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ABSTRACT: We report a novel characteristic of the phenomenon of Fano resonance obtained by the interaction of incident electromagnetic
waves and waveguides system formed of loop and resonators. The Green Function Method (GFM) is employed to calculate the transmit-
tance of the incoming electromagnetic waves. Our proposed system achieve a selecting and filtering device either by total transmission
or by total reflection with a very high performance. The proposed structure contains four segments of the same lengths, and asymmetric
resonators (IN and N’ resonators) are moving in the structure. Through parameters optimization, we show that the system creates Fano
resonances, which are sensitive to the variations of the segment lengths, the resonator lengths, the positions of the resonators, and the
physical properties of the system components. Then, the proposed system is able to filter at least two resonance modes with different
frequencies. This system has potential applications in the field of microwave communication antennas.

1. INTRODUCTION

n the last decades, enormous research has been conducted
Iin the development of inexpensive, accurate, reliable elec-
tromagnetic and microwave filters capable of filtering and se-
lecting one or several frequencies. A filter (selecting waves
system) is a device that can transmit or reject a portion of the
electromagnetic waves. Numerous filters based on waveguide
systems have been proposed and manufactured to control and
select several frequencies. Photonic waveguides system can be
considered as one of the most recent photonic technologies be-
cause of its extraordinary photonic properties for a set of ap-
plications [1-7]. The photonic waveguide structures have at-
tracted important attention by the scientific community due to
their ability to guide and confine the electromagnetic waves [8].
Megahertz (MHz) radiation lying in the frequencies range from
0 to 1000 MHz has gathered significant importance thanks to
their high transmission, low energy, high signal-to-noise ra-
tio (SNR), and wide bandwidth. This area of electromagnetic
waves has a wide variety of applications such as MHz imaging,
MHZz filtering, space science, security screening, communica-
tion, spectroscopy, ultrafast computing, medical sciences, and
environmental monitoring [9-12].

Recently, one-dimensional (1D) photonic periodic waveg-
uides system filters based on the resonators in the megahertz
band have been widely concerned by different authors [13, 14].
Ben-Ali et al. studied the transmission spectra of a one-
dimensional photonic periodic star waveguides system with
either left-handed materials or right-handed materials for ap-
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plications in reflector and passband filters [15, 16]. Errouas et
al. also proposed a new system based on electromagnetic star
waveguides, which are able to select and filter one or two
incoming electromagnetic waves [17]. On the other hand,
El-Aouni et al. suggested the idea of a narrow tunable filter
based on the interaction of the incoming electromagnetic
wave and one-dimensional defectives photonic serial loops
system [18].

In this work, we propose a new typical 1D waveguides sys-
tem formed of segments and resonators. This structure contains
four segments of the same lengths, and asymmetric resonators
are moving in the system. Based on the scientific literature,
such type of waveguides non-periodical structure based on the
loop and resonators (if we consider either the resonator or the
loop) has the capacity to create Fano resonances in the transmis-
sion spectrum [5]. These Fano resonances can be used to realize
devices such as electromagnetic switches, lasers, sensors, ultra-
fast switches, and slow-electromagnetic wave’s devices [19—
22]. A Fano resonance is a type of resonant scattering phe-
nomenon that gives rise to an asymmetric line-shape (asymmet-
ric peak). Interference between a background and a resonant
scattering process produces the asymmetric line-shape [23-27].
This work demonstrates, on the one hand, the existence of Fano
resonances, which are characterized by a very high transmis-
sion rate and an important quality factor Q, and on the other
hand, the results will show that other resonance modes are char-
acterized by transmission zero, which can be used as a total
reflection filter. Based on these results, we can use the pro-
posed system as filtering in the telecommunication application
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field in the MHz areas, such as antennas, radio frequency and
radars [28-31].

2. MODEL AND FORMALISM

In this paragraph, we develop the Green function method
(GFM) to study the electromagnetic waves propagation in elec-
tromagnetic waveguides system. In this situation, we consider
that our structure is constituted by a loop characterized by the
lengths d;, ds, ds, dg, and N and N’ resonators of lengths re-
spectively ds and d4. We can define this theory as [32]:

g(DD) = G(DD)—G(DM)G ' (MM)G (MD)
+G (DM)G™ (M M) g(MM)G™!

(MM)G (MD) (1)

where D and M are respectively the hole space and interface
space in the system. G represents a block-diagonal matrix
where each sub-block G corresponds to the global Green’s
function of substructure k. Based on the knowledge of the ele-
ments of the matrix g(M M) of g in the interface space M, we
determine the elements of the matrix g(D D) of the composite
material.

The inverse of the Green function of the system composed by
loops-resonators (see Fig. 1(b)) is written in the following form:

_EBG_BC_p Lan Fy 0
Sl Sz s S}I‘ 52
1 Fy FoCy N E3S3  F5Cs 0 Fs
o S S C: S,
Gsys (MpMp) = oy : 0 ° FyCo _ N/ EaSs _ FoCo i ()
S2 Sz C4 S5 S
0 Fs Fs _FsSs_FeSs_p
S5 Se Cs Ce s

Oi = COSh(Otidi); Sz = Sinh (Ozidi) and Q; = Fi: 7]%\/51
(i=1,2,3,4,5,6); Fs represents the inverse Green function of
the semi-infinite segment (guide); c is the speed of electromag-
netic waves (light) in vacuum; ¢; is the dielectric constant; w
represents the pulsation and j = v/—1.

For the photonic waveguides structure situated between two
semi-infinite guides (Fig. 1), the transmission rate 7" and reflec-
tion rate R are given respectively as:

T = | —2Fg(e,s)| 3)

4

where ‘e’ and ‘s’ represent, respectively, the interface between
the input semi-infinite guide and the structure, and the interface
between the output semi-infinite guide and the structure.

R = |—1-2Fg(ee)|

3. RESULTS AND DISCUSSIONS

We will assume that the diameters of the various components
of the system are very small compared to their lengths, which
allows us to consider that electromagnetic waves propagate
along a single dimension. Electromagnetic waves originat-
ing from a semi-infinite waveguide propagate in the medium
(segment) characterized by the same physical properties as the
semi-infinite waveguide. Wave scattering in the multi-interface
structure, considering a composite material, involves propaga-
tion along different paths, giving rise to constructive and de-
structive interferences.

In this section, we analytically illustrate the propagation of
electromagnetic waves through a photonic waveguides struc-
ture containing a loop and position-varied resonators. We de-
fine the reduced frequency 2 by: :%\/ﬁi where, D =
di + ds.

3.1. Symmetric Loop without Resonators

First, we consider the structure composed by symmetric loop
characterized by lengths d; and ds (Fig. 1(a)). In Fig. 2, we
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present the variation of transmission rate as a function of the
reduced frequency €2, we can see that there exists one large
resonance mode (low quality factor) with a maximum trans-
mission peak around the reduced frequency 2 = 2.1. This
system can filter one frequency at f = 152 MHz when the
length dy = do = Imand e; = €5 = 2.3. In the case
when the loop is symmetric, the transmission rate cannot reach
zero [33]. Indeed, the transmission rate does not fall below the
value 7' = 0.6. In the following, we will introduce two res-
onators that move inside the system, and we will study their
effect on the transmission rate.

3.2. Effect of the Two Resonators Displacement In the System

In the following paragraph, we present in Fig. 3 the variation
position effect of the two resonators (N = N’ = 1) of lengths
ds and d4 on the transmission spectrum. Note that when we
change the segments lengths d; and d», the resonators move in
the structure.

We consider di + ds = ds + dg = D and take three cases
where the positions of resonators are well determined. In case
(a) where the two resonators occupy the ends of the loop system
(dy = d2 = D and d5 = dg = 0D), we obtain a very narrow
filtered resonance mode (high quality factor) with a total trans-
mission (7" = 1) around the reduced frequency 2 = 2.1. For it,
we can use this system in question for filtering one frequency
around f = 152 MHz if the geometrical parameters are as fol-
lows di = dy = 1m, d3 = 0.54m, and dy = 0.46m. This
case (a) cannot be obtained when the propagation of electro-
magnetic waves is studied through the asymmetric or symmet-
ric loop without resonators [33]. In case (b), we change the
position of the two resonators in the following way: we put
the resonator of length d3 at a distance d; = 0.9D and the
resonator of length dy at a distance do = 0.9D, and we ob-
tain two resonances frequencies (Fig. 3(b)), namely Q; = 1.75
with low quality factor and 2o = 2.2 with high quality fac-
tor. Consequently, this system behaves as a filtering system
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FIGURE 1. (a) Symmetric loop waveguides of length di = d2 without resonators situated between two semi-infinite media of the same nature.
(b) Waveguides structure consists of four segments of the same lengths di = d> = ds = dg and N and N’ position-varying resonators of lengths
ds, d4 and the relative permittivities 61 = €2 = €3 = €4 = €5 = g6 = 2.3.
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FIGURE 2. Transmission rate as a function of the reduced frequency €2 when the length d; = d2 = D and &1 = g9 = 2.3.

that can filter two frequencies of values f; = 126.719 MHz
and fo = 159.30 MHz if the geometrical parameters are d; =
d2 = 0.91’11, d3 = 0.541’11, d4 = O.46m, and d5 = de =0.1m.
In case (c), the two resonators situated at a distance of 0.5D
from the input system. In this case, the system shows two to-
tal transmission rates (shape of Fano resonances) around the
frequencies f; = 90.5 MHz and fo = 210 MHz and a trans-
mission zero (total reflection) around f = 152 MHz when the

145

geometrical parameters are dy = dy = 0.5m, d3 = 0.54m,
dy =0.46mand ds = dg = 0.5m.

3.3. The Position of The Resonator d;

In the present paragraph, we take the resonance mode localized
around (2 [1.98, —2.16] and investigate, in Fig. 4, the variation
of the reduced frequency as a function of the position of the res-
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FIGURE 3. The effect of the position of the two resonators (N = N’ = 1) of lengths ds = 0.54D, d4 = 0.46D (by changing the lengths d; and d>)

andey = e = €3 =€4 = €5 = ¢ = 2.3.
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FIGURE 4. Variation of the reduced frequency €2 as a function of the length ds with do = 0.9D, d¢ = 0D, d3 = 0.54D, ds = 0.46D and

€] = €3 =€3 = €4 = €5 = €6 = 2.3.

onator of length d3 by keeping the other parameters as follows
dy = D,dg = 0,ds = 0.54D, and d4 = 0.46D. It is noted
that the change in the position of the resonator (ds3) depends on
the variation of the segment of length d; and the variation of
the segment of length ds, as d; + ds = 1.D. We conclude that
the frequencies of resonance modes slightly decrease with the
length d5, and other modes keep the same value of the reduced
frequency €2 for ds = 0.95D.

3.4. Effect of Opposite Displacement of the Two Resonators

The opposite displacement of the resonators (one resonator of
length d4 moves towards the system input and the other of
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length ds towards the output of the system) plays a very im-
portant role in the behavior of the resonance mode level. In
this context, we study in Fig. 5 the behavior of the opposite
displacement of the two resonators. According to Fig. 5, the
resonance modes reach three transmission zeros. The trans-
mission spectrum shows that the frequency of the two trans-
mission zeros varied when the resonators move in the system,
while a specific shape resonance mode around the reduced fre-
quency 2 = 2.1 was obtained which is independent of the
displacement of the two resonators. The last mode of reso-
nance can be induced by the interference of the incoming elec-
tromagnetic waves and the eigen modes of the loop-resonator
with specific geometrical parameters. Therefore, we can use
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FIGURE 5. Transmission spectrum as a function of the reduced frequency €2 for the inverse displacement of the two resonators with ds = 0.54D,
dy = 046D andey = €3 =e3 =e4 =€5 =6 = 2.3. (a)d1 = 0.1Danddy = 0.9D. (b)dy = 0.3D anddy = 0.7D. (c) di = 0.6D and

dy = 0.4D. (d)dy = 0.8D and d = 0.2D.

this system as the total reflection filter that reflect three fre-
quencies, namely f; = 101.3754 MHz, f, = 152.0631 MHz
and f3 = 188.2686 MHz when the parameters d; = 0.3m,
dy = 0.7m, d3 = 0.54m, dy = 0.46m, d5 = 0.7m and
dG =0.3m.

3.5. Effect of Two Resonators Permittivities on the Resonant
Modes

The variation permittivities of the media have a major effect
on the electromagnetic response and can be used to improve
the performance of the device. In this part, we fix the posi-
tions of two resonators and vary their permittivities in order
to study the behavior of the resonance modes. Fig. 6(a) rep-
resents the transmission spectrum as a function of the reduced
frequency {2 when the two resonators are located at distances
dy = dy = 0.9D from the entry point for different values of €3
and 4. Fig. 6(a) shows that the increase of the permittivities
of both resonators with a step of 0.2 causes the decrease of the
resonance modes frequencies. Fig. 6(b) shows the variation of
the transmission rate versus the reduced frequency {2 when the
permittivities of two resonators increase by a step of 0.2, with
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d; = dy = 0.5D. This last figure demonstrates that the zero
of transmission moves to low frequencies when the resonators
permittivities increase. The result may be exploited to build a
selective filter with high performances.

3.6. Effect of N and N' Resonators on the Resonant Modes

In this section, we study the effect of inserting N resonators
of length d3 in the upper arm of the loop and N’ resonators of
length dy in the lower arm of the loop. We give the system
the following parameters: diy = do = ds = dg = 0.5D,
ds = 0.54D and dy = 0.46D. We show in Fig. 7(a) the
transmission rate as a function of the reduced frequency €2 for
N = N’ = 10, in Fig. 7(b) the number of resonators as a
function of the reduced frequency €2 and in Fig. 7(c) the varia-
tion of the quality factor Q as a function of the number of res-
onators. Fig. 7 shows the appearance of resonance modes with
high transmission rates and different quality factors Q. The fre-
quencies of these modes vary, and the quality factors Q increase
as the number of resonators on each arm of the loop increases.
In this case, we consider the multiple-resonators system to func-
tion as a multi-frequency filter.

WWwWw.jpier.org



PIER C

El-Aouni et al.

(

o
~

Transmission

Transmission

~
o

Transmission

—— £3=84=23
—— &3=g4=2.5
£3=£4=2.7

—— E3=g4=2.9

Reduced frequency

Transmission

1.0
0.8
0.6
0.4
0.2
0.0

e e

216 218 2.20 222 224 2.26 2.28

Reduced frequency

£3=g4=23
g3=€4=2.3
g3=g4=2.7

e3=€4=2.9

Reduced frequency
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4. CONCLUSION

Following the Green function method, we have presented the
phenomenon of Fano resonances and transmissions zero ob-
tained by the interaction of the electromagnetic waves and one-
dimensional waveguides system in order to achieve a selecting
and filtering device either by total transmission or by total re-
flection with a very high performance. Our proposed system
contains four segments of lengths d;, ds, d5, dg asymmetric
resonators (N and N’ resonators) of lengths ds and dy that
are moving in the system. Such a system creates Fano reso-
nances and transmission zeros, which are sensitive to segments
lengths, grafted resonators lengths, and the positions of res-
onators. Thus, by changing the physical and geometrical prop-
erties of the system components, the results show that the de-
vice is able to filter at least two resonances modes frequencies
with maximum transmission rate and one transmission zero.
We believe that this waveguides system based on the loop and
resonators that move in the system is promising and has po-
tential applications in the field of microwave communication
antennas, radio frequency, and radars.
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