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Abstract

In this paper, a new counter-propagation waves coupling mechanism is proposed which is

expected to realize an electromagnetically induced transparency (EIT)-like effect. Comparing the

traveling waves coupling mechanism (see J. Mod. Opt. 2015,62:313-320 [9]) with the

counter-propagating waves coupling mechanism, we find out that the transparency window

breadths of transmission spectra are greatly enhanced and the corresponding phase shift spectra

possess a flat profile or a square profile. Our numerical simulated results are in good agreement

with the theoretical analysis. The EIT-like effect can significantly reduce the group velocity near

the edge of the square profile transparent window. We believe that the counter-propagating waves

coupling mechanism is particularly beneficial for the realization of active manipulation of slow

light devices (such as delay lines) required in the conventional EIT scheme. In the vicinity of the

transparency peak, we can obtain a large group delay, may gain more significant potential

applications in slow-light transmission and optical storage.

Keywords: electromagnetically induced transparency-like (EIT-like), counter-propagating waves

coupling, micro-ring, group delay

1. Introduction

The Electromagnetic induced transparency (EIT) effect occurs when the atomic medium

accompany a strong dispersion, which can significantly reduce the group velocity of light.

* Author to whom any correspondence should be addressed.
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EIT is widely used in slow light[1,2], optical delay lines[3], optical storage[4] and low-loss optical

devices[5]so on. However, the experimental realization of EIT effect in atomic system usually

requires some complicated conditions, such as temperature, high intensity laser, etc. Therefore, the

application of EIT effect in practice has been greatly limited. The all-optical analog to EIT based on

wave-guide and micro-ring coupled system has attracted much more attention in recent years. The

EIT-like phenomena have been theoretically analyzed in wave-guide coupled micro-ring[6], and

wave-guide coupled two micro-ring[7]. Meng et.al have studied the transmission spectra

of N N weak linearly array[8]. We have investigated the wave-guide coupled double-micro-ring

systems by using the traveling wave coupling mechanism[9]. In 2008, Zhang et. al. first proposed the

concept of PIT (plasmon-induced transparency) in metamaterials[10], Metamaterials are a class of

artificial electromagnetic media, aiming to provide some controllable electromagnetic properties, such

as room temperature conditions and large operating bandwidth. They pointed out that the EIT-like

effect can be simulated by adding a special resonance structure (dark state resonance unit). EIT-like

effect can be explained by the near-field coupling principle between bright and dark resonant units. In

2021, Zhao et.al have studied dual-band electromagnetically induced transparency (EIT)-like effect in

terahertz spectrum. The EIT-like effect can significantly reduce the group speed near the transparent

window. The EIT-like effect can significantly reduce the group speed near the transparent window, may

gain more sigificant potential applications in slow-light transmission and optical storage [11]. In this

paper, we want to investigate the transmission spectra and phase shift by using the counter-propagating

waves coupling mechanism. We find out that the transparency window breadths of transmission

spectra are greatly enhanced when the traveling wave coupling is substituted by counter-propagating

waves coupling, and the phase shift spectra possess a flat or square profile, which result in group

velocity slowdown very large at the edge of the square profile. This paper is organized as follows. In

Section 2, the transmission of 2 2 coupled system for the traveling wave coupling and the

counter-propagating waves coupling is studied in Section 3. The transmission and phase characteristic

of 2 2 and3 3 coupled systems containing single micro-ring, doule micro-ring (which is denoted by

‘Sm’ in the following) are calculated and analyzed in Section 4, and in Section 5, the conclusions are

given.

2.The transmission of traveling wave coupling and counter-propagating waves
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coupling for 2 2 system

For 2 2 system, Fig.1(a) depicts the schematic structure of the micro-ring resonator, which consists

of straight wave-guide a2b2, ring a1b1. The optical field from a excitation wave-guide passing

through the evanescent tail couples into ring. After propagating a round trip, the wave couples back

to the excitation wave-guide and interferes with transmitted light. At resonance, the wave appears

destructive interference. The propagation path of light presents ‘clockwise direction’ in ring (see

Fig.1(a)). As shown in Figure 1(a), the counter-clockwise mode 1 1
ja e b in the micro-ring 1 1a b ,

is induced by the traveling wave ( )
0

j t kze     in the waveguide 2 2a b from the left to the right,

where  is the absorption coefficient, L c  is the round trip phase shift, L represents the

circumference of the micro-ring 1 1a b , c is the phase velocity of micro-ring mode, is the optical

wave oscillation frequency.

While the light circuits clockwise and counterclockwise direction in ring simultaneously (see

Fig.1(b)). We can analyze the gap parameter makes an influence on the EIT-like spectrum.For Figure

1.(b), the clockwise mode 1 1 2ja e b  in the micro-ring 1 1a b , which is induced by the traveling

wave ( )
0

j t kze     in the waveguide 2 2a b from the left to the right. The counter-clockwise

mode 1 1 2ja e b in the micro-ring 1 1a b , which is induced by the traveling

wave ( )
0

j t kze     in the waveguide 2 2a b from the right to the left.

(a) (b)

Figure 1 Schematic diagram of 2 2 system, (a) traveling wave coupling, (b) counter-propagating wave

coupling.

Assuming that the light wave is input from the straight waveguide input, when the resonance

condition is satisfied, the phase before the light is coupled from the straight waveguide to the
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microring is 1   . According to the optical waveguide coupling theory, the changes in the

phase before and after a light wave is coupled from one waveguide to another. Then, when the

light wave is coupled from the straight waveguide to the micro-ring waveguide, its phase

becomes 2 2    . According to the resonance relationship, when the light wave meets the

resonance condition, the light circles in the microring and interferes with each other to generate

resonance enhancement. The change 2m of the phase before and after the light wave circulates

in the microring, where the phase is 3 2 2m      . Similarly, the light wave is again

coupled from the microring to the straight waveguide, and its phase changes again 2 ,

becoming 4 2m      . Comparing the phase changes at the input and output, we find an

 odd multiple of the difference between 1 and 4 , so that the two beams interfere and cancel.

When the intensity of the light field is the same, the intensity of the light field after interference

elimination is zero, so the output end of the straight waveguide is zero.

3. The influence of counter-propagation optical waves with phase difference

Figure 2 show the Schematic diagram to produce the counter-propagating waves.

Figure 2 Schematic diagram producing the counter-propagating waves.

As shown in Figure 2, one traveling wave is split into two equal portions of counter-clockwise

wave and clockwise wave at the point P. Therefore, the superposed induced counter-clockwise

wave and clockwise wave of the micro-ring assuming ( ) 2 cos[ ]j je e    .Taking account

the absorption coefficient  around the micro-ring, we have the relation 1 1cos[ ]a b  for

counter-propagating waves, the mode 1 1 1( ) 2 cos[ ]j ja e e b b      in the micro-ring is
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induced by the counter-propagating waves ( ) ( )
0 ( ) 2j t kz j t kze e        in the waveguide 2 2a b .

For the traveling wave propagating in waveguide[4], the relation 1 1
ja e b is also valid. In

general, the coupling system contains one waveguide and multi-micro-rings [7,9].

In the derivation of traveling waves coupling and counter-propagation waves coupling formula

cos[ ]je    , we have assumed that the path from p to E (see Figure 2) along the clockwise

and the counter-clockwise waves have the same length. In general, this lengths may be different,

the initial phases at point E being 1 , 2 for the clockwise and the counter-clockwise waves,

respectively. The superposed induced waves being

1 2 1 2 1 2 1 2

1 2
( ) ( )( ) ( ) 1 22 2 2 21 1( ) ( ) cos[ ]

2 2 2
j j j jj je e e e e e

       
      


   

     
     ,(1)

Therefore, the traveling waves coupling and counter-propagating waves coupling may be

represented by 2
1cos[ ] je    , 1 1 2( ) 2    , 2 1 2( ) 2    , respectively. In the case

of 1  , 2 2
1cos[ ] j je e      possesses the form similar to that of the traveling waves

coupling.

4.The numerical calculations and analysis of the transmission and phase shift

spectra for2 2 system and3 3 system

In this section, we calculate the transmission and phase shift spectra reduction near resonance

concern with the traveling waves coupling and the counter-propagating waves coupling.

In the following, we begin with the traveling wave coupling of 2 2 system. The transmission

and the phase shift spectra [5]
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Figure 3 shows the transmission and the phase shift spectra for 2 2
trlT  , 2 2

trl
 , respectively.
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Figure 3 The transmission and phase shift spectrawith the parameters
0.9998t  , 1.00006  versus in unit of radian.

And the corresponding 2 2
couT  , 2 2

cou
 for counter-propagating wave coupling being
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Figure 4 shows the transmission and the phase shift spectra for 2 2
couT  , 2 2

cou
 , respectively.
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Figure 4 The transmission and phase shift spectra with the parameters
0.9998t  , 1.00006  versus in unit of radian.

Similarly, the transmission and phase shift spectra for the waveguide and two micro-rings coupled

system [7]
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Setting 1 2    , we have

2
2 ( , )trl

smT    , 2[ ( , )]trl
sm Arg     , (5)

Figure 5 gives out the transmission and the phase shift spectra for 2 2
trlT  , 2 2

trl
 , respectively.



7

-1.5 -1 -0.5 0 0.5 1 1.5


0.2

0.4

0.6

0.8
T

ms
lrt


-1.5 -1 -0.5 0 0.5 1 1.5


-1

-0.5

0

0.5

1


ms

lrt


Figure 5 The transmission and the phase shift spectra for trl
smT , trl

sm with parameters

1 0.999r  , 2 1 2r a a  , 1 0.9999a  , 2 0.88a  versus in unit of radian.

The corresponding formula for counter-propagating waves are

2 2 1 1 2
2 1 2
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Setting 1 2    , we have

2

2 ( , )cou cou
smT    , 2[ ( , )]cou cou

sm Arg     , (7)

Figure 6 gives out the transmission spectra and the phase shift spectra for 2 2
couT  , 2 2

cou
 ,

respectively.

-3 -2 -1 0 1 2 3


0.2

0.4

0.6

0.8

1

T
ms

uoc


-3 -2 -1 0 1 2 3


-1

-0.5

0

0.5

1


ms

uoc


Figure 6 The transmission and phase shift spectra for cou
smT ,

,
cou
sm with the parameters

1 0.999r  , 2 1 2r a a  , 1 0.9999a  , 2 0.88a  versus in unit of radian.

Figure 7 shows the schematic diagram of 3 3 system, (a) the traveling wave coupling, (b) the

counter-propagation waves coupling.

(a) (b)
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Figure 7. Schematic diagram of3 3 system, (a)the traveling wave coupling, (b)the counter-propagation waves

coupling.

The transmission and the phase shift spectra for3 3 system[12].
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Figure 8 gives out the transmission and the phase shift spectra for 3 3
trlT  , 3 3

trl
 , respectively.
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Figure 8 The transmission and phase shift spectra for 3 3 3 3,trl trlT   with parameters
0.9998t  , 0.99998  , 0  , 0  versus in unit of 410 radian

The transmission and the phase shift spectra for3 3 system[9].
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Figure 9 gives out the transmission and the phase shift spectra for 3 3
couT  , 3 3

cou
 , respectively.
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Figure 9 The transmission and phase shift spectra for 3 3 3 3,cou couT   with parameters,0.9998t  , 0.99998  , 0  , 0  versus in unit of 410 radian.

The numerical calculations shown in Figures.3-6, 8-9, refer to that of the traveling wave coupling,

the breadths of the transmission spectra for counter-propagating waves coupling are enhanced by a
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factor of 0.02 0.001 20 , 0.3 0.05 6 , 200 0.8 250 for the 2 2 , Sm, 3 3 system,

respectively.

5.The analysis of the phase velocity spectra

We have obtained the phase spectra ( )   , in the case of counter-propagating waves

coupling, the phase shift spectra possess a flat ( ( ) cou
sm   ) or a square profile

( 2 2 3 3( ) ,cou cou      ). The inverse of the phase velocity is given by

3 3 3 3
cou cou

g gc v n d d n c d Ld n c L           [12], where L c  , the group

delay 3 3
cou

g d d   represents the time delay of narrow-band optical pulses in optical devices.

The strong phase dispersion around the transparent window can cause a large group delay.
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Figure 10. The phase velocity spectra for3 3 system versus in unit of 410 radian.

As shown in Figure 10, gv approaches to zero (namely a large group delays g are obtained) at the

edge of the square profile (namely in the vicinity of the transparency peak, see Figure 9).

The performance characteristics of micro-ring resonator are compared in Table1.

Table 1 Comparison of EIT-like characteristic parameters based on different resonator
Micro-ring
resonator

microcavity
structure

Number of
EIT

coupling
mechanism

material group
delays

[9] two
micro-ring

single traveling
waves

silica ---

[11] multiple
U-shaped
resonators

multiple dark-light
/light-light
mode

metamaterials high

[13] chaotic
single

micro-ring

single chaos-assisted
dynamical
tunneling

silica ---

[14] two
microtoroid

single traveling
waves

silica ---

Our work single/two single counter-propa
gating waves

silica high
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6.Loss analysis

According to the coupling mode theory, optical loss can directly affect the line type and

characteristics of EIT spectrum of the system. For the dual-coupling microring resonator proposed

in this paper, the transmission loss is mainly composed of scattering loss 1 scatQ caused by the

roughness of the waveguide side wall, bending loss 1 bendQ of the microring waveguide and

leakage loss 1 leakQ caused by the light field entering the substrate. 1 matQ is the absorption loss

of microring resonator. As the light waves travel in the waveguide, part of the light field is

absorbed by the silicon material. In addition, the top layer of the optical waveguide device also has

an oxide coating, which can absorb the light field in different environments. Finite element

analysis (FEM) was used to conduct mode analysis on the waveguide cross section, and negative

imaginary part ( k ) was added to the material refraction to obtain the absorption loss of the whole

system [1]. 1 leakQ is leakage loss, which is an important loss mechanism in SOI structure, and is

generated by the middle spectral field of the waveguide into the silicon dioxide layer and silicon

substrate. The leakage loss decreases with the increase of silica layer thickness. 1 scatQ is the

scattering loss, which occurs when the side wall of the waveguide is rough. Increasing the ratio of

the width to the height of the waveguide, reducing the mode overlap at the side of the waveguide,

and improving the fabrication technology of the waveguide can reduce the scattering loss of the

system. In practical optical waveguide devices, the roughness of the side wall is larger than that of

the surface. 1 bendQ is the bending loss, is the radiation loss caused by the bending of the optical

waveguide, and decreases with the increase of the radius of the microring. When the radius of the

microring is about 30 m [15], the bending loss is about 0.015 180dB [16]. 1 backQ represents

backscattering loss, which is one of the loss sources in waveguides based on SOI structure. Both

the roughness of the waveguide side wall and the directional coupling can cause backscattering

losses, which can be suppressed by various ways, such as improving the etching process to reduce

the roughness of the waveguide surface, and lower Q values [17]. In this paper, except for the

feedback arm region, the coupling distance of the microring resonator is 0.15 m . At this time,
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the resonance splitting has little influence on the transmission spectrum, so the backscattering can

be ignored.

Assuming that the transmission loss of microring resonator mainly includes absorption loss

(1 matQ ), leakage loss (1 leakQ ) and bending loss (1 bendQ ). Therefore, the relationship between

the value of totQ the system and the loss coefficient a can be expressed as [18]:

2 gnQ
a




 (10)

exp( )
2
ringL

a


  (11)

Where, gn is the group refractive index, which can be obtained by the finite-difference

time-domain method of full-vector calculation by MODE Solutions software. a is the round-trip

loss coefficient of light wave in microring waveguide, represents the loss value per unit length

of optical waveguide, and totQ is inversely proportional to  . Taking all loss mechanisms into

consideration, the transmission loss of the optical waveguide in this paper is about9dB cm [19].

7.Conclusions

In conclusion, we have demonstrated the transmission spectra and the phase shift spectra of two

micro-rings coupled system through numerical simulations and theoretical calculations and

analyzed the causes of resonance peaks and transparent windows leads to the EIT-like effects. As

we can see in this paper, we can generate a wide transparent windows, a large flat phase shift and

a large group delay by increasing the number of micro-ring resonators. Therefore, it can be

potential applied in multi-band filters and multi-band slow light devices (such as delay lines) in

optical communication field.
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