the tunability of the Fano line shape under a certain
wavelength is demonstrated by changing the relative position be-
tween the fiber 1 and the bottle. To achieve stable tuning, fiber 1
has contact with the bottle surface. We started from a Lorentzian
dip and shifted the fiber slightly along a positive z direction,

where the fiber diameter decreases. The line shapes at seven
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Fig. 2. (a) Schematic diagram of the experimental setup. PD, photo
detector. The bottle resonator is photographed when coupled with
taper fibers at 785 nm, and two red spots correspond to two defocus
points of the bottle. The bottle is 115 pm in radius, 0.023 pm™ in
curvature, and the Q-factor is on the order of 1 x 10°. Despite the
introduction of fiber 2, the experimental results do not violate
the theoretical model because fiber 2 just increases the loss of the res-
onator. The dot line indicates the position of fiber 1. (b) Normalized
transmission of fiber 1 in the experiment detected at 1550 nm.
(c) Normalized transmission from 1546 to 1550 nm of the through
port, and four different line shapes are zoomed in the insets.
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positions were recorded, as shown in Fig. 3(a). It evolves from
a Lorentzian dip to a R-Fano, and then becomes a Lorentzian
peak followed by L-Fano; finally, it goes back to the Lorentzian
dip. The period is about 64 pm, which is far beyond the periods
reported in Refs. [9,13]. This is because the diameter in the cou-
pling region is bigger here, which means that the two fiber modes
have closer propagation constants [18]. Clearly, the evolutions
are well fitted with the theoretical transmission, i.e., Eq. (2), us-
ing the least squares method. The errors may be due to the
involvement of other WGMs, and the slight changes of coupling
parameters when moving fiber 1. Here, we attribute this periodi-
cal line shape evolution to one WGM coupling with two fiber
modes rather than three or more modes, as illustrated in
Ref. [13]. This is because the transmission line shape is related
to the fiber mode’s intensity. If the third fiber mode’s intensity £5
issmall, i.e., £5 < min{£, E,}, the transmission line shape will
be slightly modified only as the experimental results, but with the
increase of £, the transmission will maintain a Fano line shape
and present more complex profile evolution. The exact and
flexible tuning of Fano shows the dependences of the line shape
on the parameters of the coupling system, and it provides us an
approach of reaching the best performance of a sensor. This
enriches the sensing mechanisms, from simply monitoring the
shift of the resonance peak to the evolution of the line shape.

Moreover, whatever the line shapes of the through port, the
drop port outputs a Lorentzian peak, as shown in Fig. 3(b).
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Fig. 3. (a) Tunable Fano line shapes in the through port around
1550 nm. They correspond to seven different coupling positions de-
noted by 0, 17, 23, 33, 46, 53, and 64 pm, and the normalized phases
are 0, 0.537, 0.727, 1.037, 1.447, 1.667, 27, respectively. The fitting
parameters are E,/E; = 0.62, ko5 = 0.23ky, K. = 3.56Kq,
Ko = 4.05 x 108, and the loaded Q-factor is 6.3 x 10°. Though phase
shift changes the line shape, it has no influence on the Q-factor.
(b) Transmission in the through (blue line) and drop (yellow line)
ports. Note that the WGM in (b) differs from (a).
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This is because the WGM results from interference between
optical fields coupled from two fiber modes, and its amplitude
varies with the periodically constructive and destructive inter-
ference. This feature further indicates that only one WGM is
involved in producing a Fano line shape, and each WGM of the
resonator can be a Fano candidate.

Here, a tapered fiber with normalized transmission of 3%
was obtained by enhancing the misalignment before pulling,
and an enhanced Fano line shape with normalized transmission
as high as 14 is observed, as shown in Fig. 4(a). This is 2.5 times
higher than the theoretical predictions in Ref. [25], which uti-
lizes an active element. The corresponding extinction ratio is
15.26 dB, and the slope rate reaches 35.5 dB/GHz. The sen-
sitivity of this line shape, according to § = |d T /dw| [26,27],
reaches 4.5, as shown in Fig. 4(b), which is enhanced by nearly
30 times compared with a Lorentzian line shape of the same
Q-factor. Furthermore, we find that the most sensitive wave-
length can be shifted flexibly by changing Ag; it locates at the
region where the transmission sharply drops from the maxi-
mum to its minimum (for 0 < A@ < 7) or increases from
the minimum to its maximum (for 7 < A¢@ < 27x). This shows
potential advantages for WGM-based sensing, and it is ex-
pected to have a higher slope by exactly tuning the mode dis-
tribution and the coupling conditions, such as selective mode
coupling by writing grating on the surface of the resonator [28]
or modifying the tapered fiber with nano particles [29]. In ad-
dition, it is intriguing to involve more WGMs and fiber modes.
For example, it is anticipated to observe an enhanced electro-
magnetically induced transparency phenomenon [27,30] by
coupling two fiber modes with two WGMs in a bottle resona-
tor, and this will be further exampled.

In summary, a tunable enhanced Fano line shape is exper-
imentally achieved by coupling two fiber modes from a special
non-adiabatic tapered fiber with a single WGM in a bottle res-
onator. We find that the normalized transmission is analogous
to the classical Fano formula, where the asymmetric parameter
g depends on the intensity distribution ratio of fiber modes and
their phase shift, and demonstrate that its profile can be modi-
fied periodically between Fano and Lorentzian. By improving
the intensity distribution ratio in an ultra-low transmission ta-
pered fiber, we experimentally achieve a Fano line shape with
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Fig. 4. (a) Enhanced Fano resonance around 1550 nm. The fitting
parameters are E,/E| = 6.67, Ko = 041K, Ko = 3.58kq,
ko = 1.52x 108, and Ag@ = 0.66zx. The loaded Q-factor is
1.6 x 10°, and this is on the same order as that in Refs. [12,15].
(b) Sensitivity S (in units of k) as a function of the detuning
Aw [k for two configurations: the Fano resonance from (a) (red line)
and a Lorentzian resonance with the same Q-factor (green line).
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an extinction ratio over 15 dB. With this method, the sensing
performance can be improved remarkably without depending
on a certain wavelength. Further attention should be paid
to optimize the taper fiber profile, i.e., modifying mode distri-
bution in the fiber to achieve selective mode coupling.
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