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Abstract 
This paper proposes a new metamaterial design that can achieve electromag-
netic induction transparency-like (EIT-like) effects in the microwave band. 
The unit structure of metamaterials consists of square rings and metal wires. 
The square ring acts as the “bright state” and the metal wire acts as the “dark 
state”. The destructive interference between the bright state and the dark state 
produces an EIT-like effect. In the simulation results, a transparent window 
centered at 4.00 GHz can be observed in the transmission spectrum. By stud-
ying the phase change of the transparent window, it is found that the group 
delay of the metamaterial structure can reach 0.39 ns at 4.00 GHz. This paper 
also studies the influence of the refractive index of the medium on the EIT-like 
effect. Numerical simulations show that such metamaterial is very sensitive to 
the refractive index of the medium, and the sensitivity is 15 mm/RIU. Our 
design can be extended to other frequency bands and may have potential ap-
plications in filtering, sensing, slow-light devices, and nonlinear optics. 
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1. Introduction 

In quantum optics, the absorption line of an atomic medium is determined by 
the energy level structure of the atom. When the frequency of the incident light 
is the same as the transition frequency of the electron at the atomic level, the in-
cident light is absorbed and the atomic medium is opaque. In atomic systems, 
the destructive interference between two quantum transition channels will cause 
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the absorption of light at the resonance frequency of the atom to be suppressed, 
creating a transmission window [1], which is a quantum coherence phenomenon 
in the atomic system called the electromagnetic induction transparency (EIT) 
effect [2]-[7]. This effect generally produces extremely strong anomalous disper-
sion, resulting in a large reduction in group velocity [8]-[13]. At the EIT fre-
quency, the intensity of the electric field is strong, which greatly enhances the 
nonlinear effect. Therefore, these effects have a very wide application prospect in 
the fields of quantum information storage and nonlinear optics [14]. However, 
the experimental conditions required for these quantum optics experiments are 
harsh, such as extremely low temperatures, extremely intense magnetic fields. 
This greatly limits the practical application of quantum EIT [15]. In recent years, 
researchers have paid more attention to the EIT-like effects in non-quantum sys-
tems [16] [17] [18].  

Metamaterials are composed of sub-wavelength localized resonant electromag-
netic units called “artificial atoms” [19]. And it can be used in classical systems 
to mimic EIT in quantum systems. The appearance of metamaterials has also 
broken through the application limits of conventional materials. Because of their 
special physical properties, metamaterials have become the focus of scientific re-
search in many countries. Metamaterials have great potential applications in 
many fields, such as medical, military, biological, chip manufacturing, and so on. 
On the one hand, metamaterials have shown powerful abilities to control elec-
tromagnetic waves, such as negative refraction [20] [21] and invisibility cloaks 
[22] [23]. On the other hand, the metamaterials provide a universal platform for 
studying new wave phenomena in condensed matter and atomic systems [24]. 
Inspired by new concepts in condensed matter physics and quantum optics, the 
results of the study of classical wave phenomena in metamaterials may provide 
new ideas and advanced techniques for wave manipulation and wave matter in-
teractions. Typical examples of this research direction include the realization of 
photonic topological insulator lasers [25], silicon valley photonic routers [26], 
and wave delay [27] and storage [28] based on the EIT-like effect of metamate-
rials. 

This paper proposes a new scheme to realize the EIT-like effects. The unit 
structure of this metamaterial consists of two square rings and two metal wires, 
in which the square ring acts as the “bright state” and the wire acts as the “dark 
state”. After carefully adjusting the geometric parameters, the destructive inter-
ference between the square ring and the wire can result in an EIT-like effect. The 
numerical simulation results show that our EIT-like metamaterial presents trans-
parent windows around 4.00 GHz with 0.39 ns slow-wave group delay time in 
1.0 mm thicknesses. Slow-wave is an important application of the EIT-like effect. 
The EIT-like effect can prolong the propagation time of the signal in thin media. 
This time is called the group delay. The principle is to make use of the EIT-like 
effect to cause larger refractive index changes in the narrow frequency range, 
thus realizing slow wavelets. Finally, this paper analyzes the influence of the re-
fractive index of the medium on the EIT-like effect. The results show that the 
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transmission peak frequency is linearly related to the refractive index of the me-
dium. The sensitivity of the results to the refractive index of the medium is 15 
mm/RIU. The results show that the structure can be widely used in slow-wave 
devices and refractive index sensors [29] [30] [31] [32]. 

2. Design and Method  

The geometrical structure of the EIT-like metamaterials is shown in Figure 1(a). 
It consists of metal wires and square rings. The unit structures are arranged pe-
riodically on the substrate. The substrate is made of FR-4 whose permittivity is 
4.3, the thickness is 1 mm, and the size is 30 mm × 30 mm. This is a composite 
material composed of epoxy resin, filler, and glass fiber, which is often used to 
make microwave substrates because of its stable insulation and low cost. The 
unit structure of this EIT-like metamaterial is shown in Figure 1(b). The metal 
structures are made of copper with a thickness is 0.035 mm. Geometric parame-
ters of the metamaterial are a = 2 mm, d = 22 mm, m = 1 mm, n = 8 mm, l = 28 
mm, h = 30 mm. 

In this paper, CST electromagnetic simulation software is used to simulate the 
electromagnetic field. The Finite-Difference Time-Domain (FDTD) method used 
in CST simulation software is also one of the most common methods in micro-
wave calculation. In the simulation process, periodic boundary element condi-
tions were used to calculate the transmission lines, group delay, and surface cur-
rent distribution of the EIT-like metamaterials.  

3. Results and Discussion  

When the electromagnetic wave incident along the negative direction of the z-axis, 
the polarization direction of the electric field is in the negative direction of the 
x-axis, and the magnetic field is in the positive direction of the y-axis, the trans-
mission spectrum of the metal wire, square ring and the EIT-like metamaterials  
 

 
Figure 1. (a) Schematic of the EIT-like metasurface structure; (b) Schematic of the cell 
structure of the metasurface, a = 2 mm, d = 22 mm, m = 1 mm, n = 8 mm, l = 28 mm, h = 
30 mm. 

(a) (b)
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are shown in Figure 2. The square ring can be directly and strongly excited by 
the incident wave, and resonates strongly near 4.19 GHz, acting as a “bright 
state” in this structure, while the wire cannot be directly excited by the incident 
wave.  

Figure 3 shows the surface current distribution under the incident electro-
magnetic wave when the square ring and the metal wire exist separately. It can 
be seen that a large amount of current is concentrated on the square ring, while 
almost no surface current exists on the metal wire. This is also consistent with 
the transmission spectrum above, which further confirms that the square ring 
acts as a “bright state” and the metal wire acts as a “dark state” in this structure. 
As shown in Figure 2, when they are combined, the transmission spectra ap-
pears a transparent window centered at 4.00 GHz, and the transmittance can  
 

 
Figure 2. Transmission spectra of metal wire, square ring, and EIT-like metamaterials. 

 

 
Figure 3. Surface current distribution of square ring (a) and metal wire (b) at the reso-
nant frequency. The closer the color is to red, the stronger the surface current intensity. 
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reach 98%. Two obvious transmission valleys were also observed at 2.61 GHz 
and 4.89 GHz. The appearance of the transparent window marks the formation 
of the EIT-like effect. The reason is that when the metamaterial formed by the 
combination of metal wire and square ring is incident by the electromagnetic 
wave, the destructive interference will occur between the “bright state” and 
“dark state”, and the transparent window similar to the EIT effect in the atomic 
system will also appear. Q-factor can be calculated by Equation (1):  

0

FWMH
f

Q =                              (1) 

In this formula, 0f  represents the frequency at the transmission peak of the 
transparent window with EIT-like effect, and FWMH represents the half-height 
and half-width of the transmission peak. The transmission peak frequency of the 
transmission spectral line is 4.00 GHz, the half-height width is 1.69 GHz, and the 
calculated Q-factor is 2.37 

3.1. Surface Current Analysis 

To more clearly study the physical mechanism and coupling of the EIT-like ef-
fect of the metamaterial, the surface current distribution of the structure at the 
transmission peak and two transmission valley frequencies was obtained through 
simulation, as shown in Figure 4.  

As can be seen from Figure 4(a), at the low-frequency transmission valley, the 
current is mostly concentrated on the two square rings, while there is almost no 
current on the metal wires. This is because the electric field polarization direc-
tion of the incident wave is in the y-axis direction, and the magnetic field pola-
rization direction is in the x-axis direction. In this direction, the metal wire can-
not be coupled with the incident wave, while the square ring can be directly ex-
cited by the incident wave to produce resonance. Due to the symmetry of the 
metamaterial structure, the ideal magnetic wall is centered in the horizontal di-
rection of the square ring, so the surface currents on the left and right sides of 
the square rings are in opposite directions. Figure 4(b) shows the surface cur-
rent distribution at the transmission peak at 4.00 GHz. It can be seen that a 
strong current also appears on the metal wire, and the direction is opposite to 
the direction of the surface current on the square ring. This is because near-field  
 

 
Figure 4. Surface current distribution at low frequency transmission valley 2.61 GHz (a), 
transmission peak 4.00 GHz (b) and high frequency transmission valley 4.89 GHz (c). 
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coupling occurs between the square ring and the metal wire at the transmission 
peak, so that the square ring couples energy to the metal wire. The antiparallel 
currents excited by the external field and the induced field produce destructive 
interference in the structure, so the current on the square ring is suppressed, and 
the current on the metal wire is enhanced. From the surface current distribution 
at the high-frequency transmission valley, it can be seen that there are still an-
ti-parallel currents on the metal wire and the square ring, but the current on the 
device in the vertical direction is significantly stronger than the device in the ho-
rizontal direction. This is because the device in the vertical direction is the same 
as the electric field direction. 

3.2. Slow-Wave Performance  

Slow-wave is an important application of the EIT-like effect. The effect can pro-
long the transmission time of the signal in the ultra-thin medium, which is 
called the Group delay. Because the dispersion characteristic of the medium de-
termines the group velocity of light propagation in the medium. The refractive 
index of the material changes with the frequency of the incident wave. This cha-
racteristic affects the propagation speed of light. When the EIT-like effect oc-
curs, strong normal dispersion will follow. The refractive index of the material 
will be changed greatly in a narrow frequency range, thereby slowing down the 
group velocity of light propagation. The transmission time of light in the me-
dium will be prolonged, and the slow wave effect will appear. 

Figure 5(a) shows the transmission phase change of the structure. The phase 
changes dramatically at the resonant frequency. At the EIT-like transparent win-
dow, the phase change can cause strong normal dispersion, which slows down the 
propagation speed of the incident wave in the medium, causing group delay and 
realizing the slow-wave effect. The group delay spectrum of the metamaterial 
structure is shown in Figure 5(b). The maximum group delay can reach 0.39 ns. 
An important parameter to evaluate slow-wave performance is the Delay Band-
width Product (DBP), which is defined as: 

 

 
Figure 5. (a) Transmission phase change of metamaterial structure; (b) Group delay spectrum of this meta-
material structure.  
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DBP g fτ= ×∆ .                           (2) 

gτ  represents the maximum group delay that can be realized by the structure, 
and f∆  represents the half-height and half-width of the transmitted spectral 
line. The maximum group delay of the structure is 0.39 ns, and the half-height 
width is 1.69 GHz, so the DBP is calculated as 0.659. The research results show 
that the metamaterial has potential application value in slow-wave devices. 

3.3. Influence of Medium Refractive Index on EIT-Like Effect 

One potential application of EIT-like metamaterials is sensors. When the refrac-
tive index of the environment is changed, the resonance frequency of metamate-
rials tends to shift. To study the sensing characteristics of this structure, this pa-
per set the refractive index of the medium in which the metamaterial is located 
to slowly change from 1 to 1.1. The transmission spectrum of the metamaterials 
under different media refraction has been obtained by simulation, as shown in 
Figure 6(a). It can be found that with the increasing refractive index of the me-
dium, the resonance frequency of the metamaterial moves to a low frequency. 
Although the increase in the refractive index of the medium is small, the reson-
ance frequency is significantly shifted. 

This paper can evaluate the sensing sensitivity of metamaterial structure by 
using the frequency shift of transmission peak corresponding to each refractive 
index unit (RIU). Figure 6(b) shows the relationship between the frequency of 
transmission peak and the refractive index of the medium. The black is the si-
mulated data, and the red is the linear fitting. It is found that the frequency of 
transmission peak is linearly correlated with the refractive index of the medium. 
The absolute value of the slope represents the sensitivity of the structure to the 
refractive index of the medium, which can be calculated as follows: 

d
d
fS
n

= .                             (3) 

 

 
Figure 6. (a) Transmission spectrum of the metamaterial structure under different medium refractive index; (b) The re-
lationship between EIT-like transmission peak frequency and the refractive index of the medium. 
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The sensitivity was calculated to be 15 mm/RIU. Through the study of the 
sensitivity of the metamaterial to the refractive index of the medium, it can be 
proved that the structure is very sensitive to the refractive index of the medium, 
and can be applied to the refractive index sensor. 

4. Conclusion 

In this study, this paper proposes a metamaterial structure consisting of square 
rings and metal wires, which can realize the EIT-like effect. The square ring can 
be directly excited by incident waves to act as a “bright state”. However, the wire 
cannot be excited and only be excited through the near-field coupling of the 
“bright state”, so it is regarded as the “dark state”. By analyzing the surface cur-
rent distribution of the metamaterial at the resonance frequency, the researchers 
clearly understand the physical reasons for the appearance of the EIT-like effect 
and the coupling mechanism in the structure. The destructive interference be-
tween the square ring and the wire leads to the emergence of the EIT transparent 
window. By studying the slow-wave properties of the metamaterial, it is found 
that the maximum group delay of the structure reaches 0.39 ns, which has a very 
important application value in slow light devices. Finally, this paper measures 
the sensing sensitivity of the metamaterial structure by studying the influence of 
medium refractive index on the EIT-like effect. It is found that the structure is 
very sensitive to the refractive index of the medium in which it is located, with a 
sensitivity of 15 mm/RIU, which can be applied to some refractive index sensors. 
This article provides a new design for the realization of EIT-like effects and can 
be expanded to other frequency bands by adjusting the size. The metamaterial 
has potential application value in the fields of slow-wave devices, optical sensing, 
and optical storage. 
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