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Reflection Properties of Coupled-Ring Reflectors

Youngchul Chung, Member, IEEE, Doo-Gun Kim, and Nadir Dagli, Senior Member, IEEE

Abstract—The reflection properties of a coupled-ring reflector
(CRR) are analyzed using the transfer matrix method. The CRR
is composed of two coupled rings that are coupled to a bus
waveguide. Depending on the combination of the cross-coupling
ratios of the couplers, the reflection spectrum shape changes
greatly. In the lossless case, the reflection spectrum has four peaks
when the ring—bus coupling ratio is small. When the ring-bus
coupling ratio is more than half and the ring-ring coupling is very
small, the four peaks broaden, forming a single peak with still
considerably narrow reflection spectrum, which makes the CRR
attractive in applications requiring compact reflectors such as for
single-mode laser diodes. The dependence of the propagation and
insertion losses of the couplers on the reflection spectrum is also
investigated, and the design guidelines are presented.

Index Terms—Integrated optics, ring resonators, tunable filters.

I. INTRODUCTION

HE CONCEPT of photonic integrated circuits (PICs) has

been widely used to realize functional devices for dense
wavelength-division multiplexing (DWDM) systems or opti-
cal signal processing systems. An arrayed waveguide grating
(AWG) that is fabricated in silica or InP materials is one of
the representative PIC devices [1]-[4]. Other commonly used
PICs are multiwavelength laser diodes or tunable laser diodes
for DWDM systems, in which the AWG or the distributed
Bragg reflector (DBR) is integrated with an active medium, or
the laser diodes integrated with electroabsorption modulators,
Mach-Zehnder modulators, or optical amplifiers. These devices
have been extensively developed and commercialized [5], [6].
Despite the successful developments of such PICs, the scale
of integration is still small, and several approaches have been
pursued for the large-scale integration. Microring resonators
are good candidates for the building block in the large-scale
integration of PICs [7]-[15].

Ring resonators are wavelength-selective devices and could
be used for DWDM wavelength filters [7]-[12]. The crit-
ical coupling property of the ring resonators can also be
used to build narrowband modulators or wavelength-dependent
switches that can be controlled with a small amount of volt-
age or optical intensity [13], [14]. Furthermore, the microring
resonator, coupled with crossing waveguides, can be used
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Fig. 1. Schematic configuration of CRR.

to change the propagation direction of the optical wave at
very large angles at the resonant wavelength [7]. Such large
functionality, combined with compact size, makes possible a
variety of large-scale functional PICs by laying out the prop-
erly designed microring resonators in a large scale. Most ring
resonators developed up until now are in general transmission-
type wavelength-selective devices. There have been several
efforts to realize reflection-type microring resonators. A
coupled-ring reflector (CRR) composed of odd number (> 3)
of ring resonators coupled with each other has been proposed
[12]. There was a report on a reflection-type ring resonator
with a notch in the single ring resonator [16]. Another type of
ring resonator reflector composed of Mach—Zehnder modulator
and ring resonators has also been reported [17]. Recently, a
CRR composed of a bus waveguide and two coupled-ring
resonators, both of which are coupled to the bus waveguide,
is also proposed [18]-[20]. These arrangements could be a
substitute for a DBR for single-longitudinal-mode laser diodes
or act as a reflective wavelength filter in a DWDM system.
Furthermore, the inherent reflection property makes it possible
to integrate the functional components such as modulators and
switches. The tunable CRR section can be fabricated by using
a conventional buried heterostructure technology and can be
integrated with the gain sections by employing offset quantum
well techniques, which is a simple fabrication process because
of the absence of a DBR structure. Recently, a semiconductor
tunable laser composed of a wavelength-selective CRR has
been experimentally demonstrated [20].

In this paper, the reflection properties and design guidelines
of the CRR recently proposed [18]-[20] are discussed. The
schematic configuration of the CRR is shown in Fig. 1, which
requires two coupled rings and a coupled bus waveguide. In this
device, the clockwise wave in ring 0 is coupled to a counter-
clockwise wave in ring 1 that is, in turn, coupled to a backward
wave in the bus waveguide. There are multiple paths through
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which the input wave is coupled to the backward wave in the
straight waveguide. Because the CRR requires only two rings,
it would consume less wafer space than that proposed in [12],
where at least three rings are needed. The CRR discussed in this
paper could be more tolerant to fabrication errors as compared
with the other types of CRRs [16], [17]. The notched CRR
requires a very shallow notch that is about 20-30 nm, which
may be difficult to obtain repeatedly [16]. The Mach—Zehnder-
type CRR requires balanced power splitting to produce good
reflection properties. In this paper, the reflection properties of
the new CRR [18]-[20] are investigated in detail for various
values of coupling parameters such as coupling ratios and
insertion losses. In Section II, a new CRR reflector is described,
and the formulation of the transfer matrix analysis is presented.
In the next section, the analysis results of the CRR composed
of rings with identical radii are presented. In Section IV, the
wide tuning characteristics of the CRR composed of rings
with slightly different radii are discussed. Finally, conclusions
are drawn.

II. TRANSFER MATRIX ANALYSIS OF CRR

The CRR composed of two coupled rings and a straight
waveguide coupled with both rings are shown in Fig. 1. For the
analysis of the CRR, the transfer matrix formalism [12], [15] is
used. The field components in the ring are expressed as
d; 1" (1a)

x;=[a; b ¢
and

/ /
i b G

d;]" (1b)
where a;, b;, ¢;, and dj are the counterclockwise propagating
fields, and a}, ¥/, ¢;, and d; are the clockwise propagating fields
in the ith ring.

The coupling from the primed field components in the ith
ring to the unprimed components in the (¢ 4+ 1)th ring can be

represented by
Xi+1 = PZXQ (2)

where the coupling matrix P; is given by

~t; 1 0 0
1 |-T, & 0 0

Pi==olo o - 1 ®
0 0 T t

In the preceding equation, x; and ¢; are the cross-coupling field
ratio and the straight-through ratio, respectively, of the coupler
i (i =1in,0,1),and T; = |r;|? + |t;|? is the power transmission
of the coupler . Then, the relationships between the primed
fields can be expressed as

xy = Qoxin = QoPinx, 4
and

x7 = Qix1 = Q1Pox )
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where
0 0 0 e~ IBiRi0;
0 0 eIBiRi(2m—0.) 0
Qi= e JBiRi0; 0 0
3B Ri(2m=0;) 0 0
(6)
Finally, we obtain
x2 = P1QiPoQoP;n X}, = Bx;,. )
‘We also have
ag =dj, e Pt (8a)
dy = al,,e?PL (8b)

where L is the length of the bus waveguide between two
couplers.

Assuming that ¢, =1 and ¢y =0, and combining (7)
and (8), we can get

ak, By Bia Bu—e Pl 0 —DBis
bl | Bay Bas Bay 1 —Bo3
d, | Bs; B3a Bsy 0 —Bss
bo By —eiPL By, By 0 —Bys
9

From (9), the transmission coefficient b, and the reflection
coefficient b/, can be calculated.

III. REFLECTION CHARACTERISTICS OF CRR COMPOSED
OF RINGS WITH IDENTICAL RADII

The power reflectivity as a function of wavelength is cal-
culated for various ring—bus coupling ratio values while the
ring-ring coupling ratio is kept constant (ko = 0.08) and is
shown in Fig. 2. The straight-through ratio of each coupler
is given by t; = (T; — |s;|?)'/?, where 1 — T; is the insertion
loss of the couplers. The radii of the rings are the same and
set to be 50 um. The effective refractive indexes of all the
waveguides are set to be 3.29 at A\g = 1.55 um, and the group
index is assumed to be 3.7. As a first-order approximation, the
effective refractive index is assumed to vary linearly versus
the wavelength near Ay = 1.55 pm. The insertion losses of
the couplers are assumed to be zero in the calculation, i.e.,
T; = 1. When the ring—bus coupling ratios (x;, and k1) are
0.08, four reflection peaks appear in the spectrum as shown
in Fig. 2(a). In the inset of Fig. 2(a), the detailed spectrum of
the left double peak is shown. The reflection spectra shown in
Fig. 2 are one of the repetitive spectrum shapes separated by
one free spectral range (FSR). As the magnitude of the ring—bus
coupling ratio increases, the four split peaks broaden and evolve
into two peaks, and then finally into a single blunt peak, which
is shown in Fig. 2(b) and (c). In the course of transforming into
a single blunt peak, a flat-top filter response appears. That is,
it is possible to design a flat-top reflection filter by adjusting
the magnitudes of the coupling ratios. After a single peak is
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for the even mode is shown.

formed, the peak reflection value reduces as the magnitude
of the coupling ratios further increases. With proper choices
of coupling ratio values, the reflection spectrum is similar to
that of the DBR, which makes it possible to apply the CRR as
an integrated mirror for the tunable or fixed single-mode laser
diode. In Fig. 2(d), the phase variation versus the wavelength is
also shown.

We also investigate the reflection behavior of the CRR as
the ring—ring coupling ratio (ko) changes while the ring-bus
coupling ratio (x4, and k1) is maintained to be small, which is
set to 0.08. In Fig. 3(a), the reflectivity is plotted as a function of
wavelength for kg = 0.1, 0.707, and 1. The detailed reflectivity
spectrum for each pair of peaks is almost the same as that shown
in Fig. 2(a) and does not change as the ring—ring coupling ratio
varies. The separation between two pairs of peaks becomes
larger as the ring—ring coupling ratio increases. The separation
is 0.07, 0.54, and 1.10 nm when the ring-ring coupling ratio
is 0.1, 0.707, and 1, respectively. Here, the ring—bus coupling
ratios are assumed to be 0.08, and nqgo = neg1 = 3.29 at the
wavelength of 1.55 pm.

In order to understand the behavior of the reflection spectra,
let us first consider a single isolated ring resonator of peri-
meter L. The resonance condition of such a ring is given by

27
Tneﬁ‘()\)L = m2m.
The effective refractive index, which depends on the wave-
length, is approximated as a linear function of wavelength over
a narrow wavelength range as

(10)

dneff
d\

dne
neg(A) = % + (A — )\0)% = g+ A

(1)

where n is the group index, and nl;; is the effective index at Ag.
Therefore, the mth-order resonance wavelength is expressed as

L
A = =g [1
|

Now, consider two coupled rings only. In this case, due to
symmetry, we expect two types of resonances as schematically

L dneﬁ]l a2

m dA
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Fig. 3. (a) Power reflectivity as a function of wavelength for ko = 0.08, 0.2,

and 0.3. The ring—bus coupling ratios x5, and 1 are set to 0.08. (b) Separation
of peaks as a function of the ring—ring coupling ratio.

illustrated in Fig. 4. These are the so-called symmetric and
antisymmetric modes. Fig. 4 illustrates the main field compo-
nent and its amplitude variation at a given instant of time. In
practice, the number of variations m is much higher. These
field distributions rotate clockwise and counterclockwise in
the left and right rings, respectively. However, the symmetric
and the antisymmetric modes maintain even and odd sym-
metries, respectively, at all times. From this illustration, it is
observed that the excitation of the coupler between the rings
is symmetric for the symmetric mode and antisymmetric for
the antisymmetric mode. The field amplitude distributions for
these two cases are illustrated in Fig. 4. In both cases, the field
amplitude distribution in the left ring remains the same, but
the distributions in the right ring are 180° out of phase for the
symmetric and antisymmetric modes. Therefore, to include a
phase change through the coupler, the resonance condition for
the symmetric and antisymmetric modes should be modified as

2
%neﬁ()\)L +o=m2r

¢ =tan! (Z?) .

This would shift the resonance wavelength to

-1
L 1 L dneff
—n - .
m+ 2T m+ L dA

(13)
where

(14)

Am = 15)

Therefore, the resonance wavelength of an isolated ring splits
into two when there are two coupled rings. The splitting in-
creases as the degree of coupling between the rings increases.
In the presence of the bus coupled to both rings, the presence of
coupling further splits the symmetric and antisymmetric modes.
The degree of this splitting depends on the strength of the
ring—bus coupling ratio.

We can compare the numerical calculation presented in
Fig. 3 with the predictions of this argument. Using the same
numbers and (12), the resonance wavelength of a single ring for
m = 649 is calculated to be 1.587746 pum. This is the same as
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the midpoints of the spectra shown in Fig. 3(a). The resonances
above and below the midpoint correspond to the symmetric
and antisymmetric modes that split due to coupling to the bus.
Separation between the centers of split symmetric and antisym-
metric modes increases as the strength of the ring—ring coupling
increases. In this case, the coupling to the bus is very weak;
hence, we have approximately two isolated rings. Therefore,
the center of each split mode can be predicted using (15). If
we do this calculation for kg = 0.1, 0.707, and 1, we obtain
the center wavelengths for the symmetric mode as 1.587712,
1.587476, and 1.587206 um, respectively. These values are
almost exactly the same as those calculated from the transfer
matrix method. Therefore, the presence of the symmetric and
antisymmetric modes is due to ring—ring coupling. The strength
of this coupling controls the separation of these two modes.
Further splitting of these modes is due to coupling to the bus.
The separation of this splitting and its broadening is controlled
by the degree of the ring—bus coupling. This argument shows
that in order to get a narrow reflection spectrum, ring-ring
coupling should be very low, resulting in a very small separation
between the symmetric and antisymmetric modes. Then, to
convert the entire reflection spectrum into a single one, the
ring—bus coupling should be increased to broaden the individual
splitting of the symmetric and antisymmetric modes. If done
properly, it is possible to obtain a strong reflection over a narrow
wavelength range.

To investigate the broadening of each reflection peaks ver-
sus the ring-bus coupling ratio (x;, and k1), the reflection
spectra are calculated, assuming the ring-ring coupling ratio
(ko) is fixed to be 1. In this case, the reflection spectra repeat
themselves with a period of half an FSR of an isolated ring.
Therefore, the variation of the peaks in terms of the ring—bus
coupling ratio can be observed in detail. The 3-dB bandwidth
of each peak is plotted as a function of the ring—bus coupling
ratio in Fig. 5. As the ring-bus coupling ratio increases to
0.6, the width of the peak broadens to 0.17 nm, which is com-
parable to the 3-dB bandwidth of the reflection spectrum shown
in Fig. 2(c).

Flat-top reflection spectra can be obtained with an appro-
priate pair of ring-ring and ring—bus coupling ratios. Several
reflection spectra with flat-top response are calculated using
(9) and shown in Fig. 6(a). The 3-dB bandwidth as a function
of the ring-ring coupling ratio is plotted in Fig. 6(b). The
bandwidth increases to 0.17 nm as the ring—ring coupling ratio
increases to 0.1. The 3-dB bandwidth is about 2.5 times the
splitting of the pairs of peaks, which is illustrated in Fig. 3. The
ring—bus coupling ratio to ensure flat-top response is also shown
in Fig. 6(b). Given the ring-ring coupling ratio, the ring—bus
coupling ratio for the flat-top reflection spectrum can be found.
Then, the 3-dB width of the broadened peaks corresponding
to the ring-bus coupling ratio shown in Fig. 5 is found to
be almost the same as the 3-dB bandwidth of the reflection
spectrum shown in Fig. 6. In other words, the 3-dB bandwidth
is determined from the broadening of the peaks with increasing
values of the ring—bus coupling. The peak value of the reflection
becomes smaller than unity if we adopt the ring—bus coupling
ratio corresponding to the values above the ring—bus coupling
curve shown in Fig. 6(b).
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Fig. 4. Schematic illustration of symmetric and antisymmetric modes of two coupled rings.
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coupling ratio (k;y, = k1). kKo = 1.

A simple reflectivity formula can be derived from (9) when
the ring-bus coupling ratios are the same (£, = x1), the ring
radii are the same (R = Ry), and the waveguides and couplers
are lossless. The power reflectivity is given as

4p?(cos ¢ — cos ¢g)?

16
[(cos ¢ — cos ¢0)? + p? (e

R(A) = 2
]
where ¢ = (27 /A)neg2m Ry, cos ¢g = (to/2t1)(1 + t1)?, and
p = Kok3/2t1. The condition for the single-peak (flat-top)
spectrum is especially important for the application to reflective
filters and is given by

\/2,%% + 2v/2k0 + 2K/ 1 — K2
- 1+ 2k '

The same formula has been derived independently by other
research groups, and the conditions for various reflection spec-
trum shapes have been presented recently [21].

In many cases, the insertion loss of the couplers cannot be
ignored. The reflection spectra for the insertion loss of 10%,
5%, 1%, and 0% (T = 0.9, 0.95, 0.99, and 1) are shown in
Fig. 7. In Fig. 7(a), the coupling ratios of all the couplers are
assumed to be 0.08. In this case, the peak reflectivity degrades
very rapidly as the insertion loss of the couplers increases.
Furthermore, four sharp peaks broaden and become a single
blunt peak. When 1" = 0.95, the peak reflectivity substantially
decreases to 0.012. In Fig. 7(b), the ring—bus coupling ratios
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Fig. 6. (a) Several reflection spectra with flat-top response. Appropriate pairs

of ring-ring coupling ratio (ko) and ring-bus coupling ratio (ki, = K1)
should be selected to exhibit flat-top response. (b) Three-db bandwidth of
reflection spectrum with flat-top response and the splitting of pairs of peaks
as a function of ring-ring coupling. The ring-bus coupling values to ensure
flat-top responses are also plotted with dotted line.

are assumed to be 0.6, and the ring—ring coupling ratio is
0.08. Compared with Fig. 7(a), the peak reflectivity degrades
slowly as the insertion loss increases. When 7" = 0.95, the peak
reflectivity is about 0.2. In Fig. 7(c), the coupling ratios of
the input and output couplers are assumed to be 0.7, and that
of the coupler between rings is 0.08. When 7" = 1, the peak
reflectivity is about 0.655. When T is reduced to 0.95, the peak
reflectivity is decreased to about 0.312, which is larger than in
the case of x;, = k1 = 0.6. In Fig. 7, it is observed that the
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degradation of the peak reflectivity value with the insertion loss
increase is less sensitive as the magnitude of coupling ratios
kin and kq increases. The degradation of the reflectivity due
to the insertion loss of the coupler could be compensated by
introducing the gain in the ring waveguides. In Fig. 7(d), the
reflectivities for 7' = 0.9 are plotted for various values of gain
coefficient while the coupling ratios of all the couplers are
assumed to be 0.08. When the gain in the ring waveguides
is 28.6 dB/cm, the insertion loss of the couplers can be fully
compensated and the lossless response, as shown in Fig. 7(a),
is obtained. When the loss is overcompensated, the CRR starts
to show reflectivity greater than 1. In Fig. 7(d), the reflection
spectrum for the gain of 29 dB/cm is also illustrated.

IV. WIDE TUNING OF CRR COMPOSED OF RINGS WITH
SLIGHTLY DIFFERENT RADII

If the radii of the two rings in the CRR are slightly different,
the resonance wavelengths of the two rings are misaligned at
all the resonance wavelengths, except at certain wavelengths.

By changing the refractive index of one ring in the CRR while
maintaining that of the other, the peak reflection wavelength
can be discretely selected by aligning the certain resonance
wavelengths of two rings. It is also possible to get continuous
tuning by properly changing the refractive indexes of two rings
simultaneously.

The tuning range is determined by the amount of mismatch
between the FSRs of the two rings and is, thus, approximately
given by

)\2

AN une — 5 ' D\
¢ 27rng(R1 - Ro)

= FA) (18)

where A\ is an FSR for ring 0, and F' is a tuning enhancement
factor, which is given by

Ry
(R1 — Ro)’

When the radii of the rings in the CRR are Ry = 50 pm and
Ry = 52 pm, corresponding to F' = 26, the center wavelength

F = (19)
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is 1.55 pm, the group refractive index (ng) is 3.7, and the tuning
range could be as wide as 52 nm.

In Fig. 8, the power reflectivities as functions of wavelength
are shown for the different refractive indexes of ring 2. Here,
the ring—bus coupling ratios (x;, and k1) are assumed to be
0.5, and the ring-ring coupling ratio (xg) is 0.04. In Fig. 8(a),
the reflectivity spectrum for Ry = Ry = 50 pum and ngﬁo =
nds, = 3.29 is shown. A periodic reflection response with an
FSR of 2.17 nm is observed. The maximum reflectivity is
0.78, which is smaller than unity due to the relatively large
coupling ratio between the straight waveguide and the rings.
The reflectivity is expected to decrease when there is a loss
in the waveguides. The reflectivity in case of a 5 dB/cm loss
is shown as a dotted line in Fig. 8(a). The peak reflectivity
is reduced to 0.31. In Figs. 8(b)—(d), the reflectivities in the
case of different ring radii (Ry = 50 pm and R; = 52 um)
are shown. By setting the refractive index of ring 1 to nlg, =
3.29019, 3.29038, and 3.29057 at A = 1.55 um while main-
taining the refractive index of ring 0 constant (nlg, = 3.29),
the wavelength of peak reflectivity can be selected sequentially
to be 1.587746, 1.589918, and 1.5921 um, respectively. The

wavelength separation is about 2.17 nm, which is close to the
FSR of ring 0. The CRR with different ring radii can be used
for a tunable reflection filter in realizing widely tunable laser
diodes [19].

In Section III, it is demonstrated that the shape of the power
reflection spectrum is quite sensitive to the ring—bus coupling
ratios for the CRR composed of rings with identical radii.
For the CRR with slightly mismatched ring radii, the similar
behavior is expected. In Fig. 9, the reflectivity for n%, = 3.29
and n;; = 3.29019 while both the ring-bus and ring-ring
coupling ratios are assumed to be 0.08 is shown. Fig. 9(a) also
shows the reflectivity over the range of four FSRs. Near the
maximum reflection, the four peaks can be observed as detailed
in Fig. 9(b), which is similar in Fig. 2(a). Further reflection
shapes for various ring—bus coupling ratio while maintaining
the ring—ring coupling ratio to be 0.08 are shown in Fig. 10.
In the inset of each figure, the reflectivity over the wavelength
range of two FSRs is also presented. As the ring—bus coupling
ratio increases from 0.08 to 0.6, the four peaks become undis-
tinguishable and a single peak appears similar to the case of
identical ring radii as shown in Section III.
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V. CONCLUSION

Wavelength-selective reflective filters have usually been
achieved through the fabrication of DBRs, and they have been
used for DWDM filters or the realization of fixed or tun-
able laser diodes. The fabrication of DBRs requires additional
holography procedures, electron-beam writing, or phase masks.
Therefore, the cost-effective approach to realize wavelength-
selective reflection filters simultaneously with the waveguide
formation is desirable. The coupled-ring waveguide struc-
ture can be used to realize the wavelength-selective planar
waveguide reflectors without resorting to DBRs.

In this paper, we analyze a new CRR that is composed of
two coupled-ring waveguides and a bus waveguide coupled
with both rings, and its reflection properties are presented. The
characteristics of the CRR versus the cross-coupling ratios and
the insertion losses of the couplers are investigated in detail.
When the ring—bus coupling ratio is very small, the reflection
spectrum reveals four peaks. However, as the coupling ratio be-
comes larger, the peaks broaden and become indistinguishable,
which finally becomes a single peak with a broader spectrum.
The broadened single-peak spectrum still has a quite narrow
3-dB bandwidth that is about 0.15 nm or narrower. Therefore,
the CRR can be used for DWDM filters or wavelength-selective
reflectors for fixed or tunable laser diodes. The splitting of
resonance wavelengths due to symmetric and antisymmetric
modes is identified, and it is shown that the degree of splitting
becomes larger as the coupling between rings increases. To get
a single narrow reflection peak, the coupling between rings
should be as small as possible, and the coupling between the
rings and the bus waveguide should be properly chosen. For
some coupling ratio values, flat-top filter response can also be
obtained. Especially, when the radii of two circular rings are
slightly different from each other, a Vernier effect makes the
repetition wavelength spacing of the reflection peaks greatly
enhanced as compared with the FSR of the individual rings.
When the ring radii are 50 and 52 pm, the peak repetition
spacing is about 52 nm, which also corresponds to the tuning
range of the CRR.
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