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The influence of the number of coupling regions on the output of the

ding-shaped microring resonator

WU Rong, ZHANG Hao-chen’
(School of Electronic and Information Engineering, Lanzhou Jiaotong University, Lanzhou 730070, China)
* Corresponding author, E-mail: 2651809834@gqq.com

Abstract: In order to explore the influence of the number of coupling regions on the output of the ding-
shaped microring resonator, the physical model of the ding-shaped microring resonator is established and
studied by using the transfer matrix method. On this basis, the influence of the number of different coupling
regions on the output of the ding-shaped microring resonator is analyzed. The experimental results show that
with the increase of the number of coupling regions, the number of resonance peaks increases in the range of
1.54~1.56 pum working wavelength, the full width at half maximum (FWHM) decreases, the quality factor Q
increases, the energy storage performance of the device is better, and the filter function on a specific wa-
velength can be realized. It can be concluded that the number of coupling regions has a great influence on the
performance of the ding-shaped microring resonator. The number of coupling regions is selected according to

the actual needs in the design.
Key words: ding-shaped microring resonator; number of coupling regions; transfer matrix; high transmit-
tance
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1 Introduction

Since Marcatili A J™ proposed the concept of
microring resonator in 1969, the research on the
structure of microring resonator has been carried out
for many years*®.. The structure of the ding-shaped
microring resonator was first proposed by Canadian
scholar Sacher W D! et al. in 2014. Due to the large
number of coupling regions of the ding-shaped mi-
croring resonator, the transmission loss is large and
the increase in the number of coupling regions leads
to an increase in the volume of the ding-shaped mi-
croring resonator. There are relatively few applica-
tions and researches on the ding-shaped microring
resonator, mainly focusing on filtering and phase
shift.

2 Fundamental theory

The ding-shaped microring resonator is the de-
formation of the dual-channel microring resonator.
The difference is that the dual-channel microring
resonator has only two coupling regions, and the
standard ding-shaped microring resonator is based
on the dual-channel microring resonator. In order to
increase the number of coupling regions, the shape
of the straight waveguide and the ring waveguide is
adjusted, so that four coupling regions are formed,
which greatly improves the selectivity of the ding-
shaped microring resonator to specific wavelengths
of light. As shown in Fig.1, C|, C,, C; and C, rep-
resent four coupling regions respectively, and CW,
and CW, represent two curved waveguides.

In this paper, by adjusting the number of coup-
ling regions of the standard ding-shaped microring
resonator, the influence of the number of coupling
regions on the output spectrum is observed. The
physical model of the ding-shaped microring reson-
ator with different numbers of coupling regions is
analyzed. The output spectrum and field of the ding-

shaped microring resonator are analyzed.Since the

basic structure of the ding-shaped microring reson-
ator is a directional coupler, the ding-shaped micror-
ing resonator model is analyzed by using the trans-

8101 " and the influence of the number of

fer matrix!
coupling regions on the output of the ding-shaped
microring resonator is studied. The coupler struc-

ture is shown in Fig.2.
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Fig. 1 Physical model of standard ding-shaped microring

resonator

Fig. 2 The model of the coupler

By the transfer matrix method, the transfer
matrix relationship of the coupling region C, can be

expressed as :

E4 _ tl kl El
()= (2] - o

where E,, E, represent the complex amplitudes
generated when the output coupling region is Cj;
E,, E; represent the complex amplitudes generated
when the input coupling region is Cy; t;, ] are the
self-coupling coefficients of the coupling regions
Cy, and k,, kj are the cross-coupling coefficients of
the coupling region C,.

As for the uncoupled region C,, there are:
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Eszexp[—j(t,01+Atpl)]E1 . (2)

E;=exp[-j(p+Ap)]E, . 3

In the above formulas, E5 and E; are the com-
plex amplitudes generated when the input coupling
region is C,; ¢, ¢, are the phase changes in the
phase shifter and they meet ¢; + Ap; = —(¢2 + Apy).

Similarly, the transfer matrix relationship of

the coupling region C, can be expressed as :

Es\ ([ & k Es
(2)-(% 8Nz) . @

where Es and Eg are the complex amplitudes gener-
ated when the output coupling region is C; #, and £
are the self-coupling coefficients of the coupling re-
gions C,; k, and k are the cross-coupling coeffi-
cients of the coupling region C..

In the uncoupled region C;, the relationship

between Eq and Egcan be expressed as :

Eo = apexp(—jor) v -auexp(—jos) Es ., (5)
in the above formula, ¢;; and ¢;4 are the phase
changes on the ring waveguide L, and L, in Fig.1;
ay, and q;, are representing the transmission coeffi-
cients of the ring waveguide L, and L,; Ey denotes
the complex amplitude when entering the coupling
region Cs; y = agexp(jf/2), where ay is the trans-
mission loss in the semi-ring waveguide; 6 is the
phase change in a semi-circular waveguide.

Similarly, the transfer matrix relationship of

the coupling region C; can be expressed as :

Ep, | _ I3 ks Ey
(z)-(& 2 )(&) @

where Ejo and Ej, are representing the complex
amplitudes generated when the output coupling re-
gion is C;; Ej; isrepresenting the complex amp-
litude generated when the input coupling region is
C;; t; and 3 are the self-coupling coefficients of
the coupling regions Cs; k3 and k3" are the cross-
coupling coefficients of the coupling region C;.

As for the uncoupled region C,, there are:

Eis=exp[—jlgs +Ap3)|Eln (D

ElSZCXp[—j((,D4+A(,D4)]E10 N (8)

in the above formulas, E;; and Es are representing
the complex amplitudes generated when the intput
coupling regionis C,; ¢; and ¢, are the phase
changes in the phase shifter and ¢;+Ap; =
— (s +Agy).

Similarly, the transfer matrix relationship of

the coupling region C, can be expressed as :

Ei6 ty ks E;
= , 9
)= % 5 )05 )

and there is E3 = apiexp(er) -y @uexp(jgu) Es.
In the above formulas, E|; and E|s are representing
the complex amplitudes generated when the output
coupling region is Cy; #4 and #; are the self-coupling
coefficients of the coupling region Cy; k4, k; are the
cross-coupling coefficients of the coupling region Cj.

After the coupling occurs in the coupling re-
gion, the optical signal coupled into the ring wave-
guide interferes with the optical signal of the ring
waveguide. If the two optical signals are in the same
direction, they are superimposed during transmis-
sion, and the intensity of the optical signal is en-
hanced when transmitting in the ring waveguide. On
the contrary, if the direction of the two optical sig-
nals is inconsistent, the two optical signals are can-
celed during transmission, and the intensity of the
optical signal is weakened when transmitting in the
ring waveguide.

The Full Width at Half Maximum (FWHM)
and quality factor Q are important indicators to
measure the performance of microring resonators.
The FWHM represents the peak width when the
peak height of the output spectral line is half. The
smaller the FWHM, the denser the resonance peak
at the working wavelength. Since the FWHM is in-
versely proportional to the quality factor Q, the
smaller the FWHM, the larger the quality factor Q,
and the stronger the energy storage performance of-
the microring resonator.

From the perspective of energy transfer!'!), the
optical signal enters the ding-shaped microring res-

onator from the Input port, and the energy is trans-
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mitted along the curved waveguide CW,. After en-
tering the coupling region C), the energy is split. A
part of the energy is coupled into the ring wave-
guide and transmitted. The remaining energy will
continue to be transmitted along the curved wave-
guide CW, to the coupling region C,, and the en-
ergy is split again in the coupling region C,. Most of
the energy is coupled into the ring waveguide and
transmitted, and the remaining small part of the en-
ergy is output from the Through port. When the en-
ergy is transmitted to the coupling region C;, the
shunt occurs again. Part of the energy is coupled
from the ring waveguide to the curved waveguide
CW, and transmitted, and the remaining energy con-
tinues to transmit along the ring waveguide. When
the energy is transmitted to the coupling region C,,
the shunt occurs again, and most of the energy is
coupled to the curved waveguide CW, and output
from the Drop port. The coupling region makes the
optical signal undergo multiple energy shunts dur-
ing transmission. The optical signal that does not
satisfy the resonance condition will be directly out-
put, and the optical signal that satisfies the reson-
ance condition will continue to be transmitted in the
ring waveguide, which increases the selectivity of

the microring to the optical signal.

3 The influence of the number of co-
upling regions on the output spectr-
al lines

When L; =10 um, L, =2 um, Ly = 15 um, L, =
5 pm, the coupling distance of the coupling region
gap is 0.1 pm, x_span=5 pm, y span=5 pm, the
coupling coefficient is 0.289 6, waveguide thickness
h=0.22, and the working wavelength is 1.54~
1.56 um, the electric field distribution and transmis-

sion spectrum!?

of the standard ding-shaped micror-
ing resonator are shown in Fig. 3(color online).
When the optical signal is input from the Input port
and passes through the coupling region Cj, the elec-

tric field satisfying the resonant condition is coupled

into the ring and transmitted along the ring wave-
guide!*'9, At this time, the Through port has not
passed the electric field. According to this mechan-
ism, optical devices with switching function are de-
signed. The remaining electric field continues to
transmit along the curved waveguide CW;.When the
optical signal is transmitted to the coupling region
C,, the electric field satisfying the resonance condi-
tion is coupled into the ring waveguide and trans-
mitted along the ring waveguide, and the remaining
electric field is output through the Through port.
When the electric field in the ring is transmitted to
the coupling region Cj, the electric field satisfying
the resonance condition is coupled out of the ring
waveguide and transmitted along the curved wave-
guide CW,, while the remaining electric field con-
tinues to transmit along the ring waveguide into the
coupling region C,, and the electric field satisfying
the resonance condition continues to transmit along
the ring waveguide, while the remaining electric
field is coupled to the curved waveguide CW, and
output from the Drop port. The resonance condition

can be expressed as :

m-dg=L-ng , (10
Where m is the resonant series of the microring res-
onator, Ay is the wavelength transmitted in vacuum,
L is the circumference of the ring waveguide, and
neg 1s the effective refractive index. In Fig.3, we can
see that after the electric field of the input optical
signal passes through the coupling region C;, most
of the electric field is coupled into the ring wave-
guide and transmitted along the ring waveguide.
When passing through the coupling region C, and
C;, part of the electric field is transmitted along the
ring waveguide, and the other part of the electric
field is transmitted to the curved waveguide
CW,.When passing through the coupling region C,,
the electric field in the ring waveguide is partially
coupled to the curved waveguide CW, and output
from the Drop port. The remaining part of the elec-
tric field continues to transmit in the ring wave-

guide until the energy in the ring waveguide tends to
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be stable, which is consistent with the mechanism of
electric field transmission in the micro-ring resonat-
or. From the transmission spectrum of the standard
microring resonator, the transmittance of the Thr-
ough port can reach about 75 %, indicating that the
electric field on the curved waveguide CW, can be
mostly coupled into the ring waveguide in the coup-

ling region C,. The transmittance of the Drop port
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0.004 03

0.002 69
IO‘OOI 34

1.73x107°
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can reach 35 %, indicating that part of the electric
field continues to resonate in the ring waveguide,
and part of the electric field does not satisfy the res-
onant condition to couple out of the ring waveguide
from the Drop port output. From the overall trans-
mission spectrum, the spectral line is relatively
stable and smooth, and has good filtering perform-

ance.
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Fig. 3 Electric field distribution and transmission spectrum of standard ding-shaped microring resonator

Fig.4 (color online) shows the electric field dis-
tribution of the microring resonator with different
numbers of coupling regions. From Fig.4(a), it can
be seen that when the ding-shaped micro-ring reson-
ator has only a pair of coupling zones, the electric
field is input from the Input port, most of the elec-
tric field is coupled into the ring waveguide, and
resonance occurs along the ring waveguide. Only
part of the unqualified electric field is output from
the Drop port. In Fig.4(b), there are two pairs of
coupling zones in the ding-shaped microring reson-
ator. The strength of the electric field entering from
the Input port decreases. When the coupling occurs
in the four coupling zones, most of the electric field
can be continuously coupled in the ring waveguide.
Only a small part of the electric field does not meet
the coupling condition and is output from the Drop
port. In Fig.4(c), there are three pairs of coupling
zones in the ding-shaped microring resonator. It can
be seen from the diagram that when the electric field
enters from the Input port, part of the electric field
can be coupled into the ring waveguide and reson-
ate all the time, and a small part of the electric field
not meeting the resonance condition output from the

Drop port.

Fig.5 (color online) shows the output spectra
when the wavelength range of the input optical sig-
nal is 1.54~1.56 um, and other parameters are un-
changed. When the number of coupling regions is
one, two and three pairs respectively, the influence
of the number of coupling regions on the output
spectral line of the ding-shaped microring resonator
is simulated. Fig.5(a) shows that when the ding-
shaped microring resonator has only a pair of coup-
ling regions, four resonance peaks are generated in
the working band. The transmittance of the Drop
port reaches about 40 %, and the transmittance of
the Through port reaches about 85 %. The output
spectrum lines of the Drop port and Through port
are smooth, and the light waves with the wave-
length of 1.5428, 1.5445, 1.5532 and 1.5585 pm
can be well filtered. It can be seen from Fig.5(b) that
when the ding-shaped microring resonator has two
pairs of coupling regions, six resonance peaks are
generated in the working band. The transmittance of
the Drop port reaches about 35 %, and the transmit-
tance of the Through port reaches about 75 %. And
the output spectral lines of the Drop port and the
Through port are also relatively smooth, which can

well filter the light waves with wavelengths of



1498 HhEYEE (R0 16 %

1.34 1.58
1.12 1.32
0.893 1.06
0.67 0.793
0.448 0.529
0.225 0.265
20 10 0 10 20 30 g -00218 ~10 0 10 20 30 40 50 60 ™ 0.000973
x/m x/m 107
(a) A pair of coupling regions (b) Two pairs of coupling regions

1.16

0.963

0.771

0.578

0.386

0.194

0 20 40 60 80 . 0.001 38
x/m *10
(c) Three pairs of coupling regions

Fig. 4 Electric field distributions under different coupling regions

1.5402, 1.5445, 1.5478, 1.5514, 1.5550, and erated in the working band. The transmittance of the
1.5587 pm. It can be seen from Fig.5(c) that when Drop port reaches about 38 %, and the transmit-

the ding-shaped microring resonator has three pairs tance of the Through port reaches about 70 %. And
of coupling regions, seven resonance peaks are gen- the output spectral lines of the Drop port and the
(a) 1.0 (b)
0.9+ ~Throngh ~ brop
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Fig. 5 Output spectra under different numbers of coupling regions. (a) A pair of coupling regions; (b) two pairs of coupling

region; (c) three pairs of coupling region
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Through port are also relatively smooth, which can
well filter the light waves with wavelengths of
1.5415, 1.5445, 1.5472, 1.5498, 1.5526, 1.5558,
1.5580 um. As shown in Fig.5, due to the fluctu-
ation of the light wave during transmission, the re-
fractive index of the material in the light wave of
different wavelengths is also different, and the in-
crease of the coupling region affects the occurrence
of two adjacent resonances, so the transmittance of
the Drop port and the Through port fluctuates with-

in a certain range.

4 Conclusion

In summary, this paper mainly analyzes the
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