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ABSTRACT: In this study, we investigate electromagnetically induced transparency (EIT) and Fano resonances, focusing on the prop-
agation of electromagnetic waves in a system of parallel waveguides associated with asymmetric resonators. Our design includes five
waveguides and two resonators, generating discrete modes influenced by their respective lengths. The EIT resonance is characterized by
a prominent transmission peak flanked by two transmission zeros, while the Fano resonance is characterized by a pronounced transmis-
sion peak adjacent to a transmission zero. Using the transfer matrix method (TMM), we calculate transmission and reflection rates. Our
results indicate that the EIT resonance appears when the resonator lengths show slight differences, whereas the Fano resonance appears
when the resonator lengths are identical. Both resonances are sensitive to resonator lengths and permittivity indices. Consequently,
the geometrical parameters of the system must be carefully selected according to the application in question, whether waveguiding or

multi-channel electromagnetic filtering.

1. INTRODUCTION

elective filters are based on the interaction between the in-
S coming electromagnetic wave and the materials of the struc-
ture components. Many filters are conceivable such as long-
pass, short-pass, interference band-pass filters, and color ab-
sorptive filters [1,2]. In particular, the electromagnetic inter-
ference filters are advantageous for their high-quality factor and
transmission rate. Moreover, selective electromagnetic filters
have now been exploited in other applications as multichan-
nel filters, due to their high capacity to simultaneously transmit
multiple frequencies over a single transmission line (channel)
at the same time without any manual interference.

Electromagnetically Induced Transparency (EIT) and Fano
resonances, extensively researched in systems like photonic
waveguides [3], offer potential for innovations like electro-
magnetic switches [4], and sensors [5]. EIT resonances mani-
fest as prominent transmission peaks flanked by two transmis-
sion nulls, while Fano resonances appear adjacent to a trans-
mission null. The genesis of these resonances lies in the in-
terference between incoming electromagnetic waves and the
structure’s eigenmodes. The scientific community has been
fervently exploring the nuances and potential applications of
these resonances. Numerous photonic and acoustic multichan-
nel filters, tailored for integrated technology, have been pro-
posed. For instance, Ben-Ali et al. delved into a multichannel
Frequency Division Multiplexing (FDM) system based on one-
dimensional photonic star waveguides [6]. Mouadili et al. ex-
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perimentally crafted a photonic device leveraging EIT and Fano
resonances [7]. Other notable works include investigations by
Islam et al. on double slot waveguides [8], El Kadmiri et al. on
multi-channel acoustic filters [9], and Khattab et al. on acous-
tically induced transparency [10, 11].

The results of our study, although they are based on the TMM
method, have significant implications for the field of metasur-
faces. The exploitation of electromagnetically induced trans-
parency (EIT) and Fano resonances in metasurfaces opens the
way to innovative applications in optics and photonics [12—17].
These phenomena can be used to enhance the control of light at
the nanoscale, providing opportunities for the development of
advanced optical devices such as ultra-selective filters, highly
sensitive light sensors, and improved optical communication
systems.

In this study, using the transfer matrix method, we embark
a theoretical and numerical exploration of EIT and Fano res-
onances within one-dimensional parallel segments associated
with symmetrical or asymmetrical resonators. Our proposed
structure, illustrated in Figure 1, comprises segments of differ-
ent lengths d; (¢ = 1-5), complemented by two resonators of
lengths dg and d7. Our main objective is to discern the local-
ization of discrete modes and to verify the potential existence
of Fano and EIT resonances in configurations with U-shaped
resonators.

Our study sheds light on the phenomenon of electromagnet-
ically induced transparency (EIT) and Fano resonances in our
proposed structure. EIT manifests itself in our structure as a
result of destructive interference between the resonance modes
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FIGURE 1. Geometric illustration of parallel/serial segments and two
grafted resonators located in two different sites.

of the waveguides and resonators. This interference leads to
a window of transparency in a specific frequency band, ob-
servable when the resonator lengths differ slightly. On the
other hand, Fano resonances result from the interaction be-
tween a discrete resonance mode created by resonators of iden-
tical lengths and a continuous background spectrum offered
by the waveguides. This interaction produces a characteristic
asymmetrical transmission profile, typical of Fano resonances.
These phenomena illustrate the sensitivity of our system to vari-
ations in geometrical parameters, underlining the importance of
their careful selection for the design of efficient multi-channel
electromagnetic filters.

The paper is structured as follows. Section 2 is devoted to
a complex analytical calculation of transmission and reflection
rates via TMM. Section 3 presents our numerical results and
discussions, leading to the conclusion in Section 4.

2. MODEL AND FORMALISM

Our theoretical analysis is based on the formalism of the trans-
fer matrix method, which calculates the transmission rate. The
expressions for the electric fields in the segment-resonator are
given by:

Eo(z)=Age’®0® + Bye~i@% for: x <0
(e y)= E (x):Ale."““—i—Ble_f“l” for: 0<z<d;
’ Es(y)=Coe®2Y+ Dge™"2¥ for: 0 <y < ds
Es(x):Asei”‘S("”_dl) for: x > d;

)
The electric field distribution within each medium is written by
the sum of an incident wave and a reflected wave. «; is the
wave number in medium ¢ (z = 0, 1, 2, s), and the coefficients
A, and B, are constants (n = 0, 1, s).
We use the conditions of the passage of electric fields, and we
find the transfer matrix of a segment d; and a grafted resonator
ds in the following form:

G-mEs
M= M 1 @
—juS; —jEECr Gy
with:
Ci = COS(O&,‘di), Sl = SlIl(OéZdL)
w .
and Q; = E\//Li&‘i (Z = 1,2) (3)
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The transfer matrix of a single segment is:
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We used the admittance matrix to calculate the transfer matrix
of the three parallel segments. The segment admittance matrix

is:
B A A
Yl=vil )= e
B, As Ag
We use the admittance matrix to calculate the transfer matrix of
three parallel segments of lengths ds, d4, and d5:

B A 3 A
(8) w2 )-xim ()
25):1 Yi11 Ay
- J(%) o
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The transfer matrix of three parallel segments is given by:
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The transfer matrix of a segment dg and a grafted resonator dr
is:

Cs —Ja
M3 = - - a7S7 Ot7S7 (8)
—JjoeSe — j°5F Ce Ce — 3L Se
The global transfer matrix is given by:
Ar Br
T 1 Mo - M3 ( Cr Dy ) ©))
The transmission rate is given by:
2
2
T= (10)

[AT +asBr + % + Dr (%0)}
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3. RESULTS AND DISCUSSIONS

In this section, we numerically illustrate the propagation of
electromagnetic waves through a system containing parallel
segments and symmetric/asymmetric resonators (Figure 1). We
take the dielectric permittivity of the segments and resonators
respectively as e o = 2.3 (polyethylene) (the materials
involved in the structure are identical), and the magnetic per-
meability of the materials is f; 2 1 (non-magnetic
medium). We study the effect of the presence of two resonators
in order to obtain two types of resonances (AIT and Fano). The
reduced frequency is given by 2 = %, which is a dimension-
less quantity; D is a unit length; c is the velocity of electro-
magnetic waves in vacuum; and w is the pulsation. We find
that the real frequency domain depends strongly on the size of
the lengths.

3.1. Discrete Modes of a Single Cellule

In this section, our focus is directed towards the eigenmodes
of a photonic waveguide system. This system, as depicted
in Figure 1, comprises three parallel/serial segments, comple-
mented by two resonators strategically positioned at distinct
sites. These components are encapsulated between two semi-
infinite segments of identical nature.

In Figure 2, we study the relation between the reduced fre-
quency and the lengths of the parallel segments. For this anal-
ysis, we take parameters dy = 1D, do = d7 = 0.46D, and
dg 1.5D. The black branches, representing the discrete
modes, signify the transmission peaks of our proposed sys-
tem. It is evident that for each segment length, one or multiple
discrete modes emerge, each corresponding to a specific fre-
quency. Intriguingly, as the lengths of the parallel segments are
augmented, there is a discernible shift of the discrete modes to-
wards lower frequencies. Concurrently, the quantity of discrete
modes also witnesses an upsurge. This observed trend aligns
with findings from previous studies on acoustic star waveguide
structures, as cited in [10, 11].

N
I

0.8
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dz =d, =ds

FIGURE 2. Variation of the reduced frequency as a function of the seg-
ments lengths ds = ds = ds.

3.2. Effect of the Identical Resonator

In observation of Figure 3(a), we identify a resonance mode
close to a single transmission zero on the right side, a sig-
nal characteristic of a Fano resonance. When we increase the
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FIGURE 3. Transmission rate as a function of the reduced frequency
for identical values of resonators lengths d2 and d;.

lengths of the identical resonators, as seen in cases (b) and (c),
the Fano resonance (represented by the maximum transmission
peak near a single transmission zero on the right) shifts to lower
frequencies. Interestingly, in case (d), the maximum transmis-
sion peak is observed near a single transmission zero, but this
time on the left-hand side.

From these observations, we deduce that the Fano reso-
nance phenomenon occurs when the resonators have equiva-
lent lengths. Moreover, this mode gravitates towards lower fre-
quencies as resonator lengths are varied, notably ds and d~.

3.3. Transmission Spectrum: Effect of EIT Resonance

In the following discussion, we examine Figure 4, which illus-
trates the variation in transmission rate as a function of reduced
frequency. To do this, we have chosen different lengths for
the d; resonator, while keeping the do resonator length fixed at
0.46D. In all the cases shown in Figure 4, we observe a trans-
mission peak located between two transmission zeros. This
specific resonance feature is recognized as an EIT resonance.
Our analysis shows that as the length of the d7 increases, the
EIT resonance shifts to lower frequencies, accompanied by a
decreasing quality factor.

3.4. Color Map: Effect of Resonators Lengths d, and d

To obtain an EIT resonance, it is necessary to choose two res-
onators of different lengths. For our study, we set d; = 0.5D,
d¢ = 1.5D, and d3 = dy = d5 = 1D. In Figure 5(a), with
do = 0.46D and d; = 0.54D, a discernible maximum trans-
mission peak is observed, located between two transmission ze-
ros in the frequency range 2 = [3-3.25].

To determine the optimal geometrical parameters that pro-
duce the highest transmission rate for the EIT resonance, we
illustrate, in Figure 5(b), a color map. This map plots the trans-
mission rate in the reduced frequency range of = [3-3.25]
as a function of resonator lengths do and d7. Each coordi-
nate (ds, d7) on this map corresponds to a specific transmis-
sion rate. Green corresponds to medium transmission, while
dark blue represents minimum transmission. The red regions,
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FIGURE 4. Transmission rate as a function of the reduced frequency for

different resonators lengths d; with d» = 0.46D.
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FIGURE 5. (a) Transmission rate as a function of the reduced frequency
for d2 = 0.46D and dv = 0.54D. (b) Color map of transmission
maximum versus the resonators of lengths d» and d; for Q = [3-3.25].
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FIGURE 6. Transmission rate as a function of the reduced frequency for different values of €.

on the other hand, indicate high transmission rates for differ-
ent resonator lengths. In particular, transmission maxima show
symmetry around the central axis of resonator lengths.

3.5. Effect of the EIT Resonant with the Resonator Permittivity

The variation permittivity of the resonator has an important ef-
fect on the propagation of electromagnetic waves in our pro-
posed system and can be used to improve the performance of
the structure. Wetake d1 = do = dg = 0.5D,d3 = dy = ds =
1D, and d7 = 0.55D, and we vary the permittivity of the res-
onators €7 in order to study the behavior of the EIT resonance.
Figure 6 represents the transmission rate as a function of the
reduced frequency for different values of ;. We notice that the
EIT resonance moves to low frequencies when increasing the
permittivity €7 of the resonator of length d7 with a step of 0.25.
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4. SUMMARY

In this study, using the transfer matrix method, we explored the
potential for creating multi-channel electromagnetic filters by
taking advantage of Fano and EIT (electromagnetically induced
transparency) resonances. We focused on a simple structure
comprising five waveguides associated with two asymmetrical
resonators. A Fano resonance is characterized by full trans-
mission near zero transmission. Conversely, an EIT resonance
is characterized by a peak transmission located between two
transmission zeros. The positioning and half-value width of
the EIT resonance are highly sensitive to changes in segment
and resonator length. Consequently, these parameters must be
carefully selected to suit the specific application in question.
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