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Quasicritical coupling in a few-mode tapered-fiber coupled whispering-gallery-mode system
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A quasicritical coupling state was demonstrated both in theory and experiment with a few-mode tapered-fiber
(TF) coupled whispering-gallery-mode (WGM) cavity. In such a configuration, the coupling mode to activate
the WGM and the drop mode are in the same TF and of almost the same decay rate with the variation of the
gap between the TF and WGM cavity. Consequently, when the gap decreases to zero, the transmission of the
coupling mode decreases monotonously to zero at the resonance wavelength, while the transmission of the drop
mode increases monotonously to unit, which means that neither the coupling efficiency in the coupling mode
nor the transmission of the drop mode will decrease in the traditional overcoupling region. Thus a steadily high
coupling efficiency can be achieved accordingly, which we defined as quasicritical coupling. Such a coupling
state will be helpful to develop WGM-cavity-based filters and benefit the fabrication of ultranarrow-linewidth
lasers.
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I. INTRODUCTION

High-quality factor (Q-factor) optical whispering-gallery-
mode (WGM) microresonators have attracted much attention
because they can be widely used in quantum information,
nonlinear optics, ultranarrow-linewidth lasers, and label-free
sensors [1–5]. Most of their applications and studies are
based on a simple coupling method utilizing a single-mode
tapered fiber (TF) because it is not only simple, but also
could attain almost 100% coupling efficiency under the con-
dition of critical coupling [6]. However, a slight position
deviation between the cavity and the TF would result in a
deviation from the critical coupling to the undercoupling or
overcoupling with a decreased coupling efficiency [6]. The
nonmonotonously varied coupling efficiency easily causes
bidirectional instability, and the situation is even worse when
the configuration is applied in an add-drop filter, which could
provide both band-pass and band-rejection spectra, typically
with two single-mode TFs coupling to a microresonator at
each side [7–9]. Note that such a structure was also applied in
the research of spontaneous chirality in the WGM resonator
for it could provide the same coupling rate for both clockwise
and counterclockwise modes [10]. Stable add-drop efficiency
demands high stability of both TFs and the microcavity.
People have to develop various package methods for the TF-
WGM system to make it more applicable [11,12], for example
introducing an additional frame or just pasting TF with glue
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on the resonator. Before now, little attention has been paid to
the coupling configuration itself.

Critical coupling in the cavity requires that the coupling
loss to the TF is equal to its intrinsic loss [13]. The instability
comes from the fact that such a coupling loss to the TF
is sensitive to the relative position between the TF and the
microcavity while the intrinsic loss of the cavity is not, which
is determined by the cavity itself, such as the absorption
of the material, the scattering of residual inhomogeneity,
the curvature and roughness of the surface [14], etc. In our
previous work, we demonstrated that the WGM cavity could
realize mode conversion in a few-mode TF [15]. The cascaded
mode conversions in a piece of few mode fiber based on the
WGM microcavities could be further applied in the generation
of in-fiber vector beams and an optical vortex [16,17]. With
the LP11 mode acting as the drop mode, which actually played
the role of an additional loss to the cavity, it may balance the
losses and solve the problem mentioned above.

In this paper, we explore theoretically and experimentally
the coupling state in a few-mode TF coupled microcavity sys-
tem. With the TF supporting both LP01 and LP11 modes, the
system could work in a quasicritical coupling state under cer-
tain conditions: more than 98% energy of the LP01 mode could
be coupled to the cavity as the distance between the TF and the
cavity decreased to zero. Compared to a single-mode TF, the
quasicritical resonance coupling efficiency is monotonously
varied with distance, and the contacting-coupling offers great
stability and operability with almost 100% coupling efficiency
for practical applications. More importantly, the resonance
transmission of the drop mode (LP11) can also be almost unit
under the quasicritical coupling and inherit the same stability.
The configuration provides additional stability to the coupling
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FIG. 1. (a) The coupling system of a few-mode TF and a micro-
sphere. In the figure, the two modes of LP01 and LP11 are taken into
consideration. (b) A typical mode of the microsphere as TE3,549,547

and the coordinate used for calculation (right side view of the
coupling system).

system with high add-drop efficiency and will bring more
operability to its applications and research.

II. CONFIGURATION AND THEORY

We know that the instability of the coupling results from
the imbalance between the coupling loss to the TF and
the intrinsic loss of the cavity. With an additional loss that
could compensate for the fluctuation of the coupling loss,
the stability of the system could be improved. In a previous
report, the critical coupling could be realized by introducing
an additional loss from a second TF [9]. However, since the
two TFs were independent, such a coupling state was still
unstable. Therefore, to get a stable coupling state, the two
losses have to be associated with each other. In this work,
the problem is solved by coupling the WGM microcavity to
a few-mode fiber with a second mode of the fiber acting as the
additional loss. In a structure consisting of a WGM cavity and
a two-mode TF, which supports both LP01 and LP11 modes as
shown in Fig. 1(a), with the input light being the LP01 mode,
the transmission of it could be given as [9]

T = A2
2

A2
1

= 4δω2 + (κ0 − κ1 + κ2)2

4δω2 + (κ0 + κ1 + κ2)2 , (1)

where κ0, κ1, and κ2 are the cavity intensity decay rates due
to the intrinsic loss, the coupling loss to the LP01 fiber mode,
and the coupling loss to the LP11 fiber mode, respectively.

When δω = 0, κ1 >> κ0, and κ2 >> κ0, the transmission
can be presented as

T = A2
2

A2
1

=
(
1 − κ1

κ2

)2

(
1 + κ1

κ2

)2 = (1 − ξ )2

(1 + ξ )2 , (2)

where ξ = κ1/κ2. From Eq. (2), it is clear that the transmission
will remain constant with ξ being a constant. In a high-Q
cavity, κ0 is usually very small, and the transmission could
be described by Eq. (2). If κ1 and κ2 fluctuate at the same rate
with their proportion being a constant, the coupling efficiency
will remain stable. In particular, the coupling state with ξ = 1,
i.e., κ1 = κ2 >> κ0, is defined as quasicritical coupling.

Similarly, the drop efficiency to the LP11 mode will also
remain stable according to the following relationship [9]:

D = A2
3

A2
1

=
4κ1
κ2(

1 + κ1
κ2

)2 = 4ξ

(1 + ξ )2 . (3)

In the quasicritical coupling state, it is obvious that T = 0
and D = 1, which can be applied in the fabrication of an
ideal add-drop filter (ADF) based on a WGM cavity providing
both band-pass and band-rejecting functions. The coupling
coefficient is determined by the overlapping of the mode fields
of the TF and microcavity at the resonance wavelength, and
the coupling efficiency could be calculated to give us more
details on the state of the quasicritical coupling. The coupling
losses could be given as the following equations [18]:

ηsf = η∗
fs = ω�ε

4

∫∫∫
Vs

−→
E f · −→

E ∗
s exp(i�βz)ds dz, (4)

η = |ηsf|2 = |ηfs|2, (5)

e−κτ = 1 − η, (6)

where ηsf is the coupling coefficient of a fiber-mode to a
WGM, and ηsf is the coupling coefficient of the fiber-mode
to the WGM accordingly; τ = 2πnsrs/c is the one-loop circu-
lation time for the light traveling inside the microsphere, ns is
the effective refractive index of the microsphere WGM, rs is
the radius of the microsphere, and c is the light speed in vac-
uum; �ε denotes the permittivity difference between the mi-
crosphere and the air, and �β = βf − βs defines the difference
in the propagation constants of the fiber mode and WGM;

−→
E f

and
−→
E ∗

s are the normalized fields of the fiber mode and the

WGM, which are defined by 1/2
∫∫ √

ε/μ0|−→E f(s)|
2
dx dy =

1, and Vs is the volume of the microsphere. Typically, the ori-
gin of the coordinate is selected on the surface of the sphere,
x refers to the distance between the TF and the microsphere,
and the WGM of the microsphere is an even function in the
Y direction, as shown in Fig. 1(b). η is defined as the ratio
of power coupled between the fiber mode and WGM per
revolution when light propagates in the microresonator.

Based on Eqs. (4), (5), and (6), it is convenient for us to
give the simulation result of κ [19]. Allowing for the diameter
of the TF being almost uniform, in which the fiber mode
field distribution is almost unchanged along the Z axis, it is
obvious that the displacement along Z will not change the
coupling efficiency. There are various modes possible in a
microcavity, especially in a microsphere. We select a typical
mode TE3,549,547 in a microsphere as an example to show
the calculation result, which has an effective refractive index
(ERI) between those of the LP01 and LP11 fiber modes to
enable the two fiber modes to couple the microsphere simul-
taneously [14]. The diameter of the microsphere is 250 μm,
whose traverse mode field and the coordinate used are shown
in Fig. 1(b).

Figure 2 provides the typical calculation results of κ , ξ ,
and the coupling efficiency when the microsphere’s position
varies along the X and Y axes accordingly. In Figs. 2(a1) and
2(a2), κ1, κ2, and κ0 are presented as a red dashed curve, a
blue dash-dotted curve, and a pink dotted curve, respectively.
The variation of ξ in each direction is given in Figs. 2(b1) and
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FIG. 2. The calculated results of normalized decay rates, ξ , and
coupling efficiencies in the X and Y directions. The calculation
is based on the coupling between TE3,549,547 in a microsphere as
shown in Fig. 1(b) and a few-mode TF. Parts (a1) and (a2) are the
normalized decay rates with the typical intrinsic loss κ0 set to be
much smaller than the coupling damping rates at the origin of the
coordinate; (b1) and (b2) are the results for ξ accordingly; (c1) and
(c2) depict the coupling efficiencies of the drop port (D) and through
port (T).

2(b2). The calculated coupling efficiency of each mode is also
shown in Figs. 2(c1) and 2(c2). The through port is shown
as the red solid curve, while the drop port is shown as the
blue solid curve. It is clear that when the TF is approaching
the microsphere, the drop efficiency is almost unit, which
means that the critical coupling could still be achieved even
though the coupling losses κ1 and κ2 are much bigger than
the intrinsic loss κ0. Obviously, the contacting coupling could
bring a more stable coupling than the traditional coupling via
a single-mode TF [6]: on the one hand, it is more stable with
the gap variation between the TF and WGM; on the other
hand, the closely fitting condition could be robust as a result
of the attraction force between the surfaces of the TF and the
WGM resonator, which is convenient for the further package.
When ξ deviates from unit, the coupling efficiency changes
accordingly. At the same time, it is worth noting that the
drop efficiencies both decrease sharply in both the X and Y

directions at a certain position where κ1 and κ2 are not much
larger than κ0, as shown in Figs. 2(a1) and 2(a2).

III. EXPERIMENTAL RESULTS

In the configuration with a few-mode TF and a microsphere
as shown in Fig. 3(a), we measured the through and drop
transmissions of the structure as we changed the relative
position between the microsphere and the TF in the X and Y

directions, which was precisely controlled by a 3D nanopo-
sitioning system. The modes in green are at the resonant

FIG. 3. The experimental configuration and its results of the
coupling efficiencies in a few-mode TF-microsphere system. (a) The
experimental configuration. The modes in red are at the nonresonant
wavelength, while the modes in green are at the resonant wavelength
of the WGM cavity; (b) and (c) are the measured coupling efficien-
cies when the gap and position between the few-mode TF and the
microsphere were tuned in the X and Y directions, respectively. T
and D in the theory denote the resonance transmissions of Port 2
(Through Port) and Port 3 (Drop Port), respectively. Note that the
original point in X is manually selected: we assume that when the TF
is attached to the cavity, i.e., x = 0, the bandwidth will not change
as the TF moves further toward the cavity.

wavelength of the microsphere, while the modes in red are
not. Note an additional TF was applied in the configuration to
get the drop mode, which was actually the ADF structure as
we reported previously [15].

In the experiment, the silica microsphere was fabricated
with a diameter of 240 μm. A tunable laser with the central
wavelength around 1550 nm was used to test the ADF struc-
ture. The diameter of the tapered fiber waist was prepared to
be around 2.5 μm by the heat-and-pull method over a hydro-
gen flame. The tapered fiber had a transition zone of about
20 mm, which was long enough to keep quite a small taper
angle in order to satisfy the adiabatic propagation condition
for both LP01 and LP11 modes [20]. The microsphere was
placed on a 3D nanopositioning system to precisely tune the
position relative to the tapered fiber. To lead out the LP11

as the drop port, the same setup as our previous work was
used [15,21]. The pigtail of the tapered fiber was etched to
a diameter of 30 μm with hydrofluoric acid to increase the
evanescent wave of the LP11 mode, and another tapered fiber
with a diameter of 18 μm and its waist length of 15 mm was
placed parallel to the etched fiber in order to lead the LP11

mode out. The coupling region between the two parallel fibers
was dipped into refractive-index matched liquid (n = 1.40) to
increase the coupling efficiency, and the coupling region was
supported by a piece of MgF2 substrate with a lower refractive
index of ∼1.37.

Before the measurement, the transmission of the through
port at the resonant wavelength around 1550.670 nm was
optimized to be almost zero by moving the microsphere along
the TF (Z axis) as in our previous work [15] when the TF
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was attached to the microsphere, i.e., x = 0. After that, the
gap was tuned larger than zero by tuning the nanostage along
the X direction, and then the transmission spectra of the
resonant wavelength at the through port and the drop port
were measured, when the position between the TF and the
microsphere was tuned in the X and Y directions, respectively.
In the measurement along the X direction, the TF was tuned
to approach the microsphere. In the measurement along the
Y direction, the TF was positioned with a minimum gap of
around 50 nm to the microsphere and then swept from one
side of the microsphere to the other. The achieved resonance
transmissions of the through port (Port 2, denoted by T) and
the drop port (Port 3, denoted by D) when the TF moved along
the X and Y directions are presented in Figs. 3(b) and 3(c),
respectively, which show good agreement with our calculated
results, as shown in Figs. 2(c1) and 2(c2). Note that the coor-
dinate origin in the X and Y directions in Figs. 3(b) and 3(c) is
manually selected: when the TF is attached to the cavity, i.e.,
x = 0, the bandwidth will stop increasing obviously as the
TF is further moving to the cavity. Because κ1 and κ2 would
reach their maxima when x decreased to zero, the bandwidth
was maximized considering the equation �ω = κ0 + κ1 + κ2

[15]. The original point in Fig. 3(c) was selected to make the
transmissions symmetric allowing for the WGM symmetry of
the microsphere resonator. At the contacting-coupling point
with x = 0, the quasicritical coupling was achieved with T =
0.02 and D = 0.37, which could remain nearly constant with
the gap within 300 and 200 nm, respectively.

Note that in the X direction, the quasicoupling efficiency
of the drop port when x = 0 was high enough considering
the insertion loss around −3.5 dB (45%) of the parallel-
waveguide evanescent wave coupling on the MgF2 substrate
[15]. In the Y direction, there is a region with flattened-profile
high efficiency of the drop port. At the edge of this flattened

area, the coupling efficiency drops quite fast within a very
small distance. This happens when the microsphere mode
number satisfies l > m, where l and m denote the polar mode
number and the azimuthal mode number, respectively [19],
and the TF lies at the node between two neighbored field
maxima. Due to the high stability in the other directions
(X and Z), this sharply changed efficiency could also be
utilized in the nanoprecision position sensing along the Y axis.

IV. CONCLUSION

In conclusion, we demonstrated that a few-mode TF could
realize the quasicritical coupling to a WGM cavity, which
can achieve a 100% coupling efficiency when contacting
the TF with the cavity. The coupling efficiency variation is
monotonous to the distance between the TF and the microcav-
ity. All of the features will benefit the structure as an applica-
tion of a narrow band-reject filter. Moreover, the transmission
of the drop mode (LP11) can also be almost unit under the
quasicritical coupling and inherited the same stability. With
the drop mode led out, the add-drop filter, including both the
band-pass filter and the band-reject filter, could be more stable
based on such a configuration. The quasicritical coupling will
benefit the fabrication of WGM-based add-drop filters, all-
fiber ultranarrow-linewidth lasers, and high-precision sensors.
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