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Abstract—An all-fiber resonator composed of single-channel
side-coupled microresonator sequence is proposed, in which
a sequence of optical fibers, serve as microresonator, and a
subwavelength-diameter optical fiber(SDF) with diameter about
1µm is placed along the microresonator perimeter, coupling light
into whispering-gallery-modes(WGMs) of the microresonator.
The transmission property and dispersion relation are analyzed
by transfer matrix method. Infinite sequence structure show band
gaps created by Bragg and ring resonances. Finite sequence
structure shows a quality factor (Q factor) of 2, 500, a free
spectral range (FSR) of 4.7nm and extinction ratio of 5.9dB
(one resonator), 6.2dB (two resonator sequence) and 7.8dB (three
resonator sequence), respectively. The proposed resonator can be
tuned by changing refractive index of microresonator. This device
is easy to fabricate and to connect to fiber system.

I. INTRODUCTION

Optical tunable resonators are important components in
optical communication systems. There is a number of
structures serving as resonators, for example microrings[1],
microdisks[2], microspheres[3], Fabry-Perot[4], photonic band
gap structures[5], and so on. Recently, as the growing inter-
est in fabricating low-loss optical microfiber, subwavelength-
diameter optical fiber(SDF)[6][7], which are ultra low-loss,
uniform in diameter, with large fraction of evanescent power
outside fiber core, has been fabricated by directly draw-
ing commercial optical fiber(CF). Consequently, various res-
onators based on SDF have been proposed, including mi-
crofiber loop[8], knot[9] and coil[10]. Owing to the property of
low loss, small size and high coupling efficiency, microfiber-
based resonators have been paid more and more attentions.

Slow-light structures, regarded as one of solutions of optical
buffers, have interested researchers for years. There are two
main kinds of structure, one is coupled-resonator optical
waveguides (CROWs)[11][12] and the other is side-coupled
integrated spaced sequence of resonators (SCISSORs)[13].
However, both structures have limits in controlling propagation
velocity of light due to their internal symmetry resulting in
one group velocity for each wavelength. Combining these
two structure may lead to an amazing slow-light structure,
side coupled CROWs(SC-CROWs). CROWs, fabricated by
SDF, has been demonstrated recently, with loss significantly
smaller than lithographically fabricated structures, silica-based
waveguide[14] for instance.

In this paper, a new structure is demonstrated which is

Fig. 1. (Cutaway view) Infinite coupled conventional optical fiber coupling
with a subwavelength-diameter optical fiber serves as infinite single-channel
side coupled microresonator sequences. K1: SDF-CF coupling coefficient; K2:
CF-CF coupling coefficient.

Fig. 2. Unit cell. Section I: propagation, Section II: CF-CF coupling,
Section III: propagation, Section IV: SDF-CF coupling, Section V: next period
propagation.

composed of SDF and CROWs, forming a single-channel side-
coupled microresonator sequence. The resonator is based on
whispering-gallery-modes(WGMs)[15] of a dielectric cylinder
(conventional optical fiber). It is extremely hard to implement
more than two rings or knots on SDF. However, the proposed
structure can be easily realized and, more over, the number of
CROWs can arbitrarily increased. Due to all-fiber property, in
terms of integrating with fiber system, the structure outweighs
silica-based structures.

II. INFINITE SINGLE-CHANNEL SIDE COUPLED
MICRORESONATOR SEQUENCES

A. Transfer matrix analysis

Fig. 1 is a diagram of infinite single-channel side coupled
microresonator sequences. The structure is composed of a
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sequence of coupled conventional optical fiber coupling with a
subwavelength-diameter optical fiber serves as infinite single-
channel side coupled microresonator sequences. k1 is SDF-CF
coupling coefficient, while k2 is CF-CF coupling coefficient,
A1 and A2 is the loss of SDF-CF coupling and the loss
of CF-CF coupling respectively. For lossless coupling, the
corresponding self-coupling coefficients are t1 =

√
1− k2

1

and t2 =
√

1− k2
2 respectively. The half round-trip phase shift

of ring is φ = jαR/2+πRβR, where αR is full round-trip loss,
βR = ωnR/c is the propagation constant of corresponding
resonant modes, ω is angular frequency of light, nR is the
effective index of WGMs, and c is the velocity of light in
vacuum. The phase shift along SDF is θ = jαL + LβL,
where αL is loss of length L, βL = ωnL/c is the propagation
constant of SDF modes, nL is the effective index of SDF.

For simplicity of analysis, the structure under investigation,
is divided into 5 parts by dashed lines, as shown in Fig. 2,
Section I is propagation area, Section II is CF-CF coupling
area, Section III is propagation area, Section IV is SDF-CF
couping area, Section V is next period of propagation. First of
all, it is assumed that there are two kinds of lightwave at any
port, aps and bps. a is the amplitudes of forward lightwave
and b is the amplitudes backward lightwave, subscript p and
s represent port number and section number, respectively. For
example, b12 stands for backward lightwave at port 1 in section
2.

By using of transfer matrix method, couping between CFs
can be written as:(

b32
b62

)
= A2

(
t2 −jk2

−jk2 t2

)( a22

a52

)
(1)

and with symmetry,(
b22
b52

)
= A2

(
t2 −jk2

−jk2 t2

)( a32

a62

)
(2)

Coupling between SDF and CF can also be described as:(
b14
b24

)
= A1

(
t1 −jk1

−jk1 t1

)( a44

a54

)
(3)(

b44
b54

)
= A1

(
t1 −jk1

−jk1 t1

)( a14

a24

)
(4)

Where A1 and A2 are the coupling loss of SDF-CF coupling
and CF-CF coupling respectively.

Denote that [b11, a11, b21, a21, b31, a31] → xn, therefore
[b15, a15, b25, a25, b35, a35]→ xn+1

xT
n+1 = M · xT

n (5)

With simple algorithms, a transfer matrix M for the unit cell
can be obtained as follows:

t1e
−jθ
A1

0 0
k1t3
k3A1

k1e
−jφ

k3A1A3
0

0 t1ejθA1
k1t3A1
k3

0 0 − k1e
jφA1A3
k3

jk1e
−jθ

A1
0 0 − jt1t3

k3A1

jt1e
−jφ

k3A1A3
0

0 −jk1ejθA1
jt1t3A1
k3

0 0 − jejφt1A1A3
k3

0 0 je−jφ
k3A3

0 0 − jt3
k3

0 0 0 − jA3e
jφ

k3

jt3
k3

0


(6)

Fig. 3. Dispersion relation and group velocity. (A)For small coupling
coefficient k1 = 0.2 and k2 = 0.8; (B)For large coupling coefficient
k1 = 0.8 and k2 = 0.8.

B. Mapping WGM field to ring model field

Because CF serves as microresonator, light couples from
SDF to WGMs of high-Q. It is necessary to map WGM field
to ring model field[15]. Assume CF with refractive index of
1.4682, and diameter of 125µm. We neglect the fiber core
for simplicity. Such assumption is valid because the core’s
diameter is much smaller than the cladding’s. Therefore, CF
microresonator model can be consider as the one with a core
of diameter of ρc = 125µm diameter core and refractive index
of ncore = 1.4682 and an infinite air cladding with refractive
index of nclad = 1. Calculating the resonator’s effective index
nR of mode number l = 334, nR = 1.3468 can be solved.
Table I shows detailed data, where rrad is the location of the
radiation caustic, req is the equivalent ring radius.

TABLE I
DATA SOLVED FROM WGM FIELD MAPING TO RING MODEL FIELD

nclad/ncore l req /ρc rrad/ρc βRρc nR

0.68 334 0.979 1.419 341.223 1.3468

C. Infinite sequence

According to Bloch theorem, in a infinite periodic sequence,
each unit cell has a phase shift Φ = KblochL, called Bloch
wavenumber, in comparison with its neighborhood. Therefore,
xT

n+1 = ejKblochL · xT
n can be obtained. Referring to (5), the

following eigenfunction should be fulfilled:∣∣M − ejKblochLI
∣∣ = 0 (7)

By solving the eigenfunction, dispersion relation (ω ∼
Kbloch) of the proposed structure, and even the group velocity
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Fig. 4. (A)Structure diagram, a number of CFs attach to SDF, forming an
all fiber finite sequence structure, with control light pulses passing through
CFs to change the effective index of WGMs. (B)Experiment setup composed
of ten CFs and a SDF, SDF’s diameter is about 1µm and 5cm long. CF’s
diameter is 125µm.

(Vg = dω/dKbloch) can be obtained. Considering lossless
condition, in other words, A1 = A2 = 0, αL = αR = 0.
For small coupling coefficient k1 = 0.2 and k2 = 0.8, by
solving eigenfunction (7), Fig. 3(A) shows dispersion relation
and group velocity. It can be clearly seen ring resonance gaps
caused by WGMs which are about at wavelength 1554nm,
1551nm, 1547nm, 1544nm and Bragg resonance gaps caused
by rings separated by L at wavelength 1553nm, 1548.5nm,
1545.5nm, 1543nm. However, Fig. 3(B) corresponding to
large coupling coefficient k1 = 0.8 and k2 = 0.8. Different
from weak coupling, the zero group velocity appears obviously
at the mid-band and, hence, more than one group velocity
can be found at some energy level, or wavelength, which is
different from conventional CROWs and SCISSORs structure.
Furthermore, zero group velocity found at mid-band has
significant small group velocity delay(GVD). So the proposed
structure provides flexibility to control the velocity of light,
which is of much important meanings.

III. EXPERIMENTS

A. Finite sequence structure

As shown in Fig. 4, SDF, serving as add line, and CFs,
serving as coupled microresonator, are used to realize the
proposed structure. The greatest advantages are easiness of
fabrication and flexibility of reconstruction. The fabrication
contains only two steps: drawing SDF and attaching CFs to
SDF. SDF is drawn from conventional optical fiber, SMF-28,
with about 1µm in diameter and about 5cm in length. CFs

Fig. 5. Theoretical and experimental results of attaching one CF, two CFs
and three CFs, respectively.

are also made of SMF-28 by stripping off the buffer. It is
extremely easy to increase the number CFs since the SDF is
much long than CF’s diameter, which possess an advantage of
arbitrary arrangement of different CFs to create novel structure
with less effort.

Fig. 5 shows the theoretical and experimental results of SDF
attached one CF, two CFs and three CFs, respectively. Results
show a quality factor (Q factor) of 2, 500, a free spectral
range (FSR) of 4.7nm, and extinction ratio of 5.9dB (one
resonator), 6.2dB (two resonator sequence) and 7.8dB (three
resonator sequence). Surface roughness of CFs may be one of
the factors that results in low Q factor and extinction ratio.
Assume SDF’s αL = 0, which is usually true, optical loss
of less than 0.1dBmm−1 can be obtained [7], coefficients
k1 = 0.68, A1 = 0.87, αR = 0.68, k2 = 0.21 and A2 = 0.69
are drawn from experiment data by nonlinear fitting method.
By the way, a large loss about 12dB is results from CFs
stretching SDF at the connection of SDF, however, it can be
avoided by means of precise controlling the force between CFs
and SDF, furthermore an accurate variable optical attenuator
can be developed making use of this phenomena.

Thanks to all fiber property, insertion loss that vital in
optical communication is totally obsolete. CFs not only func-
tion as microresonators but also guide controlling light pulses
that change the effective index of CFs. This indicates that
the proposed structure can be evolved to tunable resonator.
Fig. 6 shows the simulation result of resonance peak shift,
using related coefficient calculated previously, by changing CF
effective index to 1.343, 1.344 and 1.345 respectively. About
1nm shift is observed for effective index change by 0.001.

B. Infinite sequence structure

As predicted by previous section, a band gap may be
formed by adding more CFs to the structure. Fig. 7 shows the
experiment result of ten CFs (considered as infinite structure).
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Fig. 6. A simulation of resonance peak shift by changing CF effective
index to 1.343, 1.344 and 1.345 respectively, about 1nm shift for changing
effective index by 0.001.

Fig. 7. Experiment result of ten CFs (considered as infinite structure), where
coupling coefficient k1 ≈ 0.7 and k2 ≈ 0.2, shows a series of band gaps
near wavelength of 1533nm, 1537nm, 1542nm, 1547nm, 1551nm and
1556nm, respectively.

Experiment setup is shown in Fig. 4(B), where coupling
coefficient k1 ≈ 0.7 and k2 ≈ 0.2, shows a series of
band gaps at wavelengths of 1533nm, 1537nm, 1542nm,
1547nm, 1551nm and 1556nm, respectively, which is in
correspondence with previous analytical results. For more CFs,
the band gap will be more clear and the extinction ratio will
become larger, so as to result in a novel band gap structure
composed of all optical fiber.

IV. CONCLUSION

This paper presents a microfiber resonator of single-channel
side-coupled microresonator sequence. It combines CROWs
and SCISSORs structure. The inter-cavity coupling as well

as side-coupling, leads to inter-band zero group velocity. In
comparison with silica-based structure, it is easy to fabricate
and of low insertion loss. Structure with finite CFs sequence
shows resonances caused mainly by WGMs. The extinction
ratio increases as the number of CFs grows. More over, CFs
can also function as waveguide of controlling light, which
can used to change the effective index of CFs. Therefore
tunable resonator and tunable filter can be developed based on
the proposed structure. Structure with infinite CFs sequence
displays a series of band gaps and inter-band zero group
velocity caused by WGMs resonance and Bragg resonance,
which may play a significant role in optical systems.
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