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In the present work, we demonstrate controlling the excitation of bright mode (continuum mode)

resonance and dark mode (discrete mode) resonance in a planar metasurface made of sinusoidal

modulation inside a closed rectangular metallic ring placed over a dielectric substrate. Unlike

asymmetrical breaking of a meta-atom (often referred to as the unit cell) to achieve the dark mode

response in regular metamaterials, in the present structure, the bright or dark mode resonance

is achieved using even or odd half cycle modulation. The achieved dark-mode shows a sharp

resonance for a particular polarization of the incident electric field, which results in an electromag-

netically induced transparency like spectrum. The electromagnetic behavior of the proposed meta-

atom has been investigated in the frequency domain using commercially available software and

validated through experiments in the gigahertz regime. Published by AIP Publishing.
https://doi.org/10.1063/1.5029307

The last few years witnessed tremendous research interest

in metamaterials due to their ability to support resonances in

subwavelength space. The possibility of controlled and tailored

electromagnetic near field within these metamaterials is well

explored in various artificial engineered structures. The intrin-

sic electromagnetic behavior of metamaterials is inherited

from the structure of their individual meta-atoms otherwise

known as unit cell. Metamaterials are periodic arrangements of

crystalline-like sub-wavelength electromagnetic resonators

which can exhibit exotic properties, e.g., extraordinary trans-

mission,1 magnetic mirror,2,3 invisible cloaking,4 slow wave,

negative refraction, super directivity, and many more.5,6 These

unusual properties are seldom found in naturally available

materials and media. This thrives the electromagnetic research

community to develop a variety of devices with enhanced and

unconventional functionalities. More recently, manipulating

near-field interference effects in metamaterial arrays reveals

designs with a sharp low-loss resonance with a high Q factor

in a planar 2D metamaterial sheet with the thickness (h) much

smaller than the free space wavelength (h� k0). Frequency

dependent transmission and reflection of these patterned metal

layers on regular dielectric materials show strong dispersive

behavior and improved radiation leakage suppression at the

resonance. In a broad sense, the methods to achieve these

high-Q resonances can be categorized based on two different

physical mechanisms. The first approach is to introduce struc-

tural asymmetry such that two slightly detuned eigenmodes are

created, and consequently, a trapped mode with high Q factor

resonance is achieved. It was first reported by Fedotov et al. in

asymmetric split rings (ASRs).7 They demonstrated a high Q

resonance with an electromagnetically induced transparency

(EIT) like spectral response in a planar metasurface made of

an ASR unit cell based on the trapped mode in the microwave

regime. The anti-phased current oscillation in the ASR unit

cell at the trapped mode resonance greatly suppresses

radiation leakage and hence less free space coupling. The sec-

ond approach is to establish a coupling mechanism between a

radiative element and a quasi-radiative element to achieve

high Q resonance. The composite structure has the ability to

support bright mode and dark mode resonance depending on

the polarization of the applied field. Often, the achieved high-

Q resonance mimics the EIT phenomena. The EIT-like reso-

nances in these artificial structures arise due to the near-field

coupling between the bright mode and dark mode resonators.

The energy exchange (destructive interference) between the

two states results in a Fano type resonance which is quite sen-

sitive to the local dielectric environment.

Electromagnetically induced transparency (EIT) is a

coherent interference phenomenon generally observed in a

three-level atomic system, which often requires sophisti-

cated experimental conditions, e.g., cryogenic temperatures

and high intensity optical pump.8 It opens up a transparent

window (narrow band) within a broad absorption spectrum

with a high transmission index. However, the EIT-like

behaviour in planar artificial structures is relatively easy to

control without the requirement of a much needed complex

setup. The spectral response can be tuned by altering the

geometry, which only makes it more popular and finds a

range of applications from the microwave to terahertz
regime.9–21

Potential applications of EIT have been demonstrated

for slow light behavior in the terahertz regime with a mech-

anism to control coupling between bright and dark modes

and hence controllable transmission strength.22 Lattice-

induced transparency (LIT) is also reported in Ref. 23,

where control of EIT behavior by changing the periodicity

of the asymmetric split ring resonator has been demon-

strated in the terahertz regime. The photo-active EIT effect

is also demonstrated in the symmetric unit cell having a

tunable bandwidth.24 Active control and switching of trans-

mission strength are achieved using the external pump of

the near-infrared light beam.a)Author to whom correspondence should be addressed: bien@unist.ac.kr
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Theoretical and experimental analyses of eigenmodes

using classical perturbation theory are discussed for double

identical gap split ring resonators.25 The dark mode is basi-

cally even-odd or odd-even eigenmodes for orthogonal sym-

metry, which are natural to symmetric structures and are

difficult to excite, unless one breaks the symmetry in the struc-

ture. However, in the present work, we proposed even or odd

sinusoidal modulation inside the ring resonator. This basically

results in an in-phase or out-of-phase coupling of induced cur-

rent, which in-turn controls the excitation of the dark mode.

In the present letter, we report the observation of sharp

trapped mode resonance in a meta-atom made of sinusoidal

modulation inside a rectangular ring. Depending on the inci-

dent polarization with the odd number of half cycle modula-

tion, the achieved trapped mode resonance is the analog of

electromagnetic induced transparency (EIT). We studied the

spectral behavior of the rectangular ring and our proposed

sinusoidal modulation inside the regular rectangular ring to

control bright or dark mode resonance.

The design principle for the proposed metamaterial unit

cell starts with the design of a regular frequency selective

surface (FSS) having a band-stop response to free space

propagation. The FSS is composed of a periodic arrangement

of identical subwavelength metallic “inclusions” in the form

of rectangular rings over a FR-4 dielectric substrate in a 2-

dimensional fashion (Fig. 1). The substrate is a lossy dielec-

tric (�¼ 4.3þ i0.017) material with a thickness of 0.8 mm.

The metallic part is modeled as perfect electric conductors

(PECs) in simulation.

The unit cell is modelled and simulated using commer-

cial full wave simulator (CST Microwave Studio) package

for its scattering parameters. The spectral response of the

unit cell is investigated for two possible polarization states

of the electric field of incident electromagnetic radiation

with a planar wave front. Considering the dimension of the

unit cell, such a periodic structure does not diffract normally

incident electromagnetic radiation for the frequency spec-

trum lying below 15 GHz. Figure 1 shows the reflection and

transmission profiles of the unit cell for two orthogonal elec-

tric polarizations. It is observed that the unit cell behaves as

a band stop FSS with maximum reflection and minimum

transmission around 2.45 GHz for both polarizations of inci-

dent EM radiation. The Q factor of this kind of resonator can

be calculated as the ratio of resonance frequency (reflection

peak) to the full width at half of peak reflection. It can be

seen that the resonator is a low Q factor resonator. As the

second step, a sinusoidal modulation is incorporated inside

the rectangular ring unit cell as depicted in Fig. 2.

XðtÞ ¼ A1 � t; YðtÞ ¼ A2 � sinð2 � pi � A3 � tÞ; (1)

where A1¼ 12, A2¼ 6.7, A3¼ 3.5, and t¼ (0, 1). Here, we

have defined the modulation index as parameter “A3.” The

total number of half cycles [defined as the analytical equa-

tion in Eq. (1)] incorporated inside the rectangular ring struc-

ture is twice the value of the modulation index. If the

modulation index is 3, there are 6 half cycles inside the rect-

angular ring, whereas a modulation index of 3.5 means that

7 half cycles are incorporated inside the ring.

The transmission and reflection properties of the pro-

posed structure have strong dependency on the polarization

state of incident electromagnetic waves and on the modula-

tion index.

Figures 3 and 4 show the frequency domain transmission

and reflection behavior for modulation indices of 3.0 and 4.0,

respectively. It can be observed that the structure has a similar

response to the ring FSS structure with no modulation.

However, the interesting behavior of the structure

appears with a modulation index of 3.5 (Fig. 5). The spectral

behavior of the structure dramatically changes when the

electric field is parallel to the sinusoidal curve (here, it is the

Y-polarization state of the incident electromagnetic wave)

with an even or odd number of half cycle modulation inside

the rectangular ring. For the orthogonal polarization state of

incident electromagnetic radiation (here X-polarization), the

spectral behavior is similar to that of the original rectangular

ring and does not depend on the modulation. It means that

the modulated ring shows a band stop like FSS similar to the

original rectangular ring alone for X-polarization state of the

FIG. 1. Schematic view of the rectangular ring unit cell structure and simu-

lated reflection and transmission spectrum of the unit cell for two orthogonal

polarization states.

FIG. 2. Schematic view of the rectangular ring unit cell with the sinusoidal

modulation index as 3.5 (Lx¼ 13.6, Ly¼ 16.2, Ux¼ 14, Uy¼ 16.6, Px¼ 0.2,

Py¼ 0.2, G1¼ 1, and G2¼ 0.5) (all units in mm).
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incident electromagnetic radiation, and the spectral response

is the same irrespective of the modulation index.

The original rectangular ring structure shows a larger

bandwidth and hence a lower Q factor which is referred to as

the bright mode resonance, whereas the modulated ring struc-

ture (with odd half cycle modulation) shows an ultra-sharp

resonance for Y-polarized incident radiation which is referred

to as the dark-mode resonance. Depending on the nature of

modulation, even or odd, the excitation of the dark-mode can

be controlled. The excitation of this narrow and strong reso-

nance in the spectral response is the so-called “trapped mod-

es,” which is basically the reason for electromagnetic induced

transparency (EIT) in the proposed sinusoidal modulated rect-

angular structure. This makes the original FSS/metasurface

with the band stop spectra response (opaque) transparent to

incident electromagnetic radiation with a particular polariza-

tion. It is the property of the trapped modes that allows in

principal to achieve high-quality resonances in very thin

structures. These modes are weakly coupled to the free space

and hence superior radiation suppression.

For a deeper understanding of resonant nature of the

proposed structure, the induced surface current in the metal

pattern by the incident electromagnetic wave has been

analyzed in the full wave simulator. Figure 6 shows the

induced surface current in the unit cell with a modulation

index of 3.5. Surface current is induced in the metallic trace

along the incident polarization. The direction and strength of

the surface current are along the arrow. It can be observed

that the in-phase coupling between the two opposite branches

of the ring restores the original current distribution (when

even number of half cycle inside the ring), and hence, the

scattering response is similar to the ring alone (without modu-

lation). We can see that the induced current strength is very

weak for Y-polarized radiation incident in the trapped mode

(Fig. 6). The out of phase coupling between the opposite

branches of the ring leads to the suppression of net induced

current in the trapped mode. The scattered field strength by

such current is weak that significantly reduces free space cou-

pling and hence reduces radiation losses. For X-polarized

incident, it can be understood that the metallic trace of the

modulation is orthogonal to the incident electric field. Hence,

the induced electric field on the ring is not affected by the

modulation.

The fabricated sample is having 10� 10 unit cells

arranged in a planar form. The overall size of the sample is

140 mm� 166 mm. Transmission and reflection of a single

sheet metamaterial are measured inside an anechoic chamber

using broadband horn antennas with normal incidence along

the principal plane. We observed a sharp transmission window

within a broad stop band. Figure 7 shows the transmission

FIG. 3. Simulated reflection and transmission of the unit cell for two orthog-

onal polarization states for mod¼ 3.0.

FIG. 4. Simulated reflection and transmission of the unit cell for two orthog-

onal polarization states for mod¼ 4.0.

FIG. 5. Simulated reflection and transmission of the unit cell for two orthog-

onal polarization states for mod¼ 3.5.

FIG. 6. Simulated surface current on the unit cell with a modulation index

of 3.5 for (a) Y-polarization (b) X-polarization of the electric field.
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performance of the sheet for Y-polarization of the incident

electromagnetic field. It can be seen that the transmission is

quite good at the trapped resonance with a little broadening of

the bandwidth. Still, the bandwidth measured at half maxima

is quite narrow which confirms a high Q-resonance.

The Q factor is obtained from the transmission profile,

calculated as the ratio of resonance frequency f0 (transmis-

sion peak) to bandwidth Df. The bandwidth is qualitatively

calculated as full width at half transmission maximum. The

calculated Q factor from simulation and measured transmis-

sion profile is 122 and 88, respectively.

In the present case, the dispersive behavior of the pro-

posed structure is investigated for a propagating electromag-

netic pulse with a planar wave front. For the same, a unit

amplitude Gaussian modulated sinusoidal pulse is considered

with the center frequency the same as the frequency at which

the proposed structure shows EIT like behavior. The transmis-

sion response of the system (S21) using the network analyzer

with the horn antenna is measured. The principal E-plane is

kept aligned along the desired orientation for which the struc-

ture shows EIT behavior. Applying Hermitian processing, the

frequency domain system impulse response is calculated.

Thereafter, inverse fast Fourier transform (IFFT) is used to

retrieve the time domain impulse response. Then, the impulse

response is convolved with the incident pulse signal to obtain

the received signal envelope.26 From Fig. 8, it is observed

that the received signal essentially retains the Gaussian shape

with a small delay time of 2.5 ns. The transmission magnitude

is reasonably high for a single layer of sheet.

In summary, we numerically and experimentally showed

EIT resonance in the planar metasurface composed of a peri-

odic arrangement of a unit cell structured in the form of a

sinusoidal modulated rectangular ring. Depending on the

nature of modulation (even or odd), an extremely sharp reso-

nance can be achieved, the so called trapped mode. The gen-

eration of the trapped mode transforms the metasurface from

opaque to transparent at the resonance band for a particular

polarization of the incident electromagnetic radiation. This

electromagnetic induced transparency shows a high polariza-

tion selectivity. With the odd number of half cycle modula-

tion inside a regular rectangular ring shows the EIT like

behavior, whereas with an even number of half cycle modu-

lation the spectral response of the modulated ring is the same

as the regular ring. The proposed approach of sinusoidal

modulation is scalable to higher frequency by selecting

materials (both conductive traces and substrate) with suitable

electromagnetic properties.
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