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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini In this paper, a metastructure based on micro-strip lines (MSL) structure and Calcium-magnesium-titanium
(CMT) is proposed to realize the electromagnetically induced transparency (EIT) phenomenon. In this struc-
ture, the MSL as the main structure acts as the bright mode, while the ceramic structure composed of CMT
material cylinders acts as the dark mode. The EIT characteristics are simulated and analyzed, while the equiv-
alent circuit model is established. What’s more, the EIT effect of the designed structure is verified by experi-
ments, providing convincing evidence for the dual-band EIT performance of the structure. The results show that
the dual-band EIT effect is achieved in 0.2 GHz~1.6 GHz by coupling the CMT structure with the MSL structure,
and the values of both transmission peaks reach more than 90%. The physical mechanism of the EIT phenomenon
is analyzed by simulating the response of bright mode and dark mode to electromagnetic waves, respectively.
Compared with the previously studied EIT MSs, the proposed structure can achieve the EIT effect in dual bands
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with wider bandwidth, which has a certain application value in the field of optical cache.

1. Introduction

The electromagnetically induced transparency (EIT) effect is a
quantum destructive interference phenomenon in the atomic system,
making an opaque medium transparent and almost zero absorption of
light in a medium [1]. The high-intensity dispersion and sharp change of
refractive index caused by the EIT effect can be effectively applied in
optical cache devices and refractive index sensing, group delay, and so
on [2-4]. The EIT effect was first observed by Booller et al. in strontium
(Sr) atomic vapors at ultra-low temperatures [5]. At the resonant ab-
sorption frequency of the medium, due to the interference effect of the
strongly coupled beam, the original single transition level splits into
two. When the probe light is incident, a sharp transmission peak is
generated at the original level. However, the general EIT effect requires
an ultra-stable laser, ultra-low temperature environment, and complex
experimental system structure, which limits its further development and
application [6,7]. In recent years, many classical means have been
proposed for the simulation and implementation of the EIT effect, such
as photonic crystals (PCs) [8-11], metastructure (MS) [12], and so on.
MS is a kind of artificial structure formed by composite processing,
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whose units are usually periodically distributed, which can lead to
resonant coupling responses with electromagnetic waves (EMW) of
different frequency bands [13]. When the EIT effect is realized by MSs,
the periodic unit usually consists of at least two kinds of structures: the
bright mode which can produce strong resonance with EMW, and the
dark mode structure which has a relatively weak response to EMW. If the
EMW strikes this type of MS, the bright and dark mode structure will be
electromagnetically coupled, and an obvious transmission peak can be
formed at the resonant frequency, thus achieving the EIT effect [14].
Besides, MSs can achieve many properties that natural electromagnetic
materials do not have, leading to the result that the simulation and
implementation of the EIT effect in the MS have attracted great attention
from the scientific community due to its advantages such as flexible
adjustability, multiple operating bands, large working bandwidth and so
on [15-19]. In 2022, a reconfigurable EIT MS using vanadium dioxide
material is proposed by Jiang et al., which can achieve absorber and the
EIT phenomenon in two states respectively, showing strong tunability
[20]. The narrow-band EIT effect in the microwave band is confirmed by
Zhu et al. in 2012, which is achieved by coupling three rectangular
metal strips to each other [21]. It is reported by Ning et al. that not only
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Fig. 1. Schematic views of the model:(a) the top view, (b) the bottom diagram, (c) the side view, (d) the stereoscopic view, and (e) the stereoscopic of the unit cell

from the front view.

can the composite structure of graphene MS composed of graphene strip
and Lithium fluoride plate produce multi-frequency band EIT effects,
but also the obtained transparent windows are broadband [22]. Most of
the above studies on EIT MS have adopted planar structures. However,
in fact, the three-dimensional structure has the advantages of
multi-electromagnetic coupling and multi-dimensional adjustment,
which makes it easier to realize multi-band broadband EIT than the
planar structure.

Micro-strip line (MSL) is a microwave transmission line composed of
a single conductor band supported on a dielectric substrate, with the
superiority of easy integration with other microwave devices [23].
When MSL structure is utilized to realize the EIT effect, it is usually used
as the bright mode, that is, the mode that has a strong resonance with
EMW. On this basis, it is necessary to introduce another dark mode
structure with a weaker response with EMW, leading to the result that
the bright mode and dark mode are coupled to achieve the EIT effect
[24-26].

In the previous works in terms of EIT, few studies involve ceramic
materials, but in fact, ceramic materials have many advantages [27-30].
For example, ceramic materials, contrasting with other dielectric ma-
terial, possesses the merit of thermal stability, low processing cost, and
so on [31-35]. Among them, Calcium-magnesium-titanium (known as
CMT) microwave dielectric ceramics material is mainly used as an outer
ring and gyromagnetic ferrite matching co-sintering, suitable for circu-
lator and isolator at microwave frequency (300 MHz~300 GHz), with its
high stability, high dielectric constant, and low loss characteristics.
Therefore, the proper utilization of CMT can expand bandwidth, and
alleviate the problem of device inter-modulation, which is the reason
that CMT is commonly used in microwave filters and oscillators.

In the paper, a dual-band broadband EIT MS is proposed by coupling
the MSL structure as bright mode and an all-dielectric structure made of
CMT ceramic material as dark mode, which rarely appears simulta-
neously in previous work. Different from the general multi-mode
coupling of multi-band EIT, such as bright-bright-dark or bright-dark-
dark coupling, this work only involves the coupling of one bright
mode and one dark mode. According to the Four-Level-Tripod (FLT)
theory, the principle of EIT can be analyzed. Moreover, the feasibility

Table 1
The summary of parameters of the EIT MS.
Parameter Value(mm) Parameter Value(mm)
pP; 53 w2 2.5
P, 35 m; 20
D 7 my 13.5
hy 2 msz 17
ho 10 my 15.5
hz 0.035 ms 14
wi 2 meg 10

and rationality of the structure can be verified by circuit fitting and
experimental measurement. Finally, by discussing the key parameters of
the structure and simulating the electric field distribution, the physical
mechanism of the structure is discussed deeply. In terms of use, the
proposed dual-band EIT structure has the potential for applications of
slow light devices, electromagnetic filters, and MS absorbers.

2. Model design and principle analyze

Fig. 1 shows the schematic diagram of the proposed EIT MS. As
shown in Fig. 1, the structure is mainly composed of three parts, namely
a combination of a main MSL structure with a quarter-wavelength
micro-strip open branch line, a square spiral patch structure, and a
group of dielectric cylinders. The material of the dielectric substrate is
FR4, whose relative dielectric constant &, is 4.4, with a thickness h; of 2
mm and a loss angle tangent of 0.02 [36]. A MSL is loaded above the
substrate, and a quarter-wavelength micro-strip open-circuit branch line
is added to the middle of the MSL, with the square spiral patch on the left

Table 2
The detailed parameters of CMT.

Dielectric constant 40

Quality factor (Qf) 60000
Frequency temperature coefficient (ppm/°C) 0+3
Frequency range (GHz) 0.3-300
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Fig. 2. The physical picture of CMT cylinder: (a) the top view, and (b) the side view.
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Fig. 3. EIT three-level system: (a) FLT atomic system, and (b) EIT transmission effect.

to realize the bright mode. MSL structure, spiral patch, and metal plate
are made of copper with finite conductivity of 5.8 x 10’ S/m and the
thickness is 0.035 mm [37]. Other specific structural parameters are
given in detail in Table 1. A group of ten dielectric cylinders with
diameter D is distributed above the quarter branch line of the MSL, made
of CMT, with dielectric constant € of 40 and relative permeability p of 1).
The detailed parameters are shown in Table 2 and the specific appear-
ance of the CMT ceramic body is shown in Fig. 2.

The dual-band EIT effect usually occurs in the FLT system of atoms
[38]. The conceptual diagram of energy levels is shown in Fig. 3(a). In
the process of energy level transition, the transition between |1> and |
3> is driven by the probe light, whose frequency is the Rabi frequency

Q. As for the transition between |2> and |3>, the coupling light with
the Rabi frequency Q. plays a role in exciting the transition. These two
different excitation paths interfere destructively, making the initially
opaque medium transparent. Among them, energy levels [1>, |2>, and |
3> form a three-level system together, leading to the single band EIT.
When another state |4> is introduced, the three-level system will turn
into a FLT system. Attributed to the change from destructive interfer-
ence to constructive interference, which is produced between the
three-level system and control state |4>, a new transmission peak will be
generated in the structure to achieve a dual-band EIT effect. In this
structure, the MSL structure acts as a three-level system, demonstrating
an EIT-like phenomenon. With the CMT structure introduced, it couples
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Fig. 4. Transmission spectra:(a) transmission of bright mode and dark mode, and (b) transmission of complete structure.
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Fig. 5. The curves of transmission phase, group delay and group index:(a) transmission phase, and (b) group delay and group index.

with the MSL structure, bringing about dual-band EIT based on the
single-band EIT.

3. Simulation and experiment

The electromagnetic response of bright and dark modes acting
separately is simulated respectively in High Frequency Structure Simu-
lator (HFSS), giving rise to the results in Fig. 4(a). When the two modes
work together, the EIT effect can be produced as shown in Fig. 4(b).
Spiral wire structure with MSL responds strongly to EMW, which is the
reason that it plays a role as the bright mode of the proposed EIT MS. The
MSL structure resonates strongly with the EMW at 1.03 GHz, resulting in
a trough with a transmittance of 0.13. At 0.4 GHz, the MSL structure
couples with the spiral wire structure to form another transmission dip
with a value of 0.14. As for CMT structure, a slight resonance is gener-
ated by coupling it with EMW, for which it is defined as dark mode.
Integrating bright mode with dark mode, a new transmission peak will
be generated in the frequency band that is not originally transmitted due
to destructive interference, which is considered the EIT effect. As can be
seen from Fig. 4(b), the proposed EIT MS forms two transparent win-
dows, respectively 0.34 GHz~0.68 GHz and 0.68 GHz~1.59 GHz. In
Fig. 4(b), there are two new transmission peaks at 0.43 GHz and 1.33
GHz respectively in the complete structure, which are not transmission
points when the bright mode or dark mode acts alone.

When the EIT effect occurs, the transmission phase in the transparent
window changes dramatically. In the process, due to the sharp increase
of refractive index and strong dispersion of the incident EMW, its wave
velocity decreases, even to 0, resulting in the slow light effect [39].

Therefore, it is suitable for application in the field of optical cache de-
vices. The formula for calculating group delay (tg) and group refractive
index (ng) is as follows, which is used to characterize the slow light effect
index [40,41]:

do
__dp 1
¢ dw M
C
ng =7 X Iy (2

In the formula, other parameters c, h, », ¢ respectively represent the
speed of light in vacuum, the total thickness of the unit structure, the
transmission phase, and the angular frequency of EMW. And standing
for the intensity of the slow light effect, the greater the ng of value shows
that the EMW group velocity (compound light speed) v, is smaller. Fig. 5
(a) displays the curve of the transmission phase with frequency, pre-
senting the abrupt phase jump at the three frequency points of 0.35 GHz,
0.65 GHz, and 1.55 GHz, which approximately correspond to the three
transmission dips of the MS. In the EIT transmission window, as shown
in the shaded part of Fig. 5(b), the group delay values of the simulation
groups are all greater than 0, demonstrating an obvious slow light effect.
In the first transparent window between 0.34 GHz and 0.68 GHz, the MS
reaches a maximum group delay of 6.35 ns at 0.38 GHz, while in the
second transparent window, the maximum group delay is 2.39 ns at
1.46 GHz. Similar to the trend of group delay, the group index reaches
the maximum at 158.82 and 59.71 at 0.34 GHz and 1.46 GHz in the two
transparent windows, respectively. It suggests that waves travel 158.82
or 59.71 times longer in MS than in air of the same thickness,
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Fig. 6. Equivalent circuit fitting:(a) schematic diagram of equivalent circuit of the proposed EIT MS, and (b) transmission coefficients by HFSS and ADS.

Table 3

The summary of values of circuit elements.
Element Value Element Value Element Value
R, 0.1Q C; 6.915 pF Ly 7.955 nH
Ry 0.3 Q Cy 9.413 pF Ly 23.2 nH
R3 1.3Q C3 0.891 pF L3 11.215nH

respectively, meaning the proposed EIT MS has unlimited prospects in
the slow light realm.

The realization of the EIT effect in MS requires the joint action of two
modes. Therefore, there is a discussion about the equivalent circuit
under the coupling effect of bright and dark modes of EIT. The com-
posite structure has three resonance points. So if Resistance-Inductance-
Capacitance (RLC) resonant circuit is adopted, only three RLC series
branches are required to be connected in parallel to fit the EIT effect as
displayed in Fig. 6(a). The specific values of the circuit elements have
been summarized in Table 3. In Fig. 6(b), it is obvious that at the three
transmission valleys and two peaks, the simulation results of HFSS fit
well with the equivalent circuit.

To verify the EIT effect of the structure, a fabricated sample as
exhibited in Fig. 7(a) has been made and its S parameter of transmission
has been tested by a vector network analyzer (VNA). In Fig. 7(b), elec-
tromagnetic excitation is applied to the structure by means of two co-
axial cables to Sub Miniature version A (SMA) connectors of the VNA for
testing purposes. As shown on the display of the VNA, a comparison
between the experiment result and simulation data is stated in Fig. 7. For
the first transparent window, the fitting between the experiment and
simulation is still adjacent, taking the frequency offset of 0.1 GHz be-
tween the second transmission valley into account. In terms of the

(@

second transparent window, in contrast, with the transmission zero
obtained by simulation, the transmission zero measured by the experi-
ment is shifted by 0.26 GHz to the high-frequency direction, which
makes the bandwidth of EIT significantly widen. In general, this kind of
deviation can be tolerated in the practical application for the reason that
the proposed structure still achieves the dual-band broadband EIT
phenomenon well within the specified frequency band. The main factors
for the difference may include the precision of the manufacturing pro-
cess, the distinction between the experimental and ideal conditions, and
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Fig. 8. Simulated and experimented transmission spectra of the proposed MS.

Fig. 7. The photograph of the experiment: (a) the fabricated sample, and (b) connection diagram of sample and VNA.
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Fig. 9. The effect of h; on the proposed MS: (a) the bright mode, (b) the dark mode.
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Fig. 10. The influences of h; on transmission and transmission phase: (a) transmission, and (b) transmission phase.

the parameters of the production materials which cannot be completely
consistent with the simulation (see Fig. 8).

4. Parameter discussion and physical mechanism analysis

The parameter discussion section is mainly divided into MSL struc-
ture, CMT structure, and the common part of both. h; is the thickness of
the dielectric substrate. In this structure, because of the weak response
of the dark mode, the adjustment of the EIT phenomenon is mainly
achieved by adjusting the resonant response of the bright mode to EMW,
which can also be seen in Fig. 9 showing the effect of h; on the bright
and dark modes respectively. Despite that h; has no significant influence

on the frequency and value of the two transmission dips of the bright
mode, it still has an impact on the frequency of the second transmission
peak of the bright mode, demonstrating that with the increase of h;, the
second peak tends to move to high frequency. For the dark mode, the
change of h; has a weak effect on the resonance in Fig. 9(b), for the
reason that when h; increases from 1 mm to 2.5 mm, the dark mode
transmission rate only decreases by about 0.1. In Fig. 10, taking that hy
has no obvious effect on the resonant frequency of the bright mode into
consideration, the transmission valley generated by the coupling be-
tween the bright mode and the dark mode will not shift significantly
with the change of h; when they are combined. However, the second
transmission peak of the bright mode changes, so the transmission of the
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second peak of the combined structure shows a decreasing trend,
resulting in a significant narrowing of the frequency band with trans-
mittance exceeding 0.9. Correspondingly, the phase change in this fre-
quency band is smoother and faster, with hy varying from 2.5 mm to 1
mm.

The influences of FR4 substrate thickness on the EIT effect and
transmission phase are displayed in Fig. 11. The FR4 dielectric layer has
little effect on the position and transmittance of three transmission zero
points, thus the two transparent windows of the EIT are almost

unaffected. However, the second transmission peak of the bright mode
will change, so the transmission of the second transmission peak of the
combined structure shows a decreasing trend, resulting in a significant
narrowing of the frequency band with transmittance exceeding 0.9.
Correspondingly, the phase change in this frequency band is smoother
and faster, with h; varying from 2.5 mm to 1 mm. On the sharp contrary,
the linear width w; of the transverse MSL on the dielectric substrate
embodies a distinct effect on the transmittance of the MS as displayed in
Fig. 11. The augment of w; can bring about the increase of the trans-
mission of the structure. But the larger wj, the wider part whose
transmission peak exceeds 90%. Frequency bands with faster trans-
mittance change are also accompanied by faster phase change as shown
in Figs. 10(b) and Fig. 11(b).

In terms of the bright mode structure, it can be divided into two
parts, namely the spiral wire patch and the MSL. m; is used in the
proposed structure to represent the length of a quarter branch line of the
MSL. Therefore, to discuss the influence of m; on the EIT phenomenon of
the composite structure, it is actually to analyze the effect of m; on the
electromagnetic response of the bright mode. The influence of m; on the
bright mode is mainly manifested in the frequency offset of the resonant
point, displayed in Fig. 12 m; increasing, both resonant points of bright
mode will move to the low-frequency direction. The larger m; will bring
a greater distance between the overall spiral wire structure and the
transverse patch. Therefore, under the combined MS, the increase of m;
will significantly affect the two transparent windows of EIT, while the
impact on the transmittance is slight. The first transmission valley is
almost unaffected by m;. However, with the increase of mj, the second
and third transmission zeros will move to the low-frequency direction,
which results in the formation of a dual-band EIT phenomenon within
0.2 GHz~2 GHz. This is mainly because the generation of EIT is due to
the interference effect between the bright mode and the dark mode, so a
new transmission peak is generated in the originally opaque frequency
band, and a new transmission dip is also formed (see Fig. 13).
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my is the inner circle width of the spiral, which is also a structure
only found in the bright mode. Fig. 14 displays how m4 exerts influence
on the bright mode. The effect of m4 on the first resonant point of the
bright mode is very tiny and almost negligible. When my is 14.5 mm and
my4 is 8.5 mm, the frequency offset in both cases is only 0.1 GHz, and the
transmittance is almost unchanged. The main function of my is reflected
in the change of the second resonant point. Not only will the increase of
my4 cause the resonant point to move to the low-frequency direction but
also reduce the transmission rate. With this change, the transmission

peak will also shift. Based on this, when the bright and dark modes work
together, Fig. 15 shows the influence of m4 on the EIT effect. Except for
m; and my, ms also affects the size of the inner circle of the spiral wire,
thus influencing the EIT effect.

As for the impact of ms, which is displayed in Fig. 16, it plays a
obvious role in the EIT effect, whose addition will bring two EIT bands to
the lower frequency. When ms is less than 12 mm and decreases from
11.5 mm to 4 mm, the second EIT window will widen and move towards
the high frequency. The phase jump points correspond to the trans-
mittance trough of the MS and also shift to high frequency with the
resonant frequency point. Noting when mg is equal to 12 mm, the EIT
effect of the MS transforms greatly, manifesting that there are only two
resonance points in 0.2 GHz~2 GHz, that is to say, only single-band EIT
can be realized. The main reason for this phenomenon is that at this
time, the spiral structure of the inner ring and the outer ring contact,
becoming into a sealed square ring, so the resonance has also changed
significantly.

In the dark mode of the structure, the CMT ceramic cylinders are
crucial components. Targeted at a further discussion about the influence
of ceramic materials on the EIT effect in the structure, the transmission
curves of a variety of CMT ceramic cylinders distribution are simulated.
It is shown in Fig. 17 that ceramic cylinders have a momentous and
apparent influence on bandwidth and transmission peaks. In Fig. 17(a)-
(d), there are five CMT cylinders in the dark mode, with different dis-
tributions. According to Fig. 17(a) and (d), the cylinders and spiral
structure are closer to each other, so the coupling is stronger. As a result,
the structure still presents a dual-band broadband EIT effect. In Fig. 17
(b) and (c), the second transparent window tends to shift back or even
disappear. Moreover, it is obvious that the cylindrical distribution in
Fig. 17(g) and (f) will cause the third transmission zero to move towards
the high frequency, which may lead to the widening of the transparent
window of the structure. In the case shown in Fig. 17(h) and (i), the MS
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Fig. 18. The transmission spectra of ceramic cylinders with different ceramic
constants €.

will produce two EIT windows within 0.2 GHz~2 GHz, in which case the
CMT cylinders and spiral wires are coupled strongly. Through the dis-
cussion of these cases, it is not difficult to draw the conclusion that when
the position of the ceramic cylinders and the spiral wires are close, that
is, when the coupling is strong, the MS will generate two broadband EIT
transparent windows at a lower frequency. On the contrary, when the
distance between the CMT ceramic cylinders and the spiral wires is
huge, the EIT phenomenon tends to move toward high frequency.
Therefore, we can arrange the CMT ceramic cylinders flexibly according
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to this circumstance.

In addition to the arrangement of the CMT cylinders, the dielectric
constant ¢ of the ceramic dielectric material used in the cylinders is also
one of the parameters that should be considered which may affect the
EIT effect. Fig. 18 displays the impact of € on EIT. Obviously, the
dielectric constant ¢ of the cylinder has an obvious effect on the position
of the resonant frequency point, while the effect on the value of the
transmittance is negligible. The dielectric constant & increases from 30 to
60, giving rise to the result that the EIT window also moves to the low-
frequency direction. According to the required working frequency po-
sition, it is reasonable to select the ceramic dielectric cylinders with the
appropriate dielectric constant e.

The electric field analysis of the structure is carried out according to
the coupling theory of bright mode and dark mode. Fig. 19 depicts the
electric field on the upper surface of bright and dark modes at 0.4 GHz
and 1.03 GHz. Analyzing the electric field distribution, it is reasonable to
define the two structures as bright mode and dark mode respectively, for
the reason that the bright mode resonates strongly with EMW, while the
dark mode resonates slightly. The bright mode has resonance points at
0.3 GHz and 1.03 GHz respectively, whose electric field distribution is
reflected in Fig. 19(a) and (b). At these two resonant points, the bright
mode and EMW will generate resonance, thus forming a transmission
valley, so the electric field at the two frequency points is relatively
strong. Nonetheless, the structure is different from the resonance of
EMW. At 0.4 GHz, the electric field of bright mode is mainly concen-
trated in the inner ring of the spiral structure, which can be inferred that
the transmission dip mainly originated from the resonance between
EMW and spiral resonance. As can be seen from Fig. 19(b), the spiral
structure is coupled with the MSL, leading to the phenomenon that the
electric field is mainly concentrated on the two, thus forming a reso-
nance point at 1.03 GHz.

However, at these two resonant points of the bright mode, the
response of the dark mode to the EMW is weaker, which can also be seen
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in Fig. 4(a). Therefore, the electric field distribution of the two points is
similar, only the electric field is stronger at the edge of the MSL, which
indicates that the structure is not strongly coupled to EMW at this time,
which is why no obvious transmission valley is formed when the dark
mode acts alone.

When the bright mode and the dark mode work together, they will be
coupled with each other, resulting in destructive interference, which
makes the original opaque place produce a new resonance point and
obtain a new transparent window, which phenomenon is called EIT.
Fig. 20 respectively fits the electric field distribution at three trans-
mission valleys and two transmission peaks. Fig. 20(a)-(c) are trans-
mission valleys and (d)-(e) are transmission peaks. From the three
electric field distributions corresponding to the transmission valleys, it
can be seen that there is also a partial electric field distribution at the
bottom of the CMT ceramic dielectric cylinder, which means that the
coupling between the bright mode and the dark mode also occurs. At the
transmission peak, the electric field is mainly concentrated on the MSL
structure and the spiral structure.

5. Conclusion

In this paper, by combining the MSL structure with CMT ceramic
structure, the dual-band EIT is realized from the new design. The pro-
posed EIT MS has realized the dual-band EIT effect in 0.2 GHz~1.6 GHz.
The feasibility and rationality of the structure are verified by circuit
fitting and experimental measurement. The designed sample is verified
by experiments, offering the convinces to confirm the validity and
feasibility of the dual-band EIT effect. In addition, the influence of CMT
ceramic structure as a dark mode on the EIT effect in structural modi-
fication is discussed in depth. By discussing the key parameters of the
structure and simulating the surface current, the physical mechanism of
the structure is discussed deeply. What is more, the EIT MS has been
proven to possess an obvious slow light effect, making it have tremen-
dous potential application value in slow light device fabrication.
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