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Electromagnetically Induced Transparency
in a Silicon Self-Coupled Optical Waveguide

Hongxi Tang , Linjie Zhou , Jingya Xie, Liangjun Lu, and Jianping Chen

Abstract—We investigate the resonance property of a self-
coupled optical waveguide (SCOW) with four coupling points. Un-
der a special condition that the two outer couplers are in weak
coupling and the two inner couplers are in strong coupling, an im-
plicit standing-wave resonance mode is formed inside the SCOW
structure. As the resonance is feedback coupled via an S-shape bus
waveguide, electromagnetically induced transparency (EIT)-like
resonance features are observed in the output transmission spec-
trum. The SCOW resonator is analyzed using the coupled mode
theory and finite-difference time-domain simulation. The device is
experimentally demonstrated on the silicon-on-insulator platform.
The measurement results overall agree well with the theoretical
calculation. The EIT-like peak can be tuned by a thermo-optic
phase shifter made of a NIN-type silicon resistor integrated in the
feedback waveguide. The results point to new ways of creating on-
chip optical analog of the EIT phenomenon that can be utilized for
various optical signal processing applications.

Index Terms—Coupled mode analysis, coupled resonators,
integrated optical devices, optical resonators, optical waveguides.

I. INTRODUCTION

S ILICON micro-resonators, as promising building blocks
for large-scale integrated photonic circuits (PICs), have at-

tracted increasing research interest in the past few years. Micro-
resonators can take multiple geometric forms such as micro-ring
[1], micro-disk [2], photonic crystal [3] etc. They have wide
applications in optical switching, buffering, filtering, sensing,
and quantum signal processing [4]. In particular, the electro-
magnetically induced transparency (EIT)-like phenomenon has
been observed in cascaded micro-ring resonators [5]–[7], em-
bedded micro-ring resonators [8], ring-bus-ring Mach-Zehnder
interferometers [9], [10], micro-disk resonators [11], [12], sili-
con photonic crystal cavities [13] and graphene-ring resonator
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systems [14]. Since it has been first discovered in integrated pho-
tonic devices, the EIT-like effect has shown great potential in
various applications, including quantum information processing
[15], slow light control [16], and sensing [17]. Usually travelling
wave is excited in a regular micro-ring or a micro-disk resonator
where light travels in a single circular direction. However, the
presence of imperfection in the waveguide (defects or sidewall
roughness) may cause back reflection, and as a result, both of the
clockwise (CW) and counter-clockwise (CCW) modes can be
excited, leading to standing-wave resonances. This can gener-
ate a split-resonance spectrum analogous to the Autler-Townes
splitting, which is similar to EIT phenomenon in their spectral
profiles [18]. Other than the relatively uncontrolled resonance
splitting, the co-excitation of CW and CCW modes can also be
enabled by carefully designed structures [19], where the mutual
coupling strength can be well controlled and the transparent
peak can be conveniently tuned, more adaptable to various ap-
plication requirements.

In our previous work, we have investigated a novel self-
coupled optical waveguide (SCOW) resonator [20], in which
the CW and CCW modes are excited simultaneously, resulting
in distinct resonance features from the conventional micro-ring
resonators. The SCOW structure that we investigated previously
is essentially made up of a meandering waveguide with two
coupling points [21]. It has been shown that two-stage SCOW
resonators can generate an EIT-like spectrum and the transpar-
ent peak in an opaque valley can be tuned by the phase between
the SCOW resonators [22].

In this paper, we investigate a more complicated SCOW struc-
ture consisting of a meandering waveguide with four coupling
points. EIT-like resonances are generated by designing appropri-
ate coupling coefficient for each coupler. The paper is organized
as follows. Firstly, we adopt the coupled mode theory to ana-
lyze the SCOW structure. The interaction of the CW and CCW
modes with the access waveguide is investigated. Then, we em-
ploy the finite-difference time-domain (FDTD) simulation to
verify our theoretical model and illustrate the resonant field dis-
tribution. Next, we present the proof-of-concept device design
and measurements. The experimental results are well fitted us-
ing our theoretical model. Finally, we discuss the advantages
of our SCOW structure in generation of EIT-like resonances as
compared to other coupled-resonators systems.

II. DEVICE STRUCTURE AND MODELING

Fig. 1 shows the schematic structure of the SCOW res-
onator, composed a meandering waveguide with four distributed
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Fig. 1. Schematic structure of the SCOW resonator. The red and blue arrows
represent the CW and CCW resonant modes, respectively. The yellow arrow in-
dicates the S-shape bus waveguide, which is feedback-coupled with the implicit
ring resonator. The fields before and after all four couplers are labeled on the
graph.

feedback coupling points. Such a structure is cataloged as an an-
tisymmetric meandering distributed feedback structure in [21].
We assume that the two couplers close to the input and output
ends have an equal weak coupling coefficient, while the inner
two couplers have an equal large coupling coefficient. Under
this assumption, the SCOW can be regarded as an implicit ring
resonator (IRR) coupled with an S-shape bus waveguide. The
CW and CCW circulating modes, denoted by the red and blue
arrows in Fig. 1, are both excited due to the feedback coupling.
Light can be transmitted either to the through port or reflected
back to the input port.

A. Theoretical Modeling

Although the SCOW resonator is relatively simple in struc-
ture, it is nontrivial to analyze such a resonant device. In our
previous work [20], we proposed and analyzed a simplified
SCOW structure, in which there are only two coupling points.
We used the transfer matrix method (TMM) to model the reso-
nance behavior. In the paper by C. B. Dağ et al. [21], they also
used TMM to analyze the meandering waveguide. Although the
TMM is straight forward in analyzing light propagation in the
coupled waveguide, it is not clear how the CW and CCW res-
onance modes interact with the input and output waveguides.
The SCOW structure that we explored in this work is more
complicated than the previous one, as there are four coupling
points along the meandering waveguide. The additional cou-
pling makes the analysis of the device difficult and cumber-
some using the TMM. Instead, we resort to the time-domain
coupled mode theory (CMT) to analyze the complex SCOW
structure under a special coupling condition. Compared to the
TMM, the CMT presents the temporal dynamics of the counter-
propagating resonance modes [23], [24]. It should be noted that
the modeling process can also be applied to other generalized
meandering waveguide distributed feedback structures.

The complex amplitudes of the incoming (outgoing) waves
in the couplers are denoted by Si+(Si−) (i = 1 ∼ 8). The
round-trip length of the IRR is Lres1 = 2(Lr + Ls), and the
length of the S-shape bus waveguide (counted from the input
coupler to the output coupler) is Lbus = L1 + L2 + L3 . Due to

the symmetry of structure, we have L1 = L3 = L2 + Lr . As a
result of feedback coupling, another closed loop is also formed
and we define Lres2 ≡ L1 + L2 + Lr = L3 + L2 + Lr =
2(L2 + Lr ). In our design, we put a thermo-optic (TO) phase
shifter to the first section of the S-shape waveguide to introduce
phase change Δθ. We assume light is only launched from the
left port (S1+ = 1, S8+ = 0). Three incoming waves S1+ ,
S4+ and S5+ contribute to the CW mode. The intracavity
CW optical field Ar at the reference point (just after the
first coupler) contributed by the incoming wave S1+ can be
calculated by summation of coupled fields circulating for an
infinite number of round-trips as [25]

Ar1+ = jκ1S1+ + jκ1S1+(−κ2
2t1

2ejβ̃L r e s 1 )

+ jκ1S1+(−κ2
2t1

2ejβ̃L r e s 1 )2 + · · ·

=
jκ1

1 + κ2
2t12ejβ̃L r e s 1

S1+ (1)

where ti and κi (i = 1, 2) are the transmission and coupling
coefficients of the couplers, β̃ = β(ω) + jα0/2 is the com-
plex propagation constant. With lossless coupling, we have
t2i + κ2

i = 1. Similarly, the contributions from the incoming
waves S4+ and S5+ are

Ar4+ =
jκ2t1

2t2e
jβ̃ (2Lr +Ls )

1 + κ2
2t12ejβ̃L r e s 1

S4+ (2)

Ar5+ =
t1t2e

jβ̃Lr

1 + κ2
2t12ejβ̃L r e s 1

S5+ (3)

The total optical field Ar is thus the summation of the three
contributions as

Ar = Ar1+ + Ar4+ + Ar5+

=
jκ1

1 + κ2
2t12ejβ̃L r e s 1

S1+ +
jκ2t1

2t2e
jβ̃ (2Lr +Ls )

1 + κ2
2t12ejβ̃L r e s 1

S4+

+
t1t2e

jβ̃Lr

1 + κ2
2t12ejβ̃L r e s 1

S5+ (4)

The optical power of the CW optical wave is |Ar |2 .
The resonance occurs when the round-trip phase φ of the IRR

satisfies

φ = β (ω0) Lres1 + π = 2mπ (5)

where m is an integer standing for the resonance mode number.
Note that a π/2 phase shift for each of the inner two couplers is
taken into consideration.

As mentioned above, we consider a special case when
the input and output couplers are under weak coupling
(κ1� 1, t1∼ 1), while the inner couplers are under strong cou-
pling (κ2 ∼ 1, t2 �1). The real part of the propagation constant
β(ω) can be Tayler-expanded to the first order around the reso-
nance frequency ω0 as

β (ω) = β (ωo) + (ω − ωo) /vg (6)

where νg is the light group velocity in the waveguide. The total
energy stored in the CW mode of the IRR is |Ar |2(Lres1/vg ). We
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define the CW mode energy amplitude as ar ≡ √
Lres1/vgAr .

Therefore, substituting (5) and (6) into (4), we get

ar ≈ j
√

re1

−jΔω + r
S1+ +

j
√

re2e
jβ (2Lr +Ls )

−jΔω + r
S4+

+
√

re2e
jβLr

−jΔω + r
S5+ (7)

where Δω = ω − ω0 is the frequency detuning from the res-
onance frequency, r = re1 + re2 + r0/2 is total energy decay
rate with re1 = κ2

1νg/Lres1 and re2 = t22νg/Lres1 being the en-
ergy decay rate due to external coupling, and r0 = α0νg being
the energy decay rate due to waveguide loss. Note that we only
consider the loss inside the cavity, while the loss of the bus
waveguide is neglected to simplify the expressions. The CW
resonant wave in the IRR also couples out to the S-shape bus
waveguide through the four couplers. The outgoing waves are
given by

S2− = t1S1+ − jκ1κ2
2t1e

jβ̃L r e s 1 Ar ≈ S1+ + j
√

re1ar (8)

S3− = jκ2S4+ + t2e
jβ̃Ls Ar ≈ jS4+ +

√
re2e

jβLs ar (9)

S6− = jκ2S5+ + jκ2t1t2e
jβ̃ (Lr +2Ls )Ar ≈ jS5+

+ j
√

re2e
jβ (Lr +2Ls )ar (10)

S7− = −κ1κ2e
jβ̃ (Lr +Ls )Ar ≈ −√

re1e
jβ (Lr +Ls )ar (11)

The outgoing waves propagate in the S-shape waveguide and
become incoming waves at the other couplers. It is straight
forward to have the following equations:

S3+ = ej (βL1 +Δθ)S2− (12)

S2+ = ej (βL1 +Δθ)S3− (13)

S6+ = ejβL3 S7− (14)

S7+ = ejβL3 S6− (15)

Similarly, for the CCW resonance mode, the field amplitude
at the reference point is contributed by the four incoming waves
S3+ , S2+ , S6+ and S7+ , written as

Ar
′ =

t2e
jβ̃Ls

1 + κ2
2t12ejβ̃L r e s 1

S3+ − jκ1κ2
2t1e

jβ̃L r e s 1

1 + κ2
2t12ejβ̃L r e s 1

S2+

+
jκ2t1t2e

jβ̃ (Lr +2Ls )

1 + κ2
2t12ejβ̃L r e s 1

S6+ − κ1κ2e
jβ̃ (Lr +Ls )

1 + κ2
2t12ejβ̃L r e s 1

S7+

(16)

The CCW mode energy amplitude can thus be expressed as

ar
′ ≈

√
re2e

jβLs

−jΔω + r
S3+ +

j
√

re1

−jΔω + r
S2+

+
j
√

re2e
jβ (Lr +2Ls )

−jΔω + r
S6+ −

√
re1e

jβ (Lr +Ls )

−jΔω + r
S7+

(17)

Meanwhile, the CCW resonant light field also leaks to two
output ports (reflection S1− and through transmission S8−) as

well as two inner ports (S4− and S5−)

S1− = t1S2+ + jκ1Ar
′ ≈ S2+ + j

√
re1ar

′ (18)

S8− = t1S7+ − κ1κ2t1e
jβ̃ (Lr +Ls )Ar

′ ≈ S7+

−√
re1e

jβ (Lr +Ls )ar
′ (19)

S4− = jκ2S3+ + jκ2t1
2t2e

jβ̃ (2Lr +Ls )Ar
′ ≈ jS3+

+ j
√

re2e
jβ (2Lr +Ls )ar

′ (20)

S5− = jκ2S6+ + t1t2e
jβ̃Lr Ar

′ ≈ jS6+ +
√

re2e
jβLr ar

′

(21)

The waves S4± and S5± are related by the central connection
waveguide as

S5+ = ejβL2 S4− (22)

S4+ = ejβL2 S5− (23)

From the above analysis, we see that coupling from the CW
mode to the CCW mode is enabled by the upper and lower
feedback waveguides, while the coupling from the CCW mode
to the CW is enabled by the middle connection waveguide. The
reflection and transmission responses of the SCOW resonator
are defined as R(Δω) = S1−/S1+ and T (Δω) = S8−/S1+ ,
respectively, which can be derived from the above equations as

T (Δω) = −B2(−jΔω + r)2 + B1(−jΔω + r) + B0

A2(−jΔω + r)2 + A1(−jΔω + r) + A0

R(Δω) =

C3(−jΔω + r)3 + C2(−jΔω + r)2 + C1(−jΔω + r) + C0[
A2(−jΔω + r)2 + A1(−jΔω + r) + A0

]
(−jΔω + r)2

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
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B2 = eo
2e2eθ
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2 +eo

2e2
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2 +r2
2)eo

2e2eθ
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2eo

2e2(eθ
2 + 1) + 2(r3
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4)eo
2e2eθ

−2r3eoer (r1
2es

2 + r2
2eo

2e2
2eθ )(eθ + 1)

C3 = 2jeo
3eseθ (r1
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2eθ ) + 2jr3eoeseθ (1 + eo

4eθ )
C2 = −2jr1

2r3eoes(eθ + 1) − 2jeo
3eθes(r1
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2)(r1

2

+ r2
2eθ ) + 2jr3eo

5eθes(r1
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2eθ − 2r2
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2eo

3es

[
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3eo
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[
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2eo
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+ r2
2eo
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]

(24)

where r3 = r1r2 , ri =
√

rei(i = 1, 2), eo = e2er , e2 = ejβL2 ,
er = ejβLr , es = ejβLs and eθ = ejΔθ .

Next, we consider the temporal variation of the energy in the
CW and CCW modes. The rate equations can be derived from
the steady state equations (7) and (17) combined with (8-15),
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Fig. 2. Output EIT-like resonance spectrum evolution with the incremental
phase shift for (a) 0 � Δθ � π and (b) π � Δθ � 2π . The spectra are
vertically shifted for better clarity. The device parameters are ω0 = 1.2211 ×
1015 rad/s, r0 = 5.0 × 109 rad/s, re1 = 5.319 × 1010 rad/s, re2 = 4.6541 ×
1010 rad/s, L2 = 20.396 μm, Lr = 30.45 μm, Ls = 25.275 μm.

(20-23) as

dar (t)
dt

= C11ar
′ (t) + C12ar (t) + C13S1+ (t)

dar
′ (t)

dt
= C21ar

′ (t) + C22ar (t) + C23S1+ (t)

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

C11 = jr2
2 − eoer

2es

C12 = r3eo
2(er

2es
2 − eθ ) − (−jΔω + r)

C13 = j(r1 + r2eo
2eθ )

C21 = C12

C22 = 2jr1eoes(r2eθ + r1eo
2eθ − r2er

2es
2)

C23 = eoeseθ (r2 + r1eo
2)

(25)

The output temporal response can be derived from (18) and
(19) combined with (8-15), (20-23) as

S8− (t) = C31ar
′ (t) + C32ar (t) + C33S1+ (t)

S1− (t) = C41ar
′ (t) + C42ar (t)

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

C31 = −eres(r1 + r2eo
2)

C32 = jeoer (r2es
2 − r1e2

2eθ )
C33 = −eo

2e2eθ

C41 = j(r1 + r2eo
2eθ )

C42 = erese2eθ (r2 + r1eo
2)

(26)

Fig. 2(a) shows the calculated output transmission spectra
when the phase shift on the upper feedback waveguide is tuned
from 0 to π. The device parameters were chosen to reflect the
real device described in Section III. The feedback coupling has

Fig. 3. (a) Waveform of the input optical pulse. (b) IRR cavity energy of CW
and CCW modes changing with time. (c) Output waveforms of the through and
reflective ports. The optical frequency is set at the EIT-like resonance frequency
ω0 . The device parameters are the same with those used in Fig. 2.

a significant effect on the resonance, as in a microring resonator
[26]. It reveals that the transparent peak gradually diminishes
with the increasing phase shift. Fig. 2(b) shows the EIT-like reso-
nance spectral evolution in another half cycle of phase shift from
π to 2π. The transparent peak reappears in the opaque valley. It
should be noted that a symmetric EIT-like resonance profile is
obtained when Δθ ≈ 0.2 π and a symmetric broad opaque ob-
tained when Δθ ≈ 1.2 π. The phase shift plus the accumulated
phase in the feedback waveguide give the total feedback phase
that determines the spectral profile the EIT-like resonance. These
two particular resonance features can be exploited for narrow
bandpass and broad bandstop filtering applications.

Our model can also provide the temporal responses of the
SCOW resonator. We consider a case when a rectangular input
optical pulse, S1+(t), is launched into the input port as shown in
Fig. 3(a). The pulse width is larger than the IRR cavity lifetime
so that the steady state is reached before the pulse falling edge.
With (25), we can obtain the IRR cavity energy variation for
the CW and CCW modes, illustrated in Fig. 3(b). It can be
seen that the energy establishment of the CCW mode follows
that of the CW mode. At the steady state, the CW mode has a
higher stored energy than the CCW mode. At the falling edge
of the input pulse, the CCW energy first rises and then decays
to zero. It implies that the energy in the CW and CCW modes is
sequentially stored and released. With the temporal change of
ar and a′

r , we can get the output responses from (26) as depicted
in Fig. 3(c). At the rising edge, the through port exhibits a sharp
peak before the optical power gradually grows high, while at
the falling edge it shows a sharp notch before the power slowly
returns to zero. On the other hand, the reflective port shows
distinct transient behaviors with fat peaks present at both the
rising and falling edges.
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B. FDTD Simulation

To further study the unique EIT-like resonance in the SCOW
resonator, we employ the 2.5-dimensional FDTD simulation of
Lumerical Solutions to reveal the optical field distributions in the
resonator. The optical source is the fundamental quasi-TE mode
of the silicon waveguide, launched from the left top port. The
calculation domain is surrounded by perfectly matched layers
(PMLs). The silicon waveguide (nSi = 3.48) is surrounded by
silicon dioxide cladding (nox = 1.44). The silicon waveguide is
a rib-type waveguide with the core dimensions 450 nm (width)
× 220 nm (height) and slab thickness 60 nm. The coupling
length of the outer and inner couplers is 0.9 μm and 11.6 μm,
respectively. The coupling gap for all couplers is 200 nm. The
curved waveguides Lr and Ls have bending radii of 6 μm and 12
μm, respectively. Fig. 4(a) shows the through-port transmission
spectra in one free spectral range (FSR). Four typical points
(B, C, D and E) are indicated in the spectrum. Fig. 4(b)–(e)
depict the electric field intensity distributions in the SCOW at
these four points. It can be seen that the optical wave travels
primarily along the S-shape bus waveguide at the off-resonance
wavelength (Fig. 4(b)). The electric field is much weaker in the
IRR than that in the bus waveguide. For the other three cases,
the wavelengths are at or close to the resonance wavelength, and
therefore the electric field is enhanced in the IRR, presenting a
clear closed resonance loop. In particular, at the EIT-like peak
point (Fig. 4(c)), the internal resonance loop is most pronounced,
and light from the input port is fully transmitted to the through
port. In contrast, at the two notch points close to the EIT-like
peak (Fig. 4(d) and (e)), there is no light coming out from the
through port, but reflected back to the input port. Notice that
nodes and anti-nodes are observed in the IRR loop, a clear
indication of the standing wave resonance feature.

III. EXPERIMENTAL DEMONSTRATION

Fig. 5(a) shows the SCOW structure that we designed for
experimental demonstration. The device design parameters are
the same with those used in the FDTD simulations. The inset
shows the cross-sectional view of the NIN phase shifter. The
silicon waveguide has an n-type low doping of 1015 cm−3, acting
as a resistor. The slab regions beside the waveguide are highly
doped with a concentration of∼1020 to form ohmic contact with
the metal connections. When current flows through the silicon
waveguide, heat will be generated and modify the waveguide
effective refractive index due to the TO effect. Fig. 5(b) shows
the optical microscope image of the fabricated device. Light is
coupled into and out of our device via a pair of grating couplers.
The fabrication was done in the Institute of Microelectronics
(IME), Singapore. The detailed fabrication process of the device
can refer to our previous publication [27].

Fig. 6 shows the measured TE-polarized transmission spectra
and fitting curves for two resonances around the wavelengths
of 1582.8 nm and 1549.4 nm upon TO tuning. Since the CMT
model only works near the resonance wavelength, we choose to
fit the measured transmission spectra around the resonance fre-
quency in a range of ∼0.3FSR. The tuning power consumption
was obtained by multiplying the DC voltage on the top NIN

Fig. 4. (a) FDTD simulated output transmission spectra of the through port
within a frequency range of one FSR. (b)–(e) Electric field intensity distributions
at certain frequency points: (b) B, (c) C, (d) D and (e) E as indicated in (a).

microheater and the recorded current. The transmission spec-
trum displays a pronounced EIT-like resonance peak, which is
tunable by the TO phase shifter. As for the resonance around
1582.8 nm, the interval of two dips is 0.75 nm and the ER of
two dips is ∼28 dB before TO tuning (Fig. 6(a), subplot (i)).
The full-width-half-maximum (FWHM) of the EIT-like peak is
∼207 pm, corresponding to a quality (Q)-factor of 7600. The
EIT-like peak gets weaker with the increasing tuning power.
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Fig. 5. (a) Device schematic structure of our SCOW resonator with cross-
sectional view of the NIN phase shifter. (b) Optical microscope image of the
fabricated device.

Fig. 6. Measured transmission spectra (black solid lines) of our SCOW
resonator changing with TO tuning power consumption and theoretical fit-
ting curves (red dashed lines) with different phase shift Δθ corresponding
to central frequency (a) ω0 = 1.1909 × 1015 rad/s (∼1582.8 nm) and (b)
ω0 = 1.2165 × 1015 rad/s (∼1549.4 nm). The fitting parameters are: r0 =
8.5917 × 107 rad/s, re1 = re2 = 1.3559 × 1011 rad/s, L2 = 20.396 μm,
Lr = 30.45 μm, Ls = 25.275 μm.

However, the EIT-like peak grows up for the resonance around
1549.4 nm, because the starting resonance spectral profile is
different. The resonance shows a broad deep notch with an ER
of ∼12.4 dB and a FWHM width of ∼0.66 nm at zero tuning
power (Fig. 6(b), subplot (i)). If we compare the experimental
results with the fitting curves, we see that the overall trend is

consistent. The EIT-like peak evolution at the two resonances
resides in the two half periods of a phase tuning cycle in Fig. 2.
In our current device design, the NIN microheater length is only
∼20 μm, and we can only apply 9 mW maximum power onto
the heater. This limits the phase shift to a small range. We can
increase the NIN length and use air trenches to thermally isolate
the heaters to improve the TO tuning efficiency. In that case,
we may get a full cycle of spectral evolution for the EIT-like
resonance.

IV. DISCUSSION AND CONCLUSION

We have investigated a novel SCOW structure with four cou-
pling points. It is shown that an IRR is formed under the special
condition that the two outer couplers are in week coupling and
two inner couplers in strong coupling. The IRR can generate a
characteristic EIT-like resonance, featuring a transparent peak
in a broad opaque valley in the spectrum.

As the CW and CCW modes in our SCOW structure are es-
sentially from the same physical resonator, there is no need to
accurately control the physical length difference of two separate
resonators as in other EIT-like devices [7], [28]. This can en-
sure the generation of EIT-like phenomenon without stringent
requirement on high-precision device fabrication.

However, it should be noted that the EIT-like resonance can
present a spectral profile that evolves periodically with the feed-
back phase. At a certain phase, the transparent peak is strong in
an opaque valley, while at another phase, the transparent peak is
highly suppressed as shown by the simulation and experiment
results. This feature is produced based on the feedback coupling
of degenerate CW and CCW modes. To the best of our knowl-
edge, such a feedback-controlled EIT-like resonance hasn’t been
observed and analyzed in the previous work. Although the ini-
tial feedback phase may be affected by fabrication errors, it can
always be tuned to reach a certain EIT profile. In other words,
the EIT-like resonance can always be generated in the SCOW
resonator no matter how much the waveguide dimensions are
deviated from the designed quantities, but the exact spectral
profile that the EIT-like resonance presents is dependent on the
relative phase of the feedback waveguide.

The EIT effect, as demonstrated in other directly or indirectly
coupled resonators [9], [29]–[31], is only generated when the
two resonances are in close proximity in the spectrum, which
thus requires their precise alignment to ensure the interaction to
occur. The significant deviation of one resonance from the other
makes them decoupled and exhibit single resonance features.
In our SCOW resonator, the CW and CCW modes are always
interacting with each other. They cannot be separated by the
feedback phase tuning. Instead, the feedback only determines
how they interact and eventually what the spectral profile looks
like. This makes this device quite attractive in practical appli-
cations, as it provides a means to precisely control the spectral
shape. It is worth noting that two symmetric resonance profiles
can be clearly observed during phase tuning, one being the split
dual-channel stopband and the other the merged single-channel
stopband. This characteristic cannot be obtained in other optical
EIT systems tuned with resonance frequency shift.
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We have established a theoretical model based on the time-
domain CMT to analyze its resonance properties. The CMT
provides more physical insight than the TMM as it reveals the
dynamic resonance build-up and delay processes. The coupling
from the CW mode to the CCW mode is enabled by the upper
and lower feedback waveguides, while the reverse coupling from
the CCW mode to the CW mode is enabled by the middle bridge
waveguide. The asymmetric coupling is quite different from the
conventional mutual coupling in directly-coupled resonators.
This feature is unique to such a SCOW resonator.

We have also performed FDTD simulation to further reveal
the optical field distributions in the SCOW structure around the
resonance wavelength. The conceptual device was realized on
the silicon-on-insulator waveguide platform. Experimental mea-
surements confirm that the EIT-like resonances can be generated
and tuned as predicted by the theoretical model. Our SCOW
structure offers a completely new platform to study the analog-
ical EIT effect in integrated photonics. It can be exploited for
critical on-chip photonics applications, such as optical switch-
ing, optical buffering, and biochemical sensing etc.
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