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The Transmission Properties of One-Bus Two-Ring Devices

Landobasa Y.M.A.L. TOBING'?, Pieter DUMON'', Roel BAETS", Desmond. C.S. LIM',

SUMMARY  We propose and demonstrate a simple one-bus two-ring
configuration where the two rings are mutually coupled that has advantages
over the one-ring structure. Unlike a one cavity system, it can exhibit near
critically-coupled transmission with a broader range of loss. It can also
significanty enhance the cavity finesse by simply making the second ring
1wice the size of the bus-coupled one, with the enhancement proportional
to the intensity buildup in the second ring.

Ley words: microring resonator, critical coupling, silicon on insulator,
integrated optics

i, Introduction

Microring resonators are compact, low-loss devices that can
generate high-Q resonances useful for many functions such
as modulators [1], switching [2] and sensing [3],[4]. In
the simplest configuration, one microring is coupled evanes-
cently with one waveguide bus through which light is trans-
mitted. Under certain coupling condition [5], [6] the light
coupled into the cavity can be totally absorbed, giving rise
to 2 resonant zero in the transmission spectrum. The device
can then serve as an efficient optical switch or sensor, if the
cavity loss or coupling coefficient can be tuned or affected
by the environment. However, it is not easy to achieve crit-
ical coupling by matching the coupling coefficient with the
round-trip loss because the later is unknown and both are
dependent on fabrication condition as well as the device ge-
ometry. It is therefore desirable to have a way to realize
crifical coupling that is less sensitive to cavity geometry and
loss.

In this paper, we propose and demonstrate a sim-
ple modification of the one-ring one-bus (IR1B) geometry
that can exhibit near critical-coupling transmission with 2
broader range of loss. The new configuration consists of
two mutually coupled rings coupled to one waveguide bus,
as shown in Fig, 1(a). The two-ring geometry provides two
possible optical pathways, shown ss P1 and P2 in the figure.
By virtue of the interference between these optical pathways
it is possible to realize significant finesse enhancement comn-
pared with that based on one ring. The finesse enhancement
in general amplifies the effect of loss in any cavity geometry,
thereby relaxing the critical coupling condition in the cou-
pled rings. In particular, the finesse is maximum when ring
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Fig.1  (2) The schematic of two ring coupled to one waveguide bus. The
excited optical pathways are shown in the right inset. {b) The fields and the
coupling coefficients for the bare two-ing.

2 is twice the size of ring 1. The narrow linewidth is use-
ful for many high-Q applications such as bio-chemical sens-
ing, switching, and optical buffer. The devices are experi-
mentally demonstrated in low-finesse microrings fabricated
in Silicon-on-Insulator (SOI) wafer using Deep-UV (DUV)
lithography [7], 8], and the results are in good agreement
with theory, In the following we first discuss the theory and
then compare it with the experimental results.

2. Theory

In the bare double-ring structure shown in Fig. 1(b), the res-
onance modes from each ring interact and give rise to reso-
nance splitting, as is well known in coupled-resonator sys-
tems. The coupling of fields between the two rings is as-
sumed to be phase-matched and lossless, as given by
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where 7 and ¢ are the reflection and transmission co
coeflicients and |7 + |t = 1. In the lossless and steady-
state situation, the fields obey continuity condition, and it is
easy to show that
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where 7;; is the effective phase shift in the field in ring { in-
duced by coupling with ring j, and §; is the round-trip phase
(or normalized frequency) inring ,6; = wT ;= wﬁi’;L ilc,
where T; and L; are respectively the round trip time and
cavity length of ring j. Equation (1) can be reduced to the
following characteristic relation between 8, and &; for arbi-
trary ring sizes:

cos(y + 1361/2 = recos(y — 1)6:/2, (2)

where v = §3/6,. Eguation (2) determines the resonance
frequencies for arbitrary value of y. We consider the case
where y varies from 1 to 2. When y = 1, the rings are iden-
tical, and the resonance is split symmetrically about 6; =
2 mr according to

A5

8 = 2 cos™ (r) = £sin” (), (3)

which clearly shows that the stronger the coupling between
the rings the wider is the splitting. When y=2, Eq. (2) has
three solutions corresponding to three resonances. Two of
these arise from a symmetric splitting around 6; = 2mx
given by &; = =cos™[(1 + r)/2]. Note that this splitting is
smaller than that for y=1. The third resonance is narrower
and occurs whenever &/x is odd.

To excite these resonances the two rings are coupled to
a single bus waveguide (see Fig. 1(a)). The transmission is
expected to be similar to that of a single ring coupled o one
bus waveguide, but “loaded” with another ring (ring 2). The
through transmission is thus given by [9]

oy 12
? _ | 1 = a7y exp(=i6))
’1 = a1 71721 8Xp(—idy)
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where 7y is the coupling coefficient between ring [ and the
waveguide bus, a; = exp(~al;/2) is the round-trip am-
plitude which accounts for the loss in the jth ring, and
71 is the loading factor similar to Eq. (1) but in the pres-

T= 4)

ence of loss is given by 791 = %%% Writing
731 = [To1] eXp{—i8i0a), Bq. (4) can be recast as
u . - e 2
T = |(ry - & exp(-i6))/(1 - &y exp(-id))| )

where &; = ailryl and & = 87 — Sy 15 the modified round
trip phase:
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which ig the phase difference between the two optical path-
ways shown in Fig. 1(a).

The interference of the two pathways defermines the
features of the transmission spectra. The transmission is
minimurn when §=0 or even multiples of 7. Some examples
are shown in Fig. 2 for v values between 1 and 2, assuming
gy = 0,96, 1y = 0.8, and » = 0.92, These values dare chosen
to maich with the experimental data to be presented later.
When the rings are identical, the splitiing is symmetrical.
As v deviates from 1 the resonance is split asymmetrically
into a broad and s narrow resonance. The broad regonance
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Fig.2 The through transraission T for different values of y. The loss is
set 1o 0.96, the coupling coeflicients are r = 0.92 and ry = 0.8, These values
are chosen to match with the experimental data of Fig. 6,

is associated with ring 1 and the narrow resonance with ring
2. This is because ring 2 is isolated from the waveguide
bus, hence the light needs to resonate in ring 1 before exit-
ing the structure, and so the overall cavity lifetime is longer
corresponding to a narrower linewidth. For the same rea-
son, the transmission at the narrow resonance is inevitably
lower. For y = 1.5, there are two alternating patterns, one
consisting of two split resonances, and the other two nar-
row and one broad resonance. This occurs because of the
Vernier effect where, for y = 1.5, the resonances for both
rings coincide when §1/7 is even-valued,

In general, as v increases the separation between the
split resonances increases, and the linewith of the narrow
resonance decreases and become more symmetrical. When
y=2, there are three resonances. The broad resonance asso-
ciated with ring 1 is symmetrically split around 6; = 2
in a way similar to the case y=1, except that the field in-
tensity is distributed inversely proportional to the ring size.
The third, narrow resonance is located at an odd value of
di/r (and even. value of §y/m) and thus is centered exactly
between two adjacent broad resonances and the lineshape is
symmetrical, In this case, ring 1 is said to be “anti-resonant”
while ring 7 is resonant, hence light is trapped more strongly
in ring 2, piving rise to the narrowest linewidth, The fac-
tor by which the linewidth is reduced compared to that of
the single-ring configuration is proportional to the infensity
buildup factor in ring 7 relative o the intensity in ring I,
which is given by

By = (1 = (1 ~ ayr)? )

It can be shown that By, is the maximum slope of the phase
perturbation Jipeg = arg({7yy) given by Eq. (1). This finesse
enbancement factor can be quite large if ring 2 has very low
loss and low coupling coefficient (high r).

The analytical results have been verified by Finite Dif-
ference Time Domain (FOTD) simulations of the field dis-
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tribution. As shown in Fig. 3, in the case of ¥ = 1, the field
is equally confined in both rings, while for y = 2, the field
is approximately twice larger in ring 1 than in ring 2 for the
broad resonance, and is dominantly confined in ring 2 for
the NATow resonance.

Similar to the one-ring case, the critical coupling con-
dition is given by ry = &, and is a function of ry and r for a
given y and round-trip loss (@1). Figure 4 shows, for the case
y = 2, the transmission at the narrow resonance as a func-
tion of r, for various given values of r; and with the loss kept
constant (in this case, gy = 0.999). It can be seen that critical
coupling can be satisfied by various combinations of (ry, 7),
where r is higher if r; is lower, and vice versa. This means
that one can achieve critical coupling for any arbitrary cav-
ity loss by tuning r; and r, which gives the two-ring device
greater flexibility in achieving critical coupling than is pos-
sible with the one-ring geometry. For example, if ry < 4y,
then critical coupling is difficult for the one-ring device as it
is not easy to increase loss (reduce ay). On the other hand,
for the two-ring structure, ring 2 can be made with higher
finesse (higher ) to enhance the effective loss (G soas to
match r; and achieve critical coupling. Furthermore, we can
see that, although the transmission is quite sensitive to r, one
can still achieve a reasonably good extinction (say, —10dB)
over quite a broad range of r if the round-trip loss is very low

s a8 § A8 R

Fig.3 The field distibution fory =1 and ¥ = 2 as calculated using
RIYTD. Note that the two symmetric resonances lave a syrametric (S) and
an anti-symmetric (AS) transverse field profile at the coupling point. The
NR stands for near critical coupling comresponding to the narrow resonance
fory =2

THROUGH (T} in dB

6.95

0,98 0.6 0.84 8.82 0.8
coupling cosfiicient between the rings i}

Fig.4 The critical coupling condition for different values of ry as a func-
tion of the inter-ring coupling coefficient r. The inset shows the field dis-
tribution of the naryow resonance.
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(a; = 0.999). This cannot be obtained by one ring alone.
3. Experimental Result

The device is fabricated in IMEC under the SOI e-PIXnet
platform using CMOS deep-UV process (7], [8]. The SOI
consists of 220 nm Silicon on a 2 um oxide cladding layer.
The nominal waveguide width is 440nm and the nomi-
nal gap separation between the waveguide and the ring is
167 nm. However, in the DUV lithography process, the ex-
posure dose is incrementally stepped up from the left to the
right of the 8 wafer such that the gap width (waveguide
width) increases (decreases) from left to right of the wafer.
These variations imply that different devices on the wafer
will have different coupling coefficients, and hence one can
study the device behavior with various coupling coeflicients
of interest. Two devices with different values of 7y are shown
in Fig. 5, where the resonators have radii of R; and Ry and
are coupled with each other and with the bus via racetracks
of lengths Ly and L, which determine the coupling coeffi-
cients. These parameters are summarized in Table 1 for four
different y values.

Two sets of devices are tested in order to have a wider
range of values for the loss parameter a: Set A has an air
cladding on top while Set B has an oxide cladding deposited
on top by plasma-enhanced chemical vapor deposition. For
Set B we can expect a much lower sidewall scattering loss
as well as stronger coupling because of the smaller index
contrast.

For measurement a second-order grating is integrated
with the device to facilitate fiber coupling, in which the fiber
is butt-coupled to the grating at 10° off vertical. The cou-
pling efficiency has a Gaussian spectral dependence with
a bandwidth of about 30nm. The device is excited with a
broadband source with wavelength ranging from 1.41 um to
1,62 ym. The measured transmission is normalized by the
input spectrum and adjusted for the grating envelop and po-
larization dependence. The final spectra are shown in Figs. 6
and 7, respectively, for the two sets of devices. Note that

Fig.5 The fabricated mutually coupled rings.

Table | The elongation parsmeter for the last 3 devices isdy = L.

R Ry Ly Ly r

15 5.6 2.0 2.0 ~1.000
15 15.8 5.4 3.0 ~1.045
[ 23.8 5.4 3.0 ~1.497
i3 32.7 5.4 3.0 ~2.000
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Fig.6 The through spectra for the devices without upper oxide
cladding: for values of v in Table 1.

v =1.045

g | los
=
g
AL
-
’ ]
o 4 . : . .
1560 1565 1870 1576 1580

wavelsngth {nm)

Fig.7  The transmission spectra for devices with upper oxide cladding,
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Fig.9  Thedrop output of a single ring coupled with two bus waveguides
(see inset) (a) without and (b) with oxide upper cladding. The ring radius s
15 um and the race track length is 2 uzm. The solid lines are theoretical fits,

is the relatively high contrast consistently shown by the dif-
ferent devices in both Sets A and B that have widely vary-
ing coupling coefficient and loss. By contrast, the transmis-
sion spectra of the one-ring-one-bus (IR1B) devices with
varying radii and racetrack lengths that are fabricated on
the same wafer show relatively small contrast, as shown in
Fig. 8, which means that it is difficult for one-ring devices to
even just achieve near critical coupling.

Second, it can be seen that the spectra of Fig. 6 closely
resemble the simulated resulis shown in Fig.2. Good the-
oretical fit with Eq. (5) can be achieved by varying the pri-
mary parameters 7, ry and a;. The best-fit values are 1 ~ 0.8
and r ~ 092, and a; ~ 0.96 for set A, and r; = r ~ 0.8],
and a; ~ 0.993 for set B. The r; and r values are in agree-
ment with calculations based on the racetrack lengths given
in Table 1, and are smaller for set B as expected. Similarly,
ay is larger (i.e., loss is smaller) for set B due to the pres-
ence of the upper oxide cladding. Independent verification
of the loss parameters can be made by studying the spec-
tra of single~ring devices as well. Since the IR1B case has
poor contrast, we looked alternatively to the one-ring two-
bus (1R2B) devices which were also fabricated in the same
wafer. An example is shown in Fig. 9. The Drop spectra for
the 1R2B device can be curve-fitted with the analytical for-

mula D = 3;—%312":-%——— [91,110], yielding the valoes (8) a
= 0.95589 + 0.00023 with r = 0.9279 + 0.00047 for set A,
and (b) a= 0.99378 + 0.00026 and r= 0.79885 x 0.00034
for set B, which are quite close to the earlier values given
above.
The detailed fit between theory and experiment is
shown in Fig. 10 for the broad and narrow resonances of the
=2 devices. The curve fit is quite good for Set A. From
this data, we find that the finesse of the narrow resonance is
about 76. For the 1R1B case, since it is difficult to measure
the finesse, we simply calculate the finesse (F) under the
critical coupling condition using the fitting parameter, i.e.,
F = mrf(1 = ), where r = 0.8, which gives about 7. Al
ternatively, we may consider the 1R2B case, for which the
finesse is measured to be 6.4. The finesse enhancement is
thus about 10.8 over the 1R1B case, or 11.8 over the IR2
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Fig.10  The parameter exiracton for y = 2 devices (8) without and (b)
with top oxide cladding.

case, both in fairly good agreement with Eq. (7), which gives
a value of ~ 11.2 using the best fit values of ¢ and r given
above. Similarly, for set B the finesse of the narrow reso-
nance is ~58 and the finesse for the IR1B is ~7.4. Thus the
enhancement is about 7.8, again quite close to the theoreti-
cal value of 8.9 given by Eq. (7).

4. Conclusion

We have theoretically and experimentally demonstrated that
the two-ring system can exhibit interesting transmission
properties when their sizes are different. Theory predicts
and the experiment verifies that the transmission main-
tains relatively high contrast for devices with very different
round-trip loss and coupling coefficient, unlike the one-ring
one-bus case which has difficulty in showing critical cou-
pling. Experimentally, the results are in a good agreement
with theory for a range of y values. The case of y = 2, in
particular, produced a narrow resonance dip, with the finesse
enhancement proportional to the field enhancement factor in
the second ring in agreement with theory. The exiracted pa-
rameters are verified with independent curve-fitting of the
results for one-ring devices coupled to two bus waveguides.
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