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Abstract—Waveguide coupling to closed loop coupled-resonator
optical waveguides is explored. By coupling a CROW chain
back on itself, a reduction in individual resonant linewidth is
achieved making these slow light modes more conducive to pe-
riodic filters toward novel frequency-comb integration. Through
numerical simulation by finite-difference time-domain methods,
the importance of waveguide symmetry conditions for coupling
is illustrated. The impact of unit cavity mode symmetry strongly
impacts the necessary coupling geometry to both cavities and
waveguides. Design insight into different waveguide coupling
schemes is provided while aiming to achieve transmission of the
resonant structure exhibited by the isolated resonator.

Index Terms—Integrated optics, mode matching methods, op-
tical resonators, resonator filters.

I. INTRODUCTION

I N the field of photonics, both active and passive devices
demand high finesse resonances for mode selectivity, sta-

bility, or resonant shift sensitivity. Passive devices such as en-
vironmental sensors and spectral filters make use of high finesse
resonances to increase their sensitivity [1]–[4]; micro-laser de-
signs look to minimize resonant linewidth and lasing threshold
[5]–[9]; hybrid devices like those that make up communications
systems value linewidth and stability toward a more dense com-
munication architecture [10]–[12]. In addition to higher finesse,
continually smaller form-factors are desirable. This second de-
mand comes into direct conflict with the first due to the long
photon lifetimes in long cavities normally necessary to achieve
fine linewidth. Fortunately, through the use of micro-rings and
photonic crystal cavities, there exists the potential to satisfy both
demands simultaneously.
Slow-light in an integrated, chip-level manifestation has

become the topic of intense study in recent years. As the
fabrication quality of features on the sub-wavelength scale and
side-wall roughness has improved, weight has been given to
the claims of optical systems such as micro-ring resonators and
photonic crystals [10], [13]–[18]. In these devices, waveguide
dispersion is used to generate optical modes with low group
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velocity. This slow-light effect therefore enhances temporal
light-matter interactions, enabling dramatic reductions in de-
vice scale. Coupled-resonator optical waveguides (CROWs)
have been shown to offer strong slow-light potential, as well
as large group velocity dispersion and a multi-resonant modal
structure that can be readily manipulated by design [19].
The CROW technique has been extensively studied using
micro-rings as the unit cavity but has also been extended to
photonic crystal cavities. In both cases, the unit-cavity Q factor
is preserved with the addition of coupled cavities [17], [20].
While the fabrication quality of micro-rings is currently supe-
rior to photonic crystal systems due to less field interaction with
etched-edge roughness, the benefits in scale, field confinement,
and propensity for integration motivates this work in pursuit of
a photonic crystal embodiment of CROWs.
Traditionally, spectral composition of CROW devices has

been studied without much interest in the finer modal structure
available in a given resonant window. Instead, they have been
explored for their dispersion characteristics and use as filters,
pulse shapers, and delay lines [21]–[23]. It is proposed here
that if these split resonant modes of CROW lines could be
made to exhibit very narrow linewidths, their application space
could be greatly expanded. Toward this goal, we previously
presented the design of a CROW chain that loops back on
itself, a coupled-resonator optical waveguide loop (CROWL)
[24]. This design takes a cue from the work of Poon et al., and
is capable of offering a resonant structure unique from its open
chain counterpart with increased finesse [25]. These circularly
arrayed architectures have been primarily studied with regard
to rotation sensors but also may have future applications in
tunable laser sources [25]–[30]. CROWLs are explored further
in this paper with a focus on coupling methods for the insertion
of light into, and extraction of light out of such devices. An
investigation into the modal structure of a six-cavity CROWL
was carried out to illuminate the three photonic crystal wave-
guide-to-cavity coupling geometries explored.

II. CROW BACKGROUND AND THEORY

When cavities are brought in close proximity to each other,
light that was once confined to a single cavity is allowed to
evanescently couple between them. The isolated cavity’s single
frequency resonance takes on a sinusoidal dispersion relation
as shown in Fig. 1 that is indicative of wave propagation. This
guided wave is referred to as a CROW mode. A transmission
filter made up of coupled resonators, where is finite, re-
sults in a spectrum of peaks with frequencies corresponding
to evenly spaced k-values, as illustrated in Fig. 1. Conveniently,
the two figures of merit that govern this resonant structure,
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Fig. 1. The dispersion and transmissive mode splitting of an arbitrary CROW
chain with seven coupled resonators. Calculated using coupled mode theory.

peak full-width half-maximum (FWHM) and free spectral
range (FSR), can be decoupled and considered separately.
Therefore, the designer may engineer them through control
over external decay times to waveguides or free-space (loss)
, and the inter-cavity coupling constant respectively

[13].
Studying these waveguides using the coupled mode theory

(CMT) equation shown below in (1), for a six-cavity CROWL,
offers a means for qualitative, and to a limited degree quantita-
tive, analysis of CROW resonant behavior [23], [31]. The full
bandwidth of this resonant feature is purely dependent on ,
equal to four times the coefficient, and so scaling this system
up to many resonators will result in an increasingly dense set of
peaks. The off-diagonal coupling terms (in red) of are what
makes this couplingmatrix periodic and, physically, a loop. (See
equation at bottom of page)
If loss, denoted by is ignored, both FSR and FWHM drop

off as leaving the finesse constant. The inclusion of cavity
loss, however, slows the FWHM drop off, shown in Fig. 2,
yielding a decreasing finesse with N. The additional feedback
mechanism offered in the closed loop geometry promises to help
alleviate this trend by imparting consistently finer FWHM.
In order to achieve realistic quantitative analysis of such a

system, CMT calculations were abandoned in favor offinite-dif-
ference time-domain (FDTD) calculations. A more physically
inclusive, albeit more computationally extensive tool, FDTD
allows for the simulation of real structures. The calculations
that follow were performed by FullWAVE from R-Soft Designs
and make use of a TE-like polarization effective index method
which allows for significantly less computationally exhaustive
2-D simulations during optimization.

Fig. 2. Coupledmode theory generated scan over CROWand CROWL devices
with increasing number of peaks.

The physical system of choice for this work is based in a
photonic crystal backbone that has a hexagonal lattice of cir-
cular air holes of radius , where is the lattice constant.
Featuring standing mode oscillation when isolated, the cavity
that makes this looped architecture possible features preferen-
tial field leaking in a cross about the cavity center, as shown
in Fig. 3. Referred to as an L3s1 cavity and shown as inset in
Fig. 3, the photonic crystal defect consists of three missing air
holes and one hole on each end that is shrunk to and
shifted outward by . The spectral response of this isolated
cavity is shown with reference to the spatial mode structure in
Fig. 3.
Mode 1 is extensively studied in the literature and couples

most strongly along a cross [32]–[34]. This geometry yields
a fundamental six-cavity loop geometry of the hexagon shown
as inset to Fig. 4. Limited only by this inter-cavity coupling
restriction, this unit cavity may be implemented in CROWL res-
onators that scale larger than the six-cavity example discussed
in this work. Loops of are possible when m is any
integer. The other modes also exhibit similar field strength,
but with weaker preference. It should be noted in Fig. 3 mode 2
however, that the field geometry is very similar to that of mode
1. The important difference is that mode 1 is only symmetric
about the x axis while mode 2 offers two-fold reflection sym-
metry, along the x- and z-axis, which may prove useful in future
work.
By calculating the resonant response of an isolated six-cavity

CROWL in a 3-D slab of GaAs or Si with index 3.4 (Fig. 4),
loss parameters are considered and matched to 2-D simulations
with great agreement. For the case of TE-like modes in photonic

(1)
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Fig. 3. (color online) FDTD simulation of the L3s1 unit cell defect cavity res-
onances within the photonic bandgap of a 3-D dielectric slab with index 3.4 and
thickness of . Also provided are 2D-plane slices of the mode struc-
tures corresponding to these resonances.

Fig. 4. 3D FDTD calculated resonant spectra of an isolated six-cavity CROWL
simulated as air holes in a slab of index 3.4 with resonance centered at 1.55 m
wavelength. Inset shows device illustration.

crystals, this type of effective index method has been shown
to be a good approximation [35]. Due to radiation mode cou-
pling, an effective index of 4.0 is found to be appropriate for
simulating the resonant structure with regard to linewidth and
FSR (Fig. 5(a)). An effective index of 2.77, however, is appro-
priate for approximating the resonant center frequency in 2-D
(Fig. 5(b)). While the resonant center frequency is dependent
on the mode of the unit-cell cavity, the coupled-cavity resonant
structure is dependent on the coupling parameters between cav-
ities which, due to expected radiation loss, shows reduced
effective inter-cavity coupling. This smaller inter-cavity cou-
pling has the same result on the coupled-cavity resonant struc-
ture as raising the cavity’s Q. Therefore, raising the index of the
material in 2-D serves to mimic these conditions in 3-D for our
specific case.

Fig. 5. (color online) Effective index calculations to determine appropriate 2-D
indexes to approximate a 3-D photonic crystal slab featuring a CROWL struc-
ture. Both calibration for resonant characteristics at; (a) and resonant
center at; (b) were performed.

III. MODE SYMMETRY RESULTS

In an effort to better understand the spatial mode structure
of CROWL resonances, the frequency response of an isolated
six-cavity CROWLwas studied using FDTD simulation. By nu-
merically forcing field symmetry along the two in-plane axes (x
and z) via boundary conditions, it becomes clear through inspec-
tion of Fig. 6(a) that the four resonances predicted in the CMT
model are spatially antisymmetric about the z-axis. It is also il-
lustrated in Fig. 6(a) that there are actually two x-symmetric and
two x-antisymmetric resonances that make up the four-peak res-
onant structure of a six-cavity CROWL.
Next, by numerically forcing spatial symmetry about the

z-axis, a single pair of modes is present whose center is red
shifted from the single-cavity and z-antisymmetric cases. This
z-symmetric set also shows x-symmetric or antisymmetric
versions along the same lines as those of z-antisymmetry
(Fig. 6(b)). For clarity in identifying resonant symmetry char-
acteristics, the frequency markers shown in Fig. 6 will be
reproduced on the subsequent analyses of CROWL coupling
geometries.
To further illustrate the structure of these modes, Fig. 7 shows

a simplified picture of how an isolated cavity mode like that
of mode 1 (Fig. 3) with Z-antisymmetry would resonate in a
six-cavity CROWL system like that under investigation here.
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Fig. 6. (color online) Spectral response of an isolated six-cavity CROWL under
symmetry restricting simulation with (a) Z-antisymmetry and (b) Z-symmetry.
Solid and dashed frequency markers indicate Z-antisymmetric and Z-symmetric
resonances, respectively. Red and blue frequency markers indicate X-antisym-
metric and X-symmetric resonances, respectively.

Fig. 7. (color online) Illustration of a six-cavity CROWL showing mode struc-
ture symmetries. Red and blue regions represent respectively positive or nega-
tive field direction. Empty cavities are necessary to exhibit Z-symmetry.

IV. CROWL COUPLING RESULTS

Our previous work focused on a waveguide coupling scheme
attempting to best match the unit resonator mode’s geometry, a

Fig. 8. (color online); (a) Schematic of symmetric butt-coupling technique for
accessing a photonic crystal CROWL. FDTD transmission for a waveguide end
to cavity center distance of; (b) and (c) .

cross. The result is what will be called symmetric butt-cou-
pling and is illustrated in Fig. 8(a) with introduction in [24].
From the above symmetry study, however, a weakness of this
coupling method was observed. Symmetrically coupling to two
cavities simultaneously forces X-symmetry in the CROWL
resonator and limits the modes allowed to transmit. Therefore,
the following is intended to identify a waveguide coupling
scheme capable of transferring the Z-Antisymmetric modes
this CROWL exhibits in isolation from waveguides. Addition-
ally, we wish to maximize resonant finesse where possible.
It was observed that the spectral response of our unit cavity

is distorted when the waveguide is brought too close to a
cavity. Therefore, in this symmetric butt-coupling scheme,
the CROWL under study yields resonant features that are
recognizable when the input waveguide is moved to
from the targeted coupling cavities’ center (Fig. 1(b) inset),
where a is the photonic crystal lattice constant. Shifting the
coupling waveguides further from the CROWL to
brings the resonances into sharp contrast and demonstrating the



1430 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 31, NO. 9, MAY 1, 2013

Fig. 9. (color online) Schematic of asymmetric butt-coupling technique for ac-
cessing a photonic crystal CROWL (a). FDTD transmission for a waveguide end
to cavity center distance of (b) and (c).

X-symmetric modes as designated by blue frequency markers
in Fig. 8(c).
Exploring physically reasonable alternative geometries in

the photonic crystal CROWL backbone, the next waveguide
coupling scheme aims to limit coupling to single cavities by
shifting the input and output waveguides two crystal rows up
or down as illustrated in Fig. 9(a). This coupling method takes
the system out of X- or Z-symmetry and so it is referred to
as asymmetric butt-coupling. By shifting the input and output
waveguides, light will couple more strongly to a single cavity
from each waveguide. As predicted by the CMT model, this
single-cavity version of butt-coupling yields higher finesse
peaks than the symmetric version at the same horizontal
spacing. The resolution of these peaks is smaller than that of
the FDTD simulation implemented however (15E-6 or
11 GHz at m) so no quantifiable statement will be
made about the specific Q-factors produced at this time. As the
waveguides are moved away from the CROWL, the linewidths
decrease and transmit the X-antisymmetric modes only (Fig. 9).
The reason for X-antisymmetric mode generation is apparent,

Fig. 10. (color online) Schematic of side-coupling technique for accessing a
photonic crystal CROWL (a). FDTD transmission for a waveguide end to cavity
center distance of (b) and (c).

due to the physical X-asymmetry of the device. It is also worth
noting that for waveguide separations smaller than that shown
in Fig. 9(b), a resonant structure that transmits all six possible
symmetry modes may be achieved.
In order to further limit the waveguide coupling to a single

cavity, and to do it in a physically symmetric way, a side coupled
scheme was studied. By passing parallel waveguides alongside
two opposing cavities as illustrated in Fig. 10(a), guided-mode
evanescent coupling is possible. As a note, all spectra shown
in his work are normalization to the maximum transmittance
of each scheme. Therefore, while it can be said that the de-
vice shown in Fig. 10(c) has higher transmittance than that in
Fig. 10(b), it is not possible to say how it compares to devices
in the other coupling schemes.
Well behaved isolation-like resonances are produced from

this scheme, and all have linewidths beneath the FDTD resolu-
tion confidence. Side-coupling offers single cavity accessibility
which should help to minimize transmitted linewidth, provides
simple degree-of-confinement control, and most importantly al-
lows the desired spectral transmission signature. It is therefore
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shown to be themost effectivemethod for producing Z-antisym-
metric modes and high finesse throughput in this CROWL ar-
chitecture. Again, for thoroughness, it is noted that for coupling
distances smaller than those shown in this work, resonant distor-
tion is observed resulting in an un-desirable resonant structure.

V. CONCLUSIONS

Through the study of three different coupling methods for
turning a CROWL into a device capable of high Q, multi-peak
filtered throughput, the importance of coupling symmetry con-
ditions have become paramount. Using fully numerical tech-
niques, this method of accessing a CROWL quickly brought
the work to the practical resolution limit of our FDTD scheme.
However, this signifies the potential of coupled-resonator struc-
tures, making use of high-Q photonic crystal cavities, for the
generation of comb-like, high finesse, passive filtering elements.
Investigation into the modal symmetries that give rise to the

resonant groups in CROWLs provides insight that can be used to
design these devices with further clarity. The primary barrier to
the application of CROW structures to frequency-comb applica-
tions remains the uniformity of peak spacing. As the number of
coupled-resonators increases, the FSR uniformity for the central
resonances increase, and it is expected that engineering the cou-
pling constants will provide for further progress. Future work
will be focused on determining the level of resonant control that
can be achieved by varying the coupling parameters between
neighboring resonators.
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