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We report on the transmission spectra of a sausage-like microresonator (SLM) in aqueous environment, where a
fiber taper is used as a light coupler. The transmission spectra show an interesting dependence on the coupling
position between the SLM and the fiber taper. When the SLM is moved along the fiber taper, the line shape can
evolve periodically among symmetric dips, asymmetric Fano-like resonance line shapes, and symmetric peaks.
A coupled-mode theory with feedback is developed to explain the observation. The observation of Fano-like
resonance in aqueous environment holds great potential in biochemical sensing. © 2017 Chinese Laser Press
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1. INTRODUCTION

Fano resonance originally refers to the quantum interference
between a discrete state of an atom and a continuum that gives
rise to asymmetric line shapes in excitation spectra [1]. Today
Fano-like resonance, manifested as asymmetric line shapes, has
been studied in many quantum and photonic systems [2]. In
photonic structures such as photonic crystals and microresona-
tors, Fano-like resonance has great potential applications in op-
tical switching [3], high-sensitivity sensing [4,5], and slow light
[6]. Among them, whispering-gallery-mode (WGM) optical
microresonators [7–13], which confine light based on total in-
ternal reflection, receive special attention due to their high
quality factors and small mode volumes.

The usual transmission spectra of WGM optical micro-
resonators are of symmetric Lorentzian line shapes. In 2002,
Fan considered an optical microresonator side-coupled to a
Fabry–Perot cavity embedded in a waveguide and found that
asymmetric Fano-like resonance line shapes could be observed
[3]. From then on, asymmetric Fano-like resonance line shapes
have been observed in a wide variety of configurations of
WGM optical microresonators [14–38], including two directly
coupled WGM microresonators [15,16], two indirectly coupled
WGMmicroresonators [17–19], a two-mode WGMmicroreso-
nator coupled to a single-mode taper fiber [21–26], and configu-
rations with active WGM microresonators [29–33]. It is known

that the observation of Fano-like resonance in aqueous environ-
ment is important for its application in biochemical sensing, but
it is rarely reported in WGM microresonators.

2. EXPERIMENT SETUP AND RESULTS

In this paper, we report the experimental observation of Fano-
like resonance in a sausage-like WGM microresonator in aque-
ous environment (see Fig. 1). The sausage-like microresonator
(SLM) was made by heating a standard single-mode fiber with a
diameter of 125 μm using a CO2 laser [39]. The length of the
unheated part of the SLM was about 150 μm. A tunable laser of
about 637 nm was launched into and out of the SLM by a fiber
taper through an evanescent field. The fiber taper was made by
a heat-and-pull method with a hydrogen flame [40]. The SLM
was placed above and close to but not in touch with the fiber
taper. The SLM and the fiber taper were placed orthogonal to
each other and were immersed in deionized water. The right
end of the fiber taper was connected to the tunable laser,
and the left end of the fiber taper was connected to a photon
detector whose result was recorded by an oscilloscope. The
wavelength of the tunable laser was controlled by a triangle-
wave signal that was also recorded by the oscilloscope. This
was the arrangement used to measure transmission spectra
of the SLM [41].
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We experimentally observed the dependence of the transmis-
sion spectrum on the position of the SLM by moving the SLM to
the left along the fiber taper (see Fig. 1). It was found that the line
shape of the transmission spectrum changed periodically as we
moved the SLM, with a period about of 9 μm. Figure 2 shows
five typical transmission spectra with different positions of the
SLM in one period. From Figs. 2(a) to 2(e), the SLM was moved
to the left and the value of L in the subfigures describes the relative
positions of the SLM along the fiber taper. The line shapes of
three modes are observed, and from left to right they are marked
as mode 1, mode 2, and mode 3 as shown in Fig. 2(a). It can be
observed that mode 3 has a symmetric line shape irrelevant to the
position of the SLM. However, the line shapes of mode 1 and
mode 2 show strong dependence on the position of the SLM,
and they have different dependence patterns. For mode 1, as
the SLM is moved to the left, the line shape evolves from an
approximate symmetric dip in Fig. 2(a) to an asymmetric
Fano-like resonance line shape with a higher shoulder on the right
in Fig. 2(b), to a symmetric peak in Fig. 2(c), to an asymmetric

Fano-like resonance line shape with a higher shoulder on the left
in Fig. 2(d), and finally back to an approximate symmetric dip in
Fig. 2(e). For mode 2, however, no symmetric peak is observed
and its evolution is different from mode 1 as shown in Fig. 2.

3. THEORETICAL MODEL

A theory is needed to explain the observed interesting depend-
ence of the transmission spectrum on the position of the SLM.
We model the fiber taper as a waveguide with an embedded
partially reflecting element as shown in Fig. 3. The experimen-
tal basis is that there are some scattering points in the fiber taper
as shown in Fig. 1, which are made due to the non-uniform
heating and pulling during its fabrication. These scattering
points can reflect light back to the microresonator. It can be
seen that the embedded partially reflecting element brings a
feedback to the input. In the theoretical model, clockwise
(CW) and counterclockwise (CCW) modes of the microreso-
nator are considered. The light fields in the CW and CCW
modes are denoted by E cw and E ccw, respectively. The dynamic
equations for the fields are [15]

dE cw

d t
� �−iω1 − κo1 − κe1�E cw − igE ccw �

ffiffiffiffiffiffiffiffi
2κe1

p
Et ; (1)

dE ccw

d t
� �−iω2 − κo2 − κe2�E ccw − igE cw; (2)

where ω1, κo1, and κe1 (ω2, κo2, κe2) are the resonance angular
frequency, intrinsic loss rate, and loss rate to the fiber taper of
the CW (CCW) mode, respectively; g is the mode-coupling
strength; and Et is the total input in the waveguide including
the feedback. There is

Et � E in �
ffiffiffiffiffiffiffiffi
2κe2

p
E ccwreiθ; (3)

where E in is the original input in the waveguide when the mi-
croresonator is far away from the fiber taper, r is the amplitude
reflection coefficient of the partially reflecting element, and θ is
a phase between the original input and the feedback. It is ob-
vious from Fig. 3 that the value of θ will increase when the
microresonator is moved to the left. The output is

Eout � −Et �
ffiffiffiffiffiffiffiffi
2κe1

p
E cw : (4)

The transmission normalized to the original input is

T �
����
Eout

E in

����
2

; (5)

which is the theoretical quantity related to the experiment.

Fig. 1. Micrograph of the SLM immersed in water. The fiber taper
is placed under the SLM and some scattering points on it are clearly
shown.

Fig. 2. Experimental transmission spectra with different positions
of the SLM. From top to bottom, the SLM was moved to the left
along the fiber taper.

Fig. 3. Microresonator side-coupled to a waveguide. The waveguide
together with the embedded partially reflecting element simulates the
function of the fiber taper in the experiment.
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Assume that E in � Aine−iωt with a constant Ain and the sys-
tem is in the stationary condition. Then there is Et � hrE in

with

hr �
1

1� ig
ffiffiffiffiffiffi
2κe1

p ffiffiffiffiffiffi
2κe2

p
reiθ

�iδ1−κo1−κe1��iδ2−κo2−κe2��g2

; (6)

where δ1 � ω − ω1 and δ2 � ω − ω2. The quantity hr de-
scribes how the original input E in is modified by the feedback
to get a total input Et . The output can be written as Eout �
h0Et with

h0 � −1 −
2κe1

iδ1 − κo1 − κe1 � g2

iδ2−κo2−κe2

; (7)

which is independent of the feedback and describes the trans-
mission of the total input Et to the output Eout. Since there is
Eout � h0Et � h0hrE in, the transmission normalized to the
original input can be rewritten as

T � jhrh0j2: (8)

It can be proved that there is jh0j2 < 1, but in some cases with
special parameters there are T > 1. This is the reason why
there are peaks in our observed spectra. We note that T >
1 does not mean the input light can be amplified after the trans-
mission of the system, which is only a case of normalization.

The fact that the line shape of mode 3 does not depend on
the position of the SLM can be simply explained by assuming
g � 0 in the theoretical model, i.e., for mode 3 there is no
coupling between the CW and CCW modes and the CCW
mode cannot be excited. The situation is similar to the case
where there is not the partially reflecting element in the fiber
taper. For mode 3, the effect of the partially reflecting element
is only to reduce the laser input.

To explain the dependence of the line shapes of mode 1 and
mode 2 on the position of the SLM, assume that the resonance
angular frequencies of the CW and CCWmodes have the same
value, i.e., ω1 � ω2 � ωc . We now replace δ1 and δ2 in the
theoretical transmission T in Eq. (8) by δ � ω − ωc. The trans-
mission T as a function of δ and θ can be plotted by giving the
values of the parameters κo1, κe1, κo2, κe2, g , and r, and two such
plots are given in Figs. 4 and 5. Figure 4 simulates the depend-
ence of the line shape of mode 1 on the position of the SLM.

It can be seen in Fig. 4 that, as the θ increases from 1.5π to
3.5π, the line shape of T �δ� evolves from an approximate sym-
metric dip to an asymmetric Fano-like resonance line shape
with a higher shoulder on the right, to a symmetric peak, to
an asymmetric Fano-like resonance line shape with a higher
shoulder on the left, and finally back to an approximate sym-
metric dip. The evolution of the simulated line shape in Fig. 4
captures the major characteristics of the observed evolution of
the line shape of mode 1 in the experiment, as we moved the
SLM to the left. In Fig. 6, we compare the experimental line
shapes of mode 1 with the simulated line shapes, where a cor-
respondence between the position of the SLM and the value of
θ is given. It can be seen that qualitatively the experimental line
shapes and the simulated line shapes are similar. Figure 5 sim-
ulates the dependence of the line shape of mode 2 on the po-
sition of the SLM, and in Fig. 7 we compare the experimental
line shapes of mode 2 with the simulated line shapes. It can be
seen in Fig. 7 that the simulated line shapes capture the major
features of the experimental line shapes of mode 2. Therefore,
the theoretical model is acceptable to explain the dependence of
the line shapes of the three modes on the position of the SLM.

Fig. 4. Simulation of the dependence of the line shape of mode 1
on the position of the SLM. Increasing the value of θ means
moving the SLM to the left. The simulation parameters are
ko1∕2π�2.6MHz, ke1∕2π�420.0MHz, k1�ko1�ke1, ko2∕2π �
2.5 MHz, ke2∕2π � 19.8 MHz, g∕2π � 19.2 MHz, and r � 0.42.

Fig. 5. Simulation of the dependence of the line shape of mode 2 on
the position of the SLM. Increasing the value of θ means moving the
SLM to the left. The simulation parameters are ko1∕2π � 2.3 MHz,
ke1∕2π�260.0MHz, k1�ko1�ke1, ko2∕2π�2.1MHz, ke2∕2π�
4.0MHz, g∕2π � 21.4 MHz, and r � 0.42.

Fig. 6. Comparison between the experimental line shapes and simu-
lated line shapes for mode 1. Experimental line shapes are normalized
and shifted for clarity. Simulated line shapes are also shifted and they
are plotted using the same parameters as those in Fig. 4.

Research Article Vol. 5, No. 2 / April 2017 / Photonics Research 121



4. DISCUSSION AND SUMMARY

It was observed that the transmission spectrum changed periodi-
cally as the SLM was moved to the left, and the period was about
9 μm. In the theoretical model, if the waveguide is assumed to be
a single-mode waveguide and the effective refractive index for the
guiding mode is ne , the moved distance ΔL of the microresona-
tor and the increase of θ has the relation Δθ � 2πneΔL∕λ, with
λ being the wavelength of the laser. For one period Δθ � 2π,
and therefore the calculated period will be λ∕ne , but it cannot be
comparable with the observation. The reason can be that the
fiber taper is not a single-mode waveguide. When it is a
multi-mode waveguide, the previous result shows that the calcu-
lated period will be λ∕�Δne� [18], where Δne is the difference of
the effective refractive index of two guiding modes. The observed
period 9 μm means Δne � 0.07, which is possible for the fiber
taper immersed in deionized water.

In summary, we observe the dependence of the transmission
spectra of an SLM on the coupling position between the SLM
and the fiber taper in aqueous environment. When the SLM is
moved along the fiber taper, three modes show different evolu-
tion patterns. Line shapes like asymmetric Fano-like resonance
line shapes, symmetric peaks, and dips are observed with differ-
ent positions of the SLM. The fiber taper is regarded as a wave-
guide with an embedded partially reflecting element to explain
the observation. The observation of Fano-like resonance in aque-
ous environment has potential biosensor applications.
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