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Abstract Microring resonator optical buffer is attractive
in high-speed optical network system, but ordinary
microring resonator use strip waveguide as its basic light
guide medium, which cannot provide small footprint, low
dispersion and high delay-bandwidth product (DBP)
simultaneously. Double-slot waveguide structure was first
proposed to construct racetrack-microring resonators. It
was found that cascading multiple microrings can increase
the delay-bandwidth and lower the dispersion of the
resonators by optimizing the structure parameters. Optical
buffer cascaded by 8 microrings with flat bandwidth of 20
GHz provided the delay of 150 ps and the dispersion of
~10"7 ps/nm over 1530—1630 nm, and the footprint of
each microring was about 51um?. This study can provide
design methods and theoretical basis support for practical
application.

Keywords optical buffer, microring, resonator, delay,
slot, waveguide, dispersion

1 Introduction

As a key part of all optical communication, all optical
switch has become a hot topic with the development of all
optical communication over the years. All optical buffer is
one of the core components of all optical switch network
which solves the problem of competition of burst
communications, a common occurrence in high speed
optical network. At present, the most studied types of all
optical buffer can be classified into electromagnetically
induced transparency (EIT) based slow light effect, fiber
delay line structure, photonic crystal structure and optics
microring resonator structure [1-4]. The EIT slow light
buffer has high costs and complicated system structure and

Received November 27, 2014; accepted March 16, 2016

E-mail: liuxy@mail.hust.edu.cn

manufacturing process, therefore it is hard to apply. Optical
buffer made of fiber delay lines has large size, and it cannot
be easily integrated into microsystems. The optical
microring resonators are small-size and high integrated
optical device, optical buffers with photonic crystal
structure have comparable characteristics but they have
demonstrated to have inferior optical performance, tun-
ability, flexibility and reproducibility. Besides optical
buffers, the microring resonator structure can be used to
construct filters, wavelength transformers, modulators,
optical transmitters, and optical switches [5]. They can
be built on-chip and have the best tunability and flexibility
[6,7]. The main challenges in recent researches on optical
microring resonator buffers, are the limited delay-band-
width of single-ring resonator optical buffers and the
impossibility of decreasing the size and dispersion of
multi-ring resonator optical buffers simultaneously [6].
Our aim in this study is to design a kind of all optical buffer
which has the properties of small size, big delay and low
dispersion.

Slot waveguide is a new kind of waveguide structure, in
the middle of which there are one or more slots made from
low index materials [8]. The slot waveguides have
increased waveguide confinement of light and dispersion
sensitivity to the structure [9-11], and show the properties
of tailorable broadband and low dispersion [12-15].
Among various slot waveguide structures, the double-slot
waveguide reaches the best compromise between the
performance and manufacturing feasibility of these
structures [16,17]. The reason we choose the waveguide
with two slots as the basic structure is that more slots
means too complicated structures to design and manufac-
ture, while double-slot is enough to provide light
confinement, flexibility and tailorability of optical proper-
ties (for example, dispersion).

In fabrication, the size of microring has been reduced
gradually, radius as low as 1 pm while the insertion loss is
1 dB [18]. Microring can be fabricated using an electron-
beam-lithography (EBL)-based fabrication process or fully
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complementary metal oxide semiconductor (CMOS)
compatible processes, such as deep ultraviolet lithography.
The non-uniformity in the fabrication process of the device
will result in some unwanted performance, such as the
variations of the coupling coefficient and the resonance
wavelength of single ring, and the problem of mismatch
between multiple rings [7]. To solve these problems,
researchers made use of advanced patterning and process
design, such as the CMOS pilot line at IMEC (Leuven,
Belgium), the 193 nm optical lithography (ASML/1100)
and dry etching [19], the device uniformity less than 1%
with low loss was achievable [20-23]. Accurate post-
fabrication trimming (PFT) technology could be used to
stabilize the device performance [24].

In this paper, we use dispersion optimized slot
waveguides to construct the microring resonators, basing
on the Vernier effect [25], and then optimize the device
parameters to realize an optical buffer with low-dispersion,
broadband and flat-high-delay.

2 Theoretical methods

2.1 Structure of double slot microring resonator optical
buffer

Racetrack microring resonators, shown in Figs. 1(a) and
1(b), were made of double-slot waveguide (see Fig. 1(c)).
We used silicon with high index as waveguide material,
and silica with low index was adopted as slot and substrate
material (the thickness of substrate is 2 um). These
resonators composed of one racetrack microring wave-
guide and one straight waveguide. Both waveguides had

double-slot structure. The length of the straight part in the
racetrack microring is /[, while the radius of the
semicircular part is R (Fig. 1(a)). The coupling area
between two straight waveguides is shown in the dashed
box in Fig. 1(a). The coupling gap g is defined as the gap
between two straight waveguides and the coupling length
equals the length of straight part, /..

The loss of the microring in Fig. 1(a) consists of three
parts: the loss of the straight part Lgyen, the loss of the
semicircular track part Lgying, and the mismatch loss
caused by mode coupling between two waveguides
Linismatch-

The structure of multi-ring resonator optical buffer is
shown in Fig. 2. Cascading multi-ring will increase the
total delay [25,26], and the total spectrum equals the sum
of those single-ring delay spectrums [27]. When each ring
in the multi-ring resonator optical buffer has different
parameters, they will have different resonance wave-
lengths, and the total delay spectrum bandwidth will
increase, according to the Vernier effect. Using appropriate
parameters can make the total bandwidth increase with the
number of rings.

2.2 Dispersion tailorability of the double-slot waveguide

The main guided mode in double-slot waveguide changes
with transmission wavelength. As the wavelength becomes
longer, a quasi-strip mode in the middle-layer silicon at
short wavelength will transfer into a quasi-slot mode in the
slot [12,28,29]. The dispersion characteristic varies
dramatically with the wavelength. As the guided mode
depends largely on the waveguide structure, we can do fine
adjustment on the total dispersion by adjusting the
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Fig. 1 (a) Basic structure and (b) perspective view of racetrack microring resonator; (c) structure of double-slot waveguide made of

racetrack microring resonator
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Fig. 2 Structure of multiple microrings optical buffer
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structural parameters accurately [28,30-32].

The optimum dispersion characteristic of one straight
waveguide structure can be obtained through structural
optimization. While when the waveguide turns into
bending state, there will be degradation, since the
dispersion is effected by the shape of the waveguide
[13], and the more it bends the more the dispersion
characteristic degrades. We figured out two possible
solutions to get desired dispersion characteristic. The first
solution is to deploy bigger radius of the semicircular
waveguide and avoid obvious dispersion deterioration.
The other solution is to use different waveguide structure
in the straight and the semicircular part, and optimize them
respectively and try to make the total dispersion as low as
possible. To reduce the device size to the greatest extent,
the second solution is chosen. When we use different
waveguide structure for straight and bend waveguides,
another matter needs to be considered is that the guided
mode distributions are different in different waveguides, so
there will be mismatch loss at the junctions. Smaller
mismatch losses are expected.

Through simulation, the dispersion characteristic of
straight double-slot waveguide with w = 600 nm, Ay, =
100 nm, Ay, = 384 nm, hyeq= 112 nm, hge, = 42 nm,
hgor.a = 72 nm are obtained, as given by the solid line in
Fig. 3, and it shows flatness in communication wave-
lengths (1.53 —1.63 um). The dispersion value is —14—0.5
ps/(nm-km) and the flatness (ratio of dispersion range and
bandwidth) is 0.135 ps/(nm?-km). After switching to the
3 um radius bending state, the optimized waveguide
structural parameters are changed to /g = 82 nm, Ao, =
60 nm, /g ,.q = 102 nm (other parameters are unchanged).
The dispersion value is —14—2.9 ps/(nm-km) and the
flatness is 0.169 ps/(nm?-km), as shown by the dash line in
Fig. 3.

structure 1, straight waveguide
— — — structure 2, bend waveguide
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Fig. 3 Dispersion spectrum of optimized straight and bent
double-slot waveguide
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2.3 Transmission performance of microring resonators
optical buffer

We analyzed the microring according to the optical
waveguide coupled-mode theory and the transfer matrix
method. The normalization delay of a microring is [33,34]:

otcosep — at®
1 —2atcosp + a*t*’

tacosp—1*
a® + 12 —2atcosp

T delay — 1

where ¢ is the self-coupling coefficient, representing the
couple efficient between the microring waveguide and the
straight waveguide. o is the round-trip propagation loss,
representing the loss of the microring waveguide. ¢ = fl is
the effective phase shift, where / is the microring perimeter.
B = 2mngg /A, where ny is the effective refractive index of
the microring waveguide.

The microring delay performance is related to the
microring perimeter, the self-coupling coefficient and the
round-trip propagation loss factor. The microring perimeter
affects the resonance wavelength and the maximum delay
time. The self-coupling coefficient and the round-trip
propagation loss affect the O-factor and the fineness of the
delay [33]. In conclusion, to flatten the top of delay
spectrum, we need to adjust the dimension of the coupling
area of the microring resonator, so the coupling efficient
can be tailored.

2.4 Structure design

The structural design contains three parts. First is to
analyze the loss factor of the racetrack microring
waveguide and deduce a formula to calculate the round-
trip propagation loss according to structural parameters.
The second part is about the coupling coefficient in the
coupling area, between the racetrack microring waveguide
and the straight waveguide. We need a relation of the self-
coupling coefficient and structural parameters. After the
first two parts, we will have two formulas, representing the
relation of loss factor and the coupling coeffcient to the
device structure parameters. The last part is to import the
formulas into a MATLAB program and calculate the multi-
ring resonator’s total delay spectrum, and then adjust the
input parameters to get an optimum flattened delay
performance.

3 Simulation results

3.1 Loss simulation of racetrack microring waveguide

All simulations were based on finite different time domain
(FDTD) method. When the double-slot waveguide is
unbend, the loss per unit length is ¢ = 30.7 dB/cm at
wavelength 1.55 pum. /; is the length of the straight part in
the microring waveguide which consists a upper one and a
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lower one, so the straight waveguide 10ss Lgygign 18
proportional to [, (where the length unit of [, is
micrometer).

Lstraight = 2lca = 0006llc

Similarly, the loss per unit length of bend double-slot
waveguide of radius R is ap.,q. A racetrack microring
contains left and right semicircular track, so the bend
waveguide 1088 Liyjj.ring 1S

qull—ring = 2nRabend .

We simulated the changing curve of ayenq and Leyising
with R from 1.5 to 11 um, as shown in Fig. 4. Its fitting
formula is shown by the dotted line in Fig. 4, the unit of R
is micrometer:

qull-ring == 00197R + 00016
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Fig. 4 Bend loss of microring with various ring radiuses

In one microring, there are 4 joint of straight and
semicircular waveguides, and therewith 4 mode mismatch-
ing. The overlap ratio p of modes in straight track and
semicircular track was simulated. The mode mismatch loss
Loismatch Calculates as

Lmismatch = 4( - 1010gp)

The simulation result of the relation between L ismatch
and R are shown in Fig. 5. The fitting formula is shown by
the dotted line in Fig. 5, the unit of R is micrometer:

Linismatch = 0.6466R 1795

To sum up the above, the total loss L can be represented
as

L= Lstraight + qull-ring + Lmismatch
= 0.0061/, + 0.0197R + 0.0016 + 0.6466R '7*.

So the round-trip propagation loss a is
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Fig. 5 Mismatch loss with various ring radiuses

o 10*1L_0 — 10~ [(0:00611,+0.0197R+0.0016-+0.6466R ' 7*%)/10]

3.2 Simulation results of the coupling area in microrings

As shown in Fig. 1, in the coupling area, two straight
waveguides have a gap of g. The gap determines the
difficulty of mode coupling. When the waveguide structure
is fixed, the length and width of the resonator coupling area
decide together the value of the self-coupling coefficient.
Using FDTD method, we can get the mode effective
refractive index difference An of light transmitting in the
coupling area, and then calculate the relation of the
coupling coefficient of microring resonant and the
coupling area length.

Assume that the initial power in waveguide 1 is P,. After
transmitting for a distance /;, the power in waveguide 2 is

LA
PZ(lt) = P()Sinz (%) .

The power coupling coefficient can be defined as the
ratio of power coupled from waveguide 1 to waveguide 2
and it has a relation with /:

Py (L) _ i <nltAn>
— )

Py

We simulated waveguides with coupling gap 10-110 nm
and calculated the corresponding full-coupling length (the
transmission length it needs for light to couple from one
waveguide to the other waveguide) and effective refractive
index difference, as depicted in Fig. 6. When the gap
becomes larger, it is more difficult for light to couple, so
the full-coupling length will increase correspondingly.

When design the microring resonators, we need to
choose an appropriate coupling gap. If it is too wide, the
coupling length will increase and make the device large.
When the gap is too narrow, it is hard to realize in



Chuan WANG et al. Low dispersion broadband integrated double-slot microring resonators optical buffer

0.4 20
—#— effective index difference
---#--- full-coupling length

L
T
1
¥l

&

full-coupling length/um

effective index difference
to

U L Il 1 1 L 1 1 1 L “
10 20 30 40 50 60 70 80 90 100 110
coupling gap/nm

Fig. 6 Full-coupling length and index difference with various
coupling gap

engineering. When taking the coupling gap as 10 nm, the
corresponding effective refractive index difference An is
0.2653 and the full-coupling length is 2.921 pum.

3.3 Structure design and optimization of multi-ring optical
buffer

We constructed an optical buffer of bandwidth 20 GHz
with 8 microrings, the central wavelength is 1.55 pm.
Basing on MATLAB program and the fitting formula of the
round-trip propagation loss factor a and the coupling
coefficient of microrings, we adjusted the structural
parameters of 8 microring resonators, and calculated the
total delay spectrum. Finally, we got the optimum
parameters which make the spectrum top-flattened.
Figure 7 is the total delay spectrum of 3 different
optimization results, the result 1 has the least optimization
degree and result 3 has the most optimization degree. With
greater optimization degree, the total delay spectrum has

200 - —-—--result |
———result 2

result 3

B e L W

A s B

R e P )

160 1'};7-'—'3,?.
!

140 ‘ 1

100

180

delav/ps

T
==

80 il t
Il’ .|l
60 ! :'I;r A\

40 ¥ i T\

20 P

0.2 0.1 0 0.1 0.2 0.3
wavelength/mm

Fig. 7 Optimization results of total delay spectrum
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flatter top and higher average delay. The average delay for
results 1-3 are 170, 160 and 150 ps.

The result 3 in Fig. 7 is the final result. The
corresponding structural parameters are shown in
Table 1. The single-ring loss L is 0.164—0.189 dB, the
round-trip propagation loss factor a is 0.957—0.963, the
footprint is about 41— 61 pm?* .

Table 1 Structure parameters, loss and dispersion for 8 microrings

ring index t l./um R/pm L/dB a D/(ps-nm 1)
1 0.9547 2360 2.673 0.189 0.957 -1.56x10°
2 0.9538 2354 2773 0.184 0.958 -1.08x10°
3 0.9531 2350 2.872 0.179 0.959 —6.13x107
4 0.9528 2.348 2970 0.175 0.960 -1.47x107
5 0.9527 2347 3.069 0.172 0.961 3.11x1077
6 0.9529 2348 3.166 0.169 0.962 7.56x1077
7 0.9533 2.351 3263 0.166 0.962 1.19x10°°
8 0.9543 2356 3359 0.164 0.963 1.60x10°°

4 Discussion

According to the waveguide dispersion simulation results
and the structural parameters of 8 microrings in Table 1,
the dispersion of the microring resonator optical buffer can
be calculated: at wavelength 1.55pm, the straight wave-
guide dispersion is —2 x 10~ % ps/nm, the bend waveguide
dispersion range is —1.5 x 10 °~1.6 x 10" ® ps/nm. So
the straight dispersion can be ignored and the dispersion of
microring resonator mainly comes from the bend part.
Table 1 also shows the dispersions of 8 rings. The
dispersions increase from negative to positive, therefore
they can be partly compensated by each other. The total
dispersion is 4.48 x 107 ps/nm.

5 Conclusions

The simulation results in this paper showed that the optical
buffer has small size, low dispersion and flat and high
delay in broadband wavelength. We constructed the optical
buffer of 1.55 pm central wavelength, 150 ps delay in 20
GHz bandwidth with 8 microrings, and the total dispersion
is ~10~7 ps/nm. The average device size is only 51 um?,
which offers the advantage for integration. By adding more
microrings, optical buffer with higher delay and broader
bandwidth can be easily realized, which can be used in
high speed optical communication system.
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