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Abstract In the optical packet switching network,
optical buffer is an important device. Microring resonator
optical buffers provide good delay performance and
flexibility in design. By cascading multiple microring
resonators, higher delay-bandwidth product is obtained,
but the requirements of high integration and low dispersion
are hard to satisfy simultaneously. Double-slot waveguide
was proposed to construct highly integrated racetrack
microring resonators in this study. Based on dispersion
analysis of the thickness of each layer of a waveguide, the
structure of waveguide was optimized to reach flat and low
dispersion. Average dispersions of straight and 3 pm bend
waveguides were 5.1 ps/(nm-km) and 4.4 ps/(nm-km),
respectively. Besides, the additional loss from coupling
was greatly reduced when applying proper relative
displacement between straight and bend waveguides.
Theoretical and design basis provided in this paper will
help to develop multi-microring optical buffers in the
future.
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1 Introduction

Modern optical communication networks are developing
fast toward high-speed, high-capacity and high integration.
The requirements proposed for optoelectronic devices are
buffering and routing of optical signals on-chip. Optical
buffer is a key component in switching node of all-optical
communication, which needs to meet the demands of both
input signal for bandwidth and optical network for delay.
Optical microring has become a research hotspot as it is
used to construct lasers, filters, modulators, switches and
buffers, which is conducive to on-chip system integration
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[1-6]. Optical buffers based on microring resonators slow
down the speed of light through making light transport
back and forth in special resonator structure with good
flexibility and tenability [7—10].

The main design goals of microring resonator optical
buffers are large delay, large bandwidth, low dispersion,
low loss and high integration. In single-ring optical buffer,
the product of delay and the delay-bandwidth have an
inherent theoretical upper limit [11]. To increase the delay-
bandwidth, multi rings are cascaded according to the
Vernier effect [2,10,12], while the device footprint would
be too large as the number of rings increases. In 2006,
Poon et al. made a 12-ring buffer with 110-140 ps delay
and 60 um ring radius [13]. Cooper et al. integrated 235
rings on silicon on insulator (SOI) in 2010, each ring has
an average radius of 90 um [14]. The dispersion character-
istics will be deteriorated significantly if smaller radius is
implemented on microring with ordinary strip waveguide
structure. On the other hand, the mode distribution will be
extended outwards and cause energy leak and big
transmission loss when the waveguide is at highly bend
state.

In 2004, Almeida et al. first proposed the concept of slot
waveguide [15]. Between two high-index waveguide
layers, there is a waveguide slot of tens of nanometers
with material of low index of refraction. This kind of
waveguide structure can provide strong optical field
concentration with high optical confinement and power
density in small volume [16,17]. Then, there are many
research reports showed that the slot waveguide has
excellent controllable dispersion and nonlinearity char-
acteristics. By properly modifying structural parameters,
the waveguide device’s dispersion and nonlinearity
characteristics were optimized to achieve a high degree
of freedom in design [18-22]. And in the bend waveguide
case, appropriate structural parameters of multi-slot
waveguide enable lower transmission loss [23].

In this paper, we simulated and analyzed the double-slot
microring resonator’s dispersion characteristics under
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different structural parameters to minimize the dispersion
and the transmission loss over communication bandwidth,
and provide theoretical basis for designing multi-microring
optical buffer with excellent performance.

2 Structure of optical buffer

Figure 1(a) shows the structure of racetrack microring
resonator and the basic component of optical buffer, in
which there are two straight tracks of length /., and two
semicircular tracks of radius R. The coupling area (as
shown in the dashed box section) between the lower
straight track in the microring and the adjacent straight
waveguide is formed, the coupling gap is g.

We used double-slot waveguide, as shown in Figs. 1(b)
and 1(c), for both straight and curved waveguides in
racetrack microring. The double-slot waveguide is formed
by adding two horizontal slot layers of low index in high
index waveguide. The waveguide’s material is silicon and
the slot’s material is silica. The 2 pm waveguide substrate
is silica, and the cladding is air. The waveguide’s structural
parameter was simulated using finite difference time
domain (FDTD) method to compute dispersion, and
Sellmeier equations were used in different materials.
There are 6 structural parameters in a double-slot
waveguide: the width w, thicknesses of top, middle and
bottom silicon waveguide layers hygy, hyg.e and hygq,
thicknesses of upper and lower slot waveguide layers /.,
and hslot—d'

3 Principle of dispersion tailoring in
double-slot waveguide

3.1 Waveguide layers thicknesses influence on dispersion

In slot waveguide, the thickness of each layer will affect
the effective index of the waveguide and the waveguide

coupling area

\-—4

dispersion. As reference parameters, we chose the
waveguide width of w = 600 nm, three layers of silicon
thickness /4., = 100 nm, A, = 384 nm and A, 4 = 112
nm, two layers of slot thickness /., =42 nm and Aq.q =
72nm. To analyze the impact of the thickness of
waveguide layers, each simulation group changed one
parameter of five from top to bottom layer. The dispersion
results are shown in Figs. 2—6.

As can be seen from the simulation results, the
dispersion decreases when top or bottom silicon layer
thickness increases. The dispersion at wavelength 1.55 pm
will decrease from 200 to —200ps/(nm-km) as the
thickness of top silicon layer increased by 40 nm, and it
will also drop from 100 to —100 ps/(nm-km) in the
simulation case of bottom silicon layer. The influence rates
are 10 and 5 ps/(nm?-km), respectively. The top silicon
layer has small influence on the flatness, as the commu-
nication band lies in the flat part of the dispersion curve,
while when the bottom silicon layer gets thicker, the
flatness of communication band is much worse and the
dispersion slope will decrease.

The middle silicon waveguide and the lower slot have
similar influences on dispersion. When the thickness
increased by 45nm, the dispersion at wavelength
1.55 pm will increase from 50 to 150 ps/(nm-km) in the
simulation case of middle silicon waveguide, and from 0 to
300 ps/(nm-km) in the simulation case of lower slot. The
influence rates are 4.4 and 6.7 ps/(nm?-km), respectively,
the lower slot has an bigger effect on dispersion. These two
parameters have so little influence on the dispersion slope
in communication band that we can ignore them in the
process of the structural optimization in order to simplify.

Upper slot has a complex influence. As the thickness
increased from 20 to 70 nm, the zero-dispersion-slope-
wavelength got smaller, zero-dispersion-wavelength
(ZDW) first increased and then decreased. The reason is
that the mode distribution of the waveguide is close to this
slot. This structural parameter can be used to fix the
dispersion slope during the optimization process.
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Fig. 1 (a) Structure and (b) space diagram of microring resonator; (c) structure of double-slot waveguide
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Fig. 2 Dispersion tailored by thickness (nm) of upper waveguide
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Fig. 3 Dispersion tailored by thickness (nm) of upper slot
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Fig. 4 Dispersion tailored by thickness (nm) of middle wave-
guide

3.2 Waveguide radius’ influence on dispersion

To analyze the dispersion of the semicircular waveguide of
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Fig. 5 Dispersion tailored by thickness (nm) of lower slot
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Fig. 6 Dispersion tailored by thickness (nm) of lower waveguide

the microring resonator, we examined the impact of the
bending radius on the dispersion in this section. The
waveguide remains in the reference parameters structure,
and the waveguide’s bending radius was changed from no
bend to 10, 7.5, 5, 3 and 2 um, making the waveguide
bending more. The simulation results are shown in Fig. 7.
When the bending radius was larger than 5 pm, the
dispersion profile was close to the profile of straight
waveguide. The dispersion profile was decreased signifi-
cantly as the bending radius got smaller and the dispersion
profile was no longer horizontal. In the case of 3 um, the
dispersion at wavelength 1.55 pm was —400 ps/(nm - km).

4 Structure optimization of double-slot
waveguide

4.1 Straight waveguide structure optimization

To realize zero dispersion on broadband, we optimized the
waveguide structure and got a set of optimal structure
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Fig. 7 Dispersion tailored by radius (um) of bend waveguide

parameters: hyo,, = 100nm, Ay, = 384nm, hy.q =
112 nm, Ay, =42 nm and Agy.q = 72 nm. The dispersion
of this structure is shown in Fig. 8. As shown, the
dispersion at wavelength 1.53—1.63 ymis —14 — —0.5 ps/
(nm-km), the average was —5.1 ps/(nm-km), which was
very close to zero and the dispersion flatness (dispersion
range divided by bandwidth) was 0.135 ps/(nm*-km).

4.2 Bend waveguide structure optimization

According to the analysis of the impact of each structural
parameter on the dispersion, and the simulation results of
bend waveguide, we need to re-simulate the bend
waveguide structure to make its dispersion small and get
close to zero in communication band. But when the
waveguide structures of straight waveguide and bend
waveguide are different, the waveguide modes will be
different which will cause additional loss in mode
coupling. To reduce this loss, during the optimization
process, the overlap ratio between these two modes should
be as high as possible. The previous simulation results
showed that increasing the thickness of lower slot or
decreasing the thickness of bottom silicon can lift the
dispersion profile and compensate the profile’s sinking
caused by bending. In addition, if we adjust the thicknesses
of these two layers at the same time and equate the
adjustment amounts, then we can keep the position of
middle silicon layer unchanged, which will improve the
overlap ratio of modes.

As an example, we chose the bending waveguide radius
of 3 pm to make a structural optimization. The optimiza-
tion results were: hyg, = 100 nm, Ay = 384 nm, hyeq =
82 nm, Ay, = 60nm and hgy,.q = 102 nm. Optimized
structures of straight waveguide and bend waveguide are
shown in Fig. 9, and the middle layer silicon’s position was
unchanged.

The dispersions of bend waveguide before and after
optimization are shown in Fig. 10. We can see that the
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Fig. 8 Dispersion of straight double-slot waveguide
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Fig. 9 Keep the middle layer unchanged of (a) straight and (b)
bend waveguide structure
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Fig. 10 Dispersion of bend waveguide before and after optimi-
zation

dispersion after optimization was much more close to zero,
which was —14—2.9 ps/(nm-km) at 1.53 —1.63 pm wave-
length. The average of dispersion was —4.4 ps/(nm-km),
and the dispersion flatness was 0.169 ps/(nm?-km).
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4.3 Modes mismatch

Mode distributions of straight and 3 um bend waveguide
are shown in Fig. 11, the transmission wavelength was
1.55 pm. Compared to straight waveguide, the mode of
bend waveguide had a certain offset, the value of offset is s,
and the offset orientation is outward of bending. The
overlap ratio can be simulated and the additional loss was
calculated as 0.199 dB. To reduce the additional loss, we
moved the straight track in the microring outwards a
distance of s, as shown in Fig. 12, and made two modes
align at center, which will improve the overlap ratio and
the coupling efficiency. Simulation results demonstrated
that when the move distance, s is 54 nm, the overlap ratio
reach the maximum and the additional loss is 0.0224 dB,
lowered by 89% than before moving.

(a) (b)

Fig. 11 Mode distributions at 1.55 pm of (a) straight and
(b) bend waveguide

Fig. 12 Schematic of waveguide offset

5 Conclusions

In this paper, we simulated and analyzed the double-slot
silicon waveguide using FDTD method. Considering the
common C and L communication bands, the dispersion of
straight waveguide after structural optimization was
—5.1 ps/(nm-km) and the flatness of dispersion was
0.135 ps/(nm?-km); the dispersion of 3 um bend wave-
guide after structural optimization was —4.4 ps/(nm-km)
and the flatness was 0.169 ps/(nm?-km), both meet the
requirements of low and flat dispersion. As for other
bending radius of waveguide, similar optimization can be

done. Simulation results showed that fixing the mode
distribution offset of bend waveguide can greatly reduce
the additional loss of mode coupling. When moving
straight waveguide outwards 54 nm, the additional loss
reduced from 0.199 dB to 0.0224 dB, lowered by 89%. We
have shown that in microring resonators with small
semicircular radius and small footprint, structural optimi-
zation can flatten and lower the dispersion in communica-
tion and relatively low additional loss. Such capability of
tailoring waveguide properties could provide important
basis in multi-ring resonators optical buffer.
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