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We explore the selective excitation of resonances in microring resonators with a pulley-coupling struc-
ture. Due to the wavelength dispersion of coupling coefficient, only the resonances near critical coupling
exhibit pronounced sharp notches in the transmission spectrum. Experimental results show that the
resonance extinction ratio is a strong function of wavelength. Theoretical analysis further predicts that
it is possible to highly suppress the neighboring resonances to effectively enlarge the free spectral range
(FSR). With a proper design, the FSR can be increased by more than 1 order for a 10 μm radius microring
resonator using the pulley-coupling structure. © 2014 Optical Society of America
OCIS codes: (230.5750) Resonators; (230.3120) Integrated optics devices; (230.7408) Wavelength

filtering devices.
http://dx.doi.org/10.1364/AO.53.000878

1. Introduction

In recent years microring resonators have attracted
considerable research attention for a variety of appli-
cations due to their compact and simple structure
[1–4]. One important application is the notch filter,
a key component for subcarrier suppression [5], co-
channel interference elimination [6,7], optical dense
wavelength division multiplexing transmission [8,9],
and so forth. Many of these applications require the
filters to have a narrow stop band and a wide pass-
band, which usually cannot be realized by simply in-
creasing the free spectral range (FSR) due to the
limited finesse caused by large bending loss [10] and
scattering loss of the bus-to-ring coupling junction.
Hence it is preferable to selectively excite or suppress
certain resonances; for example, using the Vernier ef-
fect in coupled multiple rings, spectrum tailoring via
Mach–Zehnder interferometers [11,12], or inserting
Bragg gratings inside the coupler [13,14]. However,

these schemes are either complicated in structure
or increase the device footprint.

In this paper, we present selective resonance exci-
tation in microring resonators by using a pulley-
coupling structure. It only uses one microring and
thus is inherently compact and easy to fabricate.
In the pulley-coupling approach, the waveguide
wraps around the resonator, which significantly in-
creases the coupling length compared to single point
coupling. This approach was initially modeled with
the conformal transformation method [15] and re-
cently utilized in a chalcogenide glass sensor [16],
as well as in high-Q microdisk resonators possessing
whispering gallery modes [17]. In the microdisk res-
onator, selective coupling to one mode while highly
suppressing the other modes is achieved for single
mode operation. Compared with the microdisk, the
microring is more frequently used and easier to de-
sign. In this work, we first report our experimental
observation of selective resonance excitation in a
pulley-coupled microring resonator [18] and then an-
alyze the experimental results to derive the wave-
length dispersion of the coupling coefficient. Based
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on the theoretical modeling of the microring resona-
tor, we further optimize the design to get an ultra-
wide FSR via selective excitation of resonances.

2. Device Structure and Working Principle

Figure 1(a) shows the schematic drawing of the
pulley-coupled microring resonator. The coupling
length is Lc given by the arc wrapping around the
microring. Figure 1(b) is the scanning electron micro-
scope (SEM) image of the pulley-coupled microring
resonator on silicon-on-insulator (SOI) substrate.
The bus and ring waveguides have the same width
ofWb � Wr � 0.45 μm. The waveguide height isH �
0.22 μm. The gap between the bus waveguide and
microring is g � 0.2 μm. The radius of the microring
is R � 10 μm. The coupling length is Lc � 10 μm.

The optical power transfer function of the pulley-
coupled microring resonator is given by [19]

jH�λ�j2 �
���� t − ae−jβL

1 − ate−jβL

����
2

; (1)

where β � 2πneff∕λ is the propagation constant of the
microring waveguide, λ is the wavelength, neff is
the waveguide effective index, L is the perimeter
of the microring, t is the coupling coefficient, and a
is the loss factor of the microring. The resonance ex-
tinction ratio (ER) and the quality factor (Q) are de-
termined by both t and a.

Unlike single point coupling, the long coupling
length makes the coupling more wavelength depen-
dent. Based on the coupled-mode theory, the coupling
dispersion is given by [20]
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where the subscripts s and a indicate the symmetric
and antisymmetric supermodes of the coupled wave-
guides, respectively, 1 and 2 indicate the individual
modes of the two constituted waveguides, κ is the
coupling coefficient related to t by κ �

�������������
1 − t2

p
in a

lossless coupler, ni and ni
g (i � s, a) are the effective

and group refractive indices, respectively, and

Θij �
R
E�

i ⋅EjdA stands for the overlap integral be-
tween the waveguide modes Ei and Ej. Note that
waveguide modes are normalized so that Θii � 1.
Specifically, in a symmetric coupler,

Q
i�s;a;j�1;2

Θij � −1. Yet for an asymmetric coupler with differ-
ent cross sections, it tends toward zero. Equation (2)
suggests that the longer the coupling length, the
larger the coupling dispersion.

According to the analytical model proposed by Tien
[21], the scattering loss (dB∕cm) of symmetric planar
guides can be defined as

αs �
4σ2h2

β�r� 2∕p� �
σ2k20h

β
·

E2
sR

E2dx
· Δn2; (3)

where k0 is the free space wavenumber, β is modal
propagation constant, σ is the interface roughness,
r is the waveguide thickness, and Δn is the difference
between the refractive indices of the guiding and
cladding layers, while h and p represent the trans-
verse propagation constants in the guide and clad-
ding, respectively. It can be seen from the equation
that loss is proportional to the normalized electric
field intensity E2

s∕
R
E2dx at the guide-cladding inter-

face as well as the square magnitude of interface
roughness σ. Modeling scattering from rib sidewall
roughness requires a full 2D treatment [22]. It
should be noted that the mode is much less confined
and the interaction with the sidewall roughness is
enhanced near the cutoff wavelength [23]. Apart
from the scattering loss, bending radiation loss is an-
other source of the waveguide propagation loss. For a
slab bending waveguide, Marcuse obtained an equa-
tion to describe the exponential power attenuation
due to bending loss [24]. The bending radiation in-
duced waveguide propagation loss (dB∕cm) is given
by
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where αy � �β2z − n2
1k

2
0�2, ky � �n2

1k
2
0 − β2z �1∕2, and n2

and n1 are the refractive indices of the guiding

Fig. 1. (a) Schematic drawing of the pulley-coupled microring resonator. (b) SEM image of the device.
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and cladding layers, respectively. w is the waveguide
width, λ0 is the vacuum wavelength, and βz is the
propagation constant in the bending waveguide with
a radius R. The total waveguide propagation loss is
α � αs � αr, which is related to the ring resonator
loss fact a by α � −�20 lg a�∕L.

From the coupling dispersion of the pulley-coupled
microring resonator, it is possible to find a wave-
length at which coupling and ring loss are perfectly
balanced, that is, t � a [19]. Under this critical cou-
pling condition, one is able to excite only one reso-
nance and suppress the neighbors. In such a way,
the FSR is expanded while a narrow resonance band-
width (high-Q factor) is maintained. In the following
sections, we will show how to obtain such resonance
via carefully designing the coupling length and/or the
gap between microring and waveguide.

3. Experiment

Our device was fabricated on a SOI wafer with a
220 nm thick top silicon layer and a 2 μm thick buried
oxide layer using standard silicon microelectronics
fabrication processes. Electron beam lithography
and inductively coupled plasma etch were used to de-
fine the device. Figure 1(b) shows the SEM image of
the fabricated pulley-coupled microring.

The solid curve in Fig. 2(a) shows the experimental
transmission spectrum of the pulley-coupled micror-
ing resonator for the transverse magnetic (TM)
polarization (electric field perpendicular to the de-
vice plane) measured by an Agilent loss and
dispersion analyzer (86038B). The variation in the

resonance ER is clearly discerned. The critical cou-
pling wavelength is around 1.576 μm, where the
ER reaches the maximum of 20 dB.

Resonance occurs when the wavelength satisfies
mλ � neffL (m is an integer). Therefore neff can be de-
duced from the resonance wavelength for a given m
(estimated from simulation). t and a at a certain
resonance wavelength can be extracted from the cor-
responding resonance spectral profile. From the
multiple resonances, the dispersion of neff , t, and a
can be obtained. The microring waveguide group re-
fractive index ng can be calculated from FSR as
ng � λ2∕�FSR · L�. The dots in Figs. 2(b) and 2(c) re-
present the extracted neff , ng, t, and a. The fitted
parameters were put back into Eq. (1) to calculate
the optical spectrum response. The red curve in
Fig. 2(a) is the calculated spectrum, which fits well
to the experimental data. The first-order dispersion
of the pulley-coupler transmission coefficient reaches
the maximum of jdt∕dλj ≈ 11.0884 μm−1 around
1600 nm, and the loss factor a is almost constant
around 0.8. The relatively large loss is due to the thin
silicon waveguide for the TMmode. Usually a thicker
waveguide of >0.25 μm is used for the TM mode to
get a low propagation loss [25]. The effective refrac-
tive index dispersion of the microring waveguide is
jdneff∕dλj ≈ 0.9339 μm−1, which mainly comes from
the geometric dispersion of the submicrometer sili-
con waveguide.

Although the 450 nm × 220 nm silicon waveguide
has low bending loss for TE mode, the coupling is
deviated from the optimal value, leading to weak

Fig. 2. (a) Measured transmission spectrum of the pulley-coupled microring resonator. (b) Extracted microring waveguide effective
refractive index neff and group refractive index ng versus wavelength. (c) Extracted transmission coefficient t and loss factor a versus
wavelength.
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resonances due to the mismatch between coupling
and cavity loss. The TM mode, however, shows pro-
nounced resonance dips in the transmission spec-
trum [Fig. 2(a)]. That the neighboring resonances
are not well suppressed lies in the fact that the
parameters were not fully optimized and the wave-
guide loss is relatively high. According to Eq. (1), ER
is more sensitive to the difference between t and a
when a is closer to 1, and hence a small variation
in t would result in a significant change in ER and
more suppression of the neighboring resonances.
According to the extracted parameters, coupling
dispersion design is very important for the pulley-
coupled structure and more detailed analyses will
be given in the next section.

4. Simulation

In order to optimize the pulley-coupled microring to
get a single resonance notch, we simulate and ana-
lyze the coupling dispersion for TM mode in detail.
According to Eq. (2), the coupling dispersion is re-
lated to the waveguide height, the coupling length,
the coupling gap, and the phase matching between
waveguides. We used the beam propagation method
with conformal transformation to simulate the pul-
ley coupler transmission coefficient t. Figure 3 shows
the wavelength dependence of t for various geometric
parameters. The parameters are chosen to vary
around central values of Lc � 30 μm, H � 0.34 μm,
Wb � 0.285 μm, Wr � 0.45 μm, g � 0.1 μm, and
R � 10 μm. In each graph, only one parameter is var-
ied while the others are fixed.

As shown in Fig. 3(a), the coupling dispersion in-
creases with the coupling length, which agrees well
with Eq. (2). Figures 3(b) and 3(c) show that the
coupling dispersion decreases with the reduced

waveguide height and coupling gap, which implies
that the stronger the coupling is, the larger the
coupling dispersion becomes. Figure 3(d) gives the
transmission coefficient versus wavelength for multi-
ple bus waveguide widths. When the bus and ring
waveguides satisfy the phase matching condition
(Wb � 300 nm and Wr � 450 nm), the maximum
coupling reaches up to 100% and the dispersion is
also the largest.

Although the coupling dispersion increases with
the coupling length, the coupling length is ultimately
limited by the size of the microring. Increasing the
size leads to a smaller FSR, which in turn increases
the ER of the neighboring resonances (because of the
smaller difference in t and a). Thus, there is a trade-
off between the coupling dispersion and the FSR. We
simulated several microrings with different sizes and
found that the neighboring resonances are almost
suppressed to the same level. In the following analy-
ses, we choose the device geometric parameters
as Lc � 50 μm, H � 0.3 μm, Wb � 0.31 μm, Wr �
0.45 μm, g � 100 nm, and R � 10 μm, which satis-
fies the phase matching condition. We assume a
conservative loss factor of a � 0.997 (corresponding
to the waveguide propagation loss of α ≈ 4 dB∕cm).
Figure 4(a) shows the calculated transmission spec-
trum based on Eq. (1). The ER of the nearly critically
coupled resonance around 1549 nm is ∼14 dB, while
the ER of the neighboring resonances is suppressed
to<0.8 dB. The resonanceQ factor is about 4.6 × 104.
If the ER of the adjacent resonances is released to
1 dB, the ER of the critically coupled resonance can
be up to 20 dB, as shown in Fig. 5. A larger ER differ-
ence between critically coupled and adjacent reso-
nances could be realized with lower propagation
loss. In fact, the expansion of FSR can be regarded

Fig. 3. Wavelength dispersion of coupler transmission coefficient when (a) coupling length, (b) waveguide height, (c) coupling gap, and
(d) bus waveguide width are varied.
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as the resultant Vernier effect between the coupling
and the microring resonance. The Vernier FSR is de-
termined by the least common multiple of the FSRs
of the pulley coupler (FSRt) and the microring reso-
nator (FSRr), given by

FSRc � mFSRt � nFSRr; (5)

where m and n are integers. The Q factor can be fur-
ther increased by reducing waveguide scattering loss
through an improved fabrication process. High-Q
resonance is a prerequisite for high-sensitivity sen-
sors and photonic microwave filters. Figure 4(b)
shows the dispersion curves of the ring waveguide
neff and ng. Figure 4(c) shows t and a versus wave-
length used in calculation. The dispersion of t is
much larger than that used in our experiment owing
to the increased coupling length of 50 μm. The cou-
pling dispersion curve is a sinusoidal curve, while
the loss is constant. Only the resonance close to

the crossing point is fully excited with a large ER,
thereby leading to an expanded FSR.

We also analyze the sensitivity of the device perfor-
mance to several key device parameters, including
the waveguide width (the gap changes correspond-
ingly), the waveguide height, and the coupling
length. Waveguide width variation comes from two
aspects: the photolithography and dry etch induced
waveguide width shrinkage and the random fabrica-
tion errors. The former can result in relatively large
width reduction up to 10s of nanometers. However,
such variation is usually fixed for a certain process
and can be compensated by purposely widening
the waveguide in design. The latter one is unpredict-
able and varies from device to device. According
to our previous measurement of identical microring
resonators on the same chip, their resonance
wavelengths vary within 1 nm, corresponding to a
random width variation of 1 nm. The sensitivity
simulation results are shown in Fig. 5. Both the mi-
croring and the bus waveguide are assumed to have

Fig. 4. (a) Theoretical transmission spectrum of the pulley-coupled microring notch filter. (b) Effective mode index neff and group
refractive index ng of the ring waveguide versus wavelength. (c) Transmission coefficient t and loss factor a versus wavelength.

Fig. 5. Device key parameters of the critically coupled resonance wavelength, the critically coupled resonance ER (ER1), and the
maximum neighboring resonance ER (ER2) varying with (a) waveguide width, (b) waveguide height, and (c) coupling length.
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the same fabrication error. The solid symbols in
Figs. 5(a)–5(c) show the shift of the resonance wave-
length (near critical coupling) in response to varia-
tions in waveguide width, height, and coupling
length, respectively. The hollow symbols represent
the ER of the desired resonance notch (ER1) and
the maximum ER of the neighboring resonances
(ER2). It can be seen that the wavelength is more
sensitive to the waveguide width and height, and
the maximum ER of the neighboring resonances only
changes slightly. The ER of the desired resonance ex-
periences a large change when fabrication errors are
present. As discussed previously, the ER is more sen-
sitive to the difference between t and a when a is
closer to 1. Thus a small variation in t would result
in a significant change in ER. To solve this problem,
active tuning can be performed to the device. Silicon
has a large thermo-optic (TO) coefficient of ∼1.86 ×
10−4∕°C around the 1.55 μm wavelength, and thus
microheaters can be used to effectively tune the re-
fractive index. Figure 6 shows the response of the
transmission coefficient dispersion to temperature.
It can be seen that the dispersion curve is redshifted
by 1.8 nm with a temperature rise of 21°C. The cross-
ing point between t and a follows the shift. On the
other hand, in order to get a higher ER, the reso-
nance should be located around the crossing point.
The resonance wavelength can be shifted by tuning
the refractive index of the uncoupledmicroring wave-
guide. Localized thermal phase shifters based on p-i-
p microheaters [26] can be used for this purpose.

5. Conclusion

We presented a method to selectively excite resonan-
ces in microring resonators by using a pulley-
coupling structure. Experimental results show that
resonance ER is a strong function of wavelength.
Theoretical modeling reveals that the variation of
ER is caused by the wavelength dispersion of cou-
pling coefficient that is dependent on various geo-
metric parameters. Calculation of a 10 μm radius
pulley-coupled microring resonator shows that the
fully excited resonance can reach an ER of 14 dB,
while the neighbors can be suppressed to <0.8 dB.
The FSR is increased significantly by more than 1
order. Sensitivity analyses of the device performance
to various geometric errors were also performed. To

compensate for the fabrication uncertainty, we pro-
posed an active pulley-coupled microring notch filter
with its coupling and resonance wavelength both
tunable by TO phase shifters embedded inside the
resonator.
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