Pramana – J. Phys. (2019) 92:37
https://doi.org/10.1007/s12043-018-1692-0

© Indian Academy of Sciences

The FDTD simulation of microring feedback bend-based coupling
resonator system for electromagnetically-induced
transparency-like effect
C Y ZHAO1,2,∗ , L ZHANG1 and C M ZHANG3
1 College

of Science, Hangzhou Dianzi University, Zhejiang 310018, China
Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of Opto-Electronics,
Shanxi University, Taiyuan 030006, China
3 Nokia Solutions and Networks, Hangzhou 310053, China
∗ Corresponding author. E-mail: zchy49@hdu.edu.cn
2 State

MS received 15 January 2018; revised 27 July 2018; accepted 1 August 2018; published online 1 February 2019
Abstract. A microring feedback bend-based coupling resonant system is proposed and is finite difference time
domain (FDTD)-simulated to generate electromagnetically-induced transparency (EIT)-like transmission and mode
distribution. The coupling between the cross-section of the waveguides gives rise to EIT-like spectrum. Most of the
mode field energy is concentrated in the coupling region of the feedback bend. The full-width at half-maximum
(FWHM) can be tuned by controlling the gap parameter between two feedback bends. The device enables integration
with some photonic devices on a chip and shows great promise in applications such as fast–slow light and optical
filters.
Keywords. Integrated optics; microring resonators; electromagnetically-induced transparency-like effect; finite
difference time domain.
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1. Introduction
With the development of silicon photonic devices, the
microring resonators are very essential components in
high-speed optical communication systems, integrated
photonic circuits, optical signal processing and optical
sensing. The microring resonant cavities are superior to
other conventional devices due to a wide range of wavelength selectivity, higher extinction ratio and wide free
spectral range [1]. In addition, the fabrication process
of microring resonator based on a silicon-on-insulator
(SOI) platform is relatively mature and has excellent
optics properties, which is being investigated for many
interesting applications. Difficulty in the integration of
the Fabry–Perot cavity and low sensitivity have severely
limited its application. The Fabry–Perot cavity has been
substituted with the whispering gallery mode (WGM)
microring resonator [2]. The ring resonant cavity based
on insulator wafers can be compatible with complementary metal oxide–semiconductor processes, and it has
become an important base element in silicon-based photonic devices. Different optimising structures have been

proposed and demonstrated to increase the sensitivity,
ranging from microring [3], microsphere [4] to microtoroid [5]. Furthermore, the single-mode fibre coupled
to an optical resonator was demonstrated experimentally
[6].
As we know, the optical waveguide theory can solve
coupled-mode equations of a single microring resonator
[7]. In 2006, Xu et al first observed experimentally
that the apparent splitting occurs in the absorption
spectrum of integrated dual-microring resonators [8].
The concept of electromagnetic induction transparency
(EIT) was first proposed by Harris et al [9] in the
three-level atomic system, which possesses a narrow
optical transparency peak residing in a broader absorption valley [10]. Similar to the quantum interference
in a multilevel atomic system, the EIT originates from
the coupling between two resonators. Many atomic
coherent effects also can be realised through all-optical
method. The EIT-like phenomena based on WGMs have
been reported in controlled coupled micro-toroid cavities [11], direct-coupled microspheres [12], direct- [13],
indirect- [14] and parallel- [15] coupled microrings,
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Figure 1. (a) Schematic diagram of a dual-ring structure with feedback bend and (b) the simulation model in FDTD solution
window.

graphene-assisted silicon microring resonators [16]
etc.
In the past decades, a growing number of interesting designs based on magnetic interaction are proposed and investigated to generate an optical magnetic response by using plasmonic metamaterials [17].
Wu et al [18] first reported and fabricated threedimensional photonic metamaterial to design an array
of erect U-shaped plasmonic metamolecules, which
exhibit plasmon-induced transparency phenomenon.
Subsequently, they experimentally demonstrated vertical split-ring resonators (VSRRs). Compared with
planar coupled split-ring resonators (SSRs), VSRRs
couple directly with both the electric and magnetic
components of the normal incident wave, resulting in
a stronger magnetic response, while SSRs only interact with the electric field [19]. Recently, ultracompact
plasmonic microring resonators [20] and plasmonic
microring-on-disks electro-optical modulators [21] also
have been reported.
The EIT-like phenomenon based on WGMs has
attracted considerable research interest because of its
wide applications in slow and fast light, modulation,
optical signal processing and sensing. In 1966, Yee
[22] designed the numerical calculation of electromagnetic fields by the finite-difference time-domain (FDTD)
method. It is convenient to give out the electromagnetic
field distribution of the optical microcavity. Based on
this, the EIT-like phenomena have numerical simulations in serially coupled dual-ring resonators [1] and
microring Bragg grating-based coupling resonant system [23] by the finite element method (FEM) numerical
simulation.
In this paper, a novel design for a tunable compact
dual-microring resonate system with feedback bend on
an SOI substrate is proposed in §2. The FDTD simulated to generate EIT-like transmission and the mode

distribution are given in §3 and the results obtained by
controlling the EIT-like spectrum by changing the gap
between feedback bends are summarised in §4.

2. Theoretical model
Figure 1a depicts the schematic structure of the
dual-coupled microring resonator, which consists of
straight waveguide, rings r1 , r2 and r3 . The rings r1
and r2 can be considered as the first rings, the dashed
line in rings r1 and r2 represents the feedback bend.
The optical field from an excitation waveguide passing
through the evanescent tail couples into rings r1 and r2 .
After propagating a round trip, the wave couples back to
the excitation waveguide and interferes with transmitted
light. At resonance, the wave appears to have destructive
interference. The propagation path of light presents the
line shape ‘8’ in rings r1 and r2 . The ring r3 is the second
ring. The light travels in clockwise direction in rings r1
and r3 , while the light travels in counterclockwise direction in ring r2 . The three coupling regions are denoted
as I, II and III, as shown in figure 1a. They have the gap
and transmission coefficients of gi and τi , respectively.
By controlling the feedback bend by changing the value
of gap g2 of region II, we can analyse the gap parameter
that has an influence on the EIT-like spectrum. For the
gap parameter g2 = 0, our system is equivalent to the
dual-ring resonant system in [24].
Both Fano resonance and EIT-like effect originate
from the coupling between two resonators, which is
similar to the quantum interference phenomena in a
multilevel atomic system, but with a subtle difference
between them. The constructive interference of the coupled system at resonance gives rise to the EIT-like
phenomenon. The destructive interference of different
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Figure 2. The normalised transmission spectrum of the dual microrings with g2 = 0 (the blue line) and g2 = 0.05 μm (the
green line).

kinds of coupled systems, including all-pass microring Bragg grating-based coupling resonator systems
[25] and plasmonic systems [26], results in Fano resonance. In order to show that the transparency is indeed
due to a coherent cancellation, this can be shown as
absorption instead of transparency by shutting off one
of the rings (i.e. g2 = 0 [24]), and then making it
non-zero and showing an increase in transmission (see
figure 2). The EIT-like effect in multiple coupled microring resonant systems is due to photonic coherence and
mode splitting. The coupling parameter t1 in region I
is responsible for mode splitting, which is a crucial
phenomenon occurring in coupled resonant structure
[27,28].
Obviously, there are three coupling regions in the
structure, and the transfer function of the first ring
τ1 (φ1 )), the second ring (τ2 (φ2 )), the whole system
(τ3 (φ3 )) and the effective phase shift ( = arg[τ3 ])
can be written as follows:
t1 − a1 ejϕ1
t2 − τ1 a2 ejϕ2
,
τ
(ϕ
,
ϕ
)
=
,
2 1 2
1 − t1 a1 ejϕ1
1 − t2 τ1 a2 ejϕ2
t3 − τ2 a3 ejϕ3
τ3 (ϕ1 , ϕ2 , ϕ2 ) =
,
(1)
1 − t3 τ2 a3 ejϕ3

τ1 (ϕ1 ) =

where ϕi = 2π n eff L i /λ denotes the phase shift of the
light in the ring, n eff is the effective refractive index,
ai = e−αi L i /2 and L i = 2πri are the transmission factors of the round trip propagation and the circumference
of microrings, respectively, αi are the loss coefficients
and ri are the radii of the resonators and ti represent the
transmission coefficients of different coupling regions.
The couplings between the bus waveguide/ring and ring
are assumed to be lossless so that the self- and crosscoupling coefficients ki and ti satisfy ki2 + ti2 = 1
(i = 1, 2, 3).

3. FDTD analysis
Numerical simulations of a full microring structure were
conducted using the FDTD method implemented with
the FDTD solution module of Lumerical software as
shown in figure 1b. The model is based on the SOI structure of the system; the bottom is the single-crystal silicon
(n Si = 3.475) as the substrate, the middle buried layer
is silicon dioxide (n SiO2 = 1.445), and the top is the
straight waveguide and the combination of the ring are
the system structure. Different from the traditional dual
microring resonator, our system has an adjustable gap
between the feedback bends. Thus, we can observe that
the EIT-like spectrum experiences overcoupling, critical
coupling and undercoupling situation in turn.
The cross-section of the feedback bends and main
influencing parameters are shown in figure 3a. The covering layer is air (n 0 = 1). We assumed the microring
radii (ri ) to be r1 = 4.5 μm and r2 = r3 = 4 μm. In the
FDTD simulation, we only change the gap parameter g2
between the two feedback bends. The ratio between the
radius of the ring is r1 : r2 : r3 = 9 : 8 : 8. The ratio
between three coupling gaps is g1 : g2 : g3 = 3 : 1 : 3,
and the height of the waveguide is 0.22 μm, the width
of microring waveguide is 0.5 μm and the width of the
bus waveguide is 0.5 μm. The distribution of n eff is as
shown in figure 3b. The colour bar shows the change of
the refractive index of the system and the number represents the magnitude of the refractive index. It can be
seen that n eff of the ring is larger than that of the straight
waveguide. The n eff changes in the coupling region are
more significant. Furthermore, comparing with coupling
regions I and III, the n eff changes in the coupling region
II (the feedback bend region) are more remarkable. The
n eff profile has an influence on the EIT-like spectrum
and optical field distribution.
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Figure 3. (a) Schematic diagram of the cross-section of the feedback bend and (b) the distribution of the effective refractive
index.

Figure 4. Power profile maps of the dual-microring resonator at resonant wavelengths: (a) λ1 = 1581.54 nm and (b)
λ2 = 1582.14 nm.

Based on the FDTD simulation of the power profiles
of the dual-microring resonator, a single-mode optical
fibre is used with wavelength 1.55 μm. The colour bar
shows that the intensity of power field has a gradually
declining tendency from the red to blue region. For critical coupling, the gap between the two feedback bends
is g2 = 0.05 μm. Most of the optical power distribution
is concentrated in the first ring at λ1 = 1581.54 nm,
as shown in figure 4a. More optical power distribution
is localised in the second ring at λ2 = 1582.14 nm, as
shown in figure 4b.
The profile of the fundamental mode is calculated
by mode analysis using MODE solutions. Different
mode field distributions under various coupling gaps
g2 at the cross-section are displayed in figure 5. At
g2 = 0.02 μm, the whole optical field is confined in
g2 , which corresponds to the overcoupling situation (see
figure 5b). By increasing g2 to g2 = 0.05 μm, most of
the mode field energy is concentrated in g2 , and very less
power is distributed in the feedback bend, which corresponds to the critical coupling situation (see figure 5b).
If g2 is increased further to g2 = 0.08 μm, the power is

distributed mainly in g2 as well as the power profiles partially located in the feedback bend, which corresponds
to the undercoupling situation (see figure 5c). With the
increase in g2 , more and more energy is expanding into
the environment and the substrate, which results in a
larger transmission loss of the system.
A small FWHM corresponds to sharp EIT line shape
as shown in figure 6. The gap parameter g2 between
two feedback bends is a very important parameter controlling the width and the depth of EIT line shape. The
transmittance spectrum is asymmetric at g2 = 0.08 μm
(the green line), the left dip has the maximum depth, and
the right dip has a depth that is different from the left
dip. On decreasing g2 , the resonance spectrum becomes
asymmetric at g2 = 0.05 μm (the blue line), the left dip
has almost the same depth as the right dip, the EIT-like
spectrum narrows. It can be seen that g2 becomes significantly asymmetric when strong EIT-like spectrum
takes place. If g2 continues to decrease, the spectrum is
asymmetric again at g2 = 0.02 μm (the red line), the
left two symmetries dip rapidly and the right symmetry
dip has minimum depth, the EIT-like spectrum is further
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Figure 5. Mode profiles (TE mode) of the feedback bend with a different gap g2 : (a) g2 = 0.02 μm, (b) g2 = 0.05 μm and
(c) g2 = 0.08 μm.

Figure 6. The normalised EIT-like transmission spectrum with a different gap g2 = 0.02 μm (the red line), g2 = 0.05 μm
(the blue line) and g2 = 0.08 μm (the green line), respectively.

narrowed. At the same time, the FWHM is improved
but the transmission is reduced. The decrease in the gap
separation induces stronger interaction at the feedback
waveguide, which will change the EIT-like spectrum.
We observe that the EIT-like spectrum becomes increasingly asymmetric and resonance peak is red-shifted with
the increase of the coupling gap g2 . The shift of the
resonance wavelength results from the increase in the
coupling strength, which modifies the resonance condition. Near the resonance point, there are two dips
associated with the transmission spectrum. According
to the simulation results above, it is revealed that the
energy distribution of feedback bend (see figure 5) corresponds to the symmetry form of the EIT-like spectrum
(see figure 6). According to the simulation results, it can
be observed that the dual-coupled microring resonator
provides a sharp resonant peak within the transmission
spectrum. The sharp peak indicates a high-quality factor,
which is a significant requirement in various applications. Comparing our work with the Fano resonance
work, we find that our structure does not appear to be
due to the Fano effect.

4. Conclusions
This paper proposes the tunable EIT-like spectrum based
on a compact dual-ring resonant system with feedback
bend on the SOI substrate. We simulate a condition
of dual-ring resonators, coupled to each other, using
the standard FDTD calculations. The coupled microring resonator has the advantage of a compact footprint
consisting of an excitation waveguide, two coupled
microrings and a feedback waveguide either through
direct evanescent wave coupling. The EIT-like spectrum
can be well tuned by changing the gap parameter g2
between two feedback bends. In the FDTD simulation,
with increasing gap parameter g2 , the evolution of mode
field distribution at the cross-section is shown in figure 5.
With decreasing gap parameter g2 , the EIT line shape
varies between the asymmetry and symmetry as shown
in figure 6. Comparing figure 6 with figure 5, the energy
distribution of the feedback bend has the same trend
with the EIT line shape. Our system has many potential
applications in the field of optical switching and highsensitivity sensing. By conducting a simulation of the
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optical transmittance, we found that the EIT-like
phenomenon is due to classical destructive interference
in the proposed system. Without the feedback bend, our
system is equivalent to the conventional dual-ring resonant system.
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