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Physical model, time-domain model, transmission spectra and energy transfer diagram of silicon-based micro-ring
resonators based on the parallel waveguide structure are analyzed in this paper, in which transmission spectrum is ob-
tained by Matlab, and the energy transfer process is analyzed by Rsoft. According to the analyses of the models and
results, the energy transfer process in this type of resonator is clear to a great extent. The experimental results show
that when the input signal is stable, the energy of the micro-ring resonator and the drop port tends to be steady after the
input optical signal is coupled in the coupling region, which proves that the silicon-based micro-ring resonators can
select specific optical signal if the input optical signal satisfies the resonance condition. However, if the resonance
condition is not met, filtering function, optical switch function and signal selection function can be realized. Therefore,
the analysis and simulation of energy transfer in silicon-based micro-ring resonators can not only enrich the silicon
micro-ring resonator theory, but also provide new theoretical basis and method for the design and optimization of ex-

isting optoelectronic devices.
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Silicon-based photonics is an important direction in the
development of optoelectronic devices!'”. After Marca-
tili®! proposed the concept and structure of micro-ring
resonator, a lot of researches!® about micro-ring have
been made by many institutes and research centers. Nu-
merous achievements of the researches are presented in
terms of optical switches, optical encoders and optical
routersl’ "%, The internal energy transmission characteris-
tics of silicon-based micro-ring resonator are often ren-
dered by Matlab, which cannot characterize the process
distinctly.

In this paper, the process of energy transmission in
silicon-based micro-ring resonator based on the parallel
waveguide structure is studied by analyzing the physical
model, the time-domain model, transmission spectra and
energy transfer diagram. According to the internal energy
transfer process of the devices performed by Rsoft, the
internal mechanism can be grasped. At the same time, the
new theory and method can be provided for the design of
new optoelectronic devices and the performance optimi-
zation of photoelectronic devices in the future.

The directional coupler and the transmission line are
two basic elements of the silicon-based micro-ring reso-
nator'”®!] and the physical models of these two devices
are shown in Fig. 11",
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Fig.1 Physical models of (a) directional coupler and (b)
transmission line

According to Fig.1(a), the transmission in the direc-
tional coupler can be expressed as
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By derivation, the transfer matrix of directional coupler
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According to Fig.1(b), the transmission in the transmis-
sion line is

b [ exp(6/2) 0 A
al 0 aexp(-j0/2) | a|’

where a and b are the input amplitudes, ¢ and b are the
output amplitudes, « is the single-pass amplitude of trans-
mission factors, and @ is the single-pass phase shift. The
transfer matrix of the transmission line is

12 j6/2 0
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The physical model of the silicon-based micro-ring
resonator based on the parallel waveguide structure is
shown in Fig.2!"¥, which has four ports of input port,
through port, add port and drop port.

Fig.2 Physical model of the silicon-based micro-ring
resonator

The transfer functions of the physical model derived
from Eqgs.(1)—(4) are
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where ki1, k|, ki and k;, are the cross-coupling coef-
ficients, #;;, f,,, fj and ¢, are the self-coupling coeffi-
cients, and a; is the single-pass amplitude transmission
factor. In other words, the amplitudes of a, and b, can be
expressed as

by=A-a,+D-b,, 9)
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a,=B-b,+C-a,. (10)

The transfer matrix of micro-ring resonator can be ex-
pressed as
{1/1) - A/D }

(an
B/D (CD-AB)/D

The time-domain model of silicon-based micro-ring
resonator is shown in Fig.3. In this model, the electrical
fields are time-related functions, and the energy ex-
change procedure of coupling region can be described by
the scattering matrix. Assuming that micro-ring resonator
is in a stable state when <0, the amplitudes of £,(0) and
E¢(0) in the two resonant regions with E;(0)=1 can be
expressed as

t,—o-t,-exp(j-6)
l-—a-t -t,-exp(j-0)°

E,(0)= (12)
—k, -k, a?-t, exp(j-0/2)

E (0)=
«©) l—a-t -, exp(j-6)

(13)

The cross-coupling and the self-coupling coefficients of
the field amplitude in the waveguides BW; and BW, are
assumed to be identical and represented by ki, k> and £,
t,, respectively.

Fig.3 Time-domain model of the silicon-based micro-ring
resonator

Schematic diagrams of energy transfer in the sili-
con-based micro-ring resonator based on the parallel
waveguide structure are shown in Fig.4. When the opti-
cal signal transfers from the input port to the coupling
region C,, the energy which meets resonance condition is
coupled into the micro-ring M, and the remaining energy
is spread to the through port along the waveguide BW;.
The resonance condition of the device can be expressed as

m-A, =ng,-2n-R, (14)

where m represents the series of resonances, Ag is the
wavelength in vacuum, n.gis the effective refractive in-
dex, and R is the radius of the ring waveguide. A filtering
device can be designed based on this energy transfer
mechanism. The energy transfer process of the device is
shown in Fig.4(a) and (b). When the input signal which
satisfies the resonance condition reaches the coupling
region C,, all energy will be coupled into the micro-ring
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M. Depending on the scattering matrix theory and
time-domain model, the amplitude of E, can be ex-
pressed as

E,=—t 2" (15)

At the same time, there is no signal at the through port.
Based on this mechanism, the optical device with
switching function can be designed. When the signals
reach the coupling region C,, the optical signals which
meet the corresponding resonance condition will be cou-
pled from the ring waveguide M to the straight
waveguide BW,, and then will be output at the drop port.
This energy transfer process is shown in Fig.4(c) and
(d). Assuming that the optical signals are completely
coupled into the straight waveguide BW,, the amplitude
of E can be expressed as

— _kl* -k, a”

E - (16)
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Assuming that the micro-ring resonator is symmetri-
cally coupled (k=k, and #,=t,) and there is no loss (a=1),
all input optical signals are coupled into the micro-ring
M. Then the signals can be coupled into the straight
waveguide BW, and output at the drop port. The trans-
mission spectra of the device at through port and drop
port are shown in Fig.5. Signals obtained from the drop
port are the ones that satisfy the resonance condition.
Based on this mechanism, the optical device with sig-
nal-selection function can be designed.
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Fig.4 Schematic diagrams of energy transfer in sili-
con-based micro-ring resonator based on the parallel
waveguide structure
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Fig.5 Transmission spectra of the micro-ring resonator
based on parallel waveguide structure at through port
and drop port

In the case of loss, the output energy at the drop port
can be expressed as

. 2
R K (a7)

-t e

Assuming P,=0, the critical coupling condition of optical
signal in the waveguide can be expressed as

Z‘1

t

o=

(18)
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Fig.6 shows the energy transfer diagrams correspond-
ing to Fig.4. In Fig.6(a), because the input optical signals
have not entered the coupling region C; yet, the output
energy of drop port is 0, and there is no energy in mi-
cro-ring. In Fig.6(b), optical signals are coupled into the
coupling region C; but not transferred to the micro-ring
coupling region C,, so there is energy in micro-ring but
no energy at drop port. In Fig.6(c), the energy coupled
into the micro-ring M reaches the maximum. With the
optical signals traveling to the coupling region C,, the
optical signals which meet the resonance condition are
coupled into the straight waveguide BW,, and the output
energy at the drop port increases. In Fig.6(d), the energy
in the ring waveguide achieves balance with the process
of coupling-in and coupling-out, and the energy drops
gradually and tends to be steady in the process.
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Fig.6 Transmission spectra corresponding to Fig.4

In summary, we analyze the model of silicon-based
micro-ring resonator based on the parallel waveguide
structure and its energy transfer. Through these analyses,
we get more intuitive transmission lines and energy
transfer diagrams. If the input optical signals all satisfy
the corresponding resonance condition, there is no output
energy at the through port. On the contrary, it can be de-
tected at the through port. Such a circuit can be used as
filter, optical switch and light path selector. In addition, it
is indicated that optical devices with more functions,
higher levels of integration and more flexible structure
will be available in the future.
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