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ABSTRACT: In this study, we present a Y-shaped electromagnetic waveguide switch with integrated resonators designed to control wave
propagation within a specific frequency range. The switch comprises two input lines and one output line, with each input line connected
to a resonator of height d; and d3 that can either allow or block transmission of the signal. Using the Transfer Matrix Method (TMM), we
determined transmission and reflection properties to analyze the device’s performance in ON (transmission) and OFF (blocking) states.
Our results indicate that, depending on the choice of geometric and structural parameters, the resonators enable a transmission of more
than 99% (713) from the first input line to the output line in the ON state, while reducing the transmission from the second input line to
less than 1% (T%3) in the OFF state. These findings show the importance of resonator tuning for achieving precise electromagnetic wave
control, offering a practical approach for enhancing signal management in advanced optical communication systems.

1. INTRODUCTION

lectromagnetic waveguide switches are critical components
Ein advanced signal processing and telecommunication sys-
tems, enabling dynamic control over the propagation of elec-
tromagnetic waves by adjusting signal direction and intensity
within confined structures [1-6]. These switches are integral to
modern optical communication networks and integrated pho-
tonic circuits, where they significantly improve sensing capa-
bilities [7-10]. Their versatility and performance have been fre-
quently in extensive use in data centers for high-speed data rout-
ing, in reconfigurable antennas to achieve flexible signal direc-
tion control and in optical computing platforms to support rapid
signal processing and related operations [11,12]. Such gen-
eral uses improve the importance of electromagnetic waveguide
switches in high-performance communication and processing
environments.

In addition to their contributions to communication net-
works, electromagnetic waveguide switches are essential for
imaging and environmental sensing applications. By precisely
manipulating electromagnetic fields, these switches have the
potential to enhance image clarity, facilitate detailed environ-
mental analysis, and allow the detection of signal variations
critical for both research and monitoring [4, 13—16]. Thus, there
has been a great deal of research into new switch designs that
ensure high efficiency, solid performance, flexibility, and sim-
ple integration with current platforms in response to growing
demands for faster, more flexible communication systems.
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Numerous approaches have been explored to satisfy these
changing requirements. For example, Dao et al. [17] presented
a compact 2 x 2 photonic switch consisting of a waveguide
with a phase-change material (SbySes) for switching. This sys-
tem efficiently connects two inputs to two outputs, facilitating
low-loss signal routing. Rehman et al. [18] introduced a three-
dimensional switch based on guided mode resonances in pho-
tonic crystals, achieving a significant 13.75% data signal en-
hancement at a wavelength of 1.55 um. Similarly, Rehman et
al. [19] employed crystal cavity methods to improve switch-
ing efficiency by approximately 7%. In addition, Hu et al. [1]
exploited Fano resonance phenomena to realize high modula-
tion intensity terahertz switches, making the way for future high
speed communication systems.

In this study, we investigate a Y-shaped electromagnetic
waveguide switch composed of two input channels and one out-
put channel, integrating resonators to ensure precise directional
control of electromagnetic waves to achieve the switch phe-
nomenon. Using transfer matrix method (TMM), we calculate
transmission and reflection rates, enabling a thorough analy-
sis of the switch’s ON and OFF states. Subsequently, we ex-
amine the influence of resonator parameters on switching per-
formance and identify optimal configurations for distinct trans-
mission states. We conclude by summarizing our main findings
and discussing their potential applications in optical communi-
cation and photonics.
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FIGURE 1. (a) Y-shaped electromagnetic switch without resonator. (b) Y-shaped electromagnetic switch with two resonators of height d; and ds3

grafted into the first and second input lines respectively.

2. THEORETICAL FORMALISM

The transfer matrix method (TMM) is commonly used to study
waveguides and to analyze properties such as reflection and
transmission rates. This approach considers the evolution of
the electromagnetic field as it passes through different sections
of the waveguide, while ensuring consistency with the bound-
ary conditions at each interface. This method is particularly
useful for electromagnetic waveguide systems and can be used
in a variety of fields, such as electronics and acoustics [20-26].

In Fig. 1(a), we examine a structure composed of two inputs
and one output channels composed of waveguides. In Fig. 1(b),
we illustrate a structure comprising two input channels and one
output line. The first input includes two segments of lengths d,
connected by a resonator of height d;. The second input con-
sists of two segments of lengths d,, grafted at their middle by
one resonator of height ds. In this study, we use Transfer Matrix
Method (TMM) to analyze electromagnetic wave propagation
in a one-dimensional waveguide system Y-shaped electromag-
netic switch (Fig. 1).

2.1. Analysis of Transmission and Reflection Rates in an Elec-
tromagnetic Switch without Resonator

In this section, we calculate the transfer matrix for a Y-shaped
system electromagnetic switch without resonator (Fig. 1(a)).
The expressions for the electric fields in the three regions of
the system are as follows:

Eiy (z)=A11670% + Byje 7907 for: <0
E1s (z)=A12671" + Biae™791% for: <0
B(z) = 513 (:E)iA eﬂz2i+B13e Jzzz forf z>0 )
21 () = Ag167*1% + Bo1e™/1* for: <0
Eas (z) = Ag2e720% 4 Bose 0% for: <0
Es3 (z) = Ag3e7%2% + Baze ™92 for: x>0

The electric field within each medium is expressed as the sum
of an incident wave and a reflected wave. The amplitudes A;;,
By, Ag;, Bo; (for i = [1-3]) represent the amplitudes of the
progressive and regressive electromagnetic waves.
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We define o; = ¢ /Eifu;, for i = [0,2] where w is the an-
gular frequency of the incoming electromagnetic wave, ¢; the
relative permittivity, p; the permeability of the non-magnetic
medium, and c the speed of electromagnetic waves in a vac-
uum.

The conditions of passage in x = 0 are:

En(x = 0) = Elg(ai = 0) = E13(.’)3 = 0)
dE __ dE dE

E21($ = 0) = Egg(ﬂ? = O) = EQg(.’E = O)
dgisl); 0 = d§£§2):1,:0 + dg‘;g)g,:()

By applying the calculations described in system (2), we obtain
the following results:

A
aptag ap—Qg [e7) — Qo 12
(All > _ 2a0 2aq 2a0 2aq B12 (3)
| - agtag —Qy ag
Bu 2a0 2a0 2a0 2aq A13
Bis
agtag ag—ag ag —Qo
. 2 2 2 2
The matrix: T} = @0 oo o 2% ) defines
ag—aq agtoag —Q2 (o3
20&0 20(0 2(10 2&0

the connections between the input amplitudes A;; and Biy
from the first input line and the output amplitudes A1o, Bio,
Aj3 and B3 within our electromagnetic switching system.

To simplify, we represent the matrix 7} using a notation:

111 _ Yll Y12 Y13 Yl4 (4)
Y15 Y16 Y17 Y18
Then,
A
aitag 1 —Qg ag —Qo 22
<A21 ) _ 2a1 21 2a1 21 B22 (5)
- a1 —ag a1tag —Qo @2
321 20(1 20(1 20(1 2a1 A23
BZS
a1 tag a1 —ag Qs —ap
. 2 2 2 2
The matrix : Th = L 1 o “1 ) defines
a1 —ag a1+ap —Qy [e5]
2041 2041 2041 2a1
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the connections between the input amplitudes As; and Ba; the
second input line and the output amplitudes Ass, Bao, Ass and
B3 within our electromagnetic switching system.

To simplify, we represent the matrix 75 using a notation:

Y24
Ty =
= )
Using formulations (3) and (5), we obtain the following form
of the global matrix for our proposed system without resonator:

Yo
Yos

Yoo
Yo

Y3

Y (6)

Aqp

B

Ay Ags

B - Bis &)

Aoy Y Asx

Bay Ba2

Az

Bos
air a2 a3 G4 ais A a1y aig
With T, = a21 QA22 G23 0G24 Q25 G26 A27 (28
aszr a3z a33 as4 Aazs A3 A37  A38
a41 Q42 (43 Q44 Q45 Q46 Q47  G48

The transmission and reflection coefficients are represented
by the following formulas:

tz = %)BIZ =0 = allialii
Bi3=0
By =0
B23 =0
o= 42)p 0 = arkem
Bz =
B21 = 0
Bos =0
=), oo =
Bi3=0
By =0
B3 =0
) 23 ) (8)
b1 = TM)B =0 = asstasr
21 12
B3 =0
B21 =0
Bos =0
t23 = %)BIZ =0 - 035i037
Bi3=0
By =0
B23 =0
r22 = A{B*ii)B12 _o T el
Bz =0
Bgl == 0
Bys =0

where:
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* t1: transmission from input channel 1 through input chan-
nel 2.

* tj3: transmission from input channel 1 through output
channel.

* ry;: reflection from input channel 1.

* 17): transmission from input channel 2 through input chan-
nel 1.

* tp3: transmission from input channel 2 through output
channel.

* ryy: reflection from input channel 2.
The transmission and reflection rates are expressed as follows:

2

2
Tz = |t12| = auiaw

2 1 2
T13 = |t13| = ai1tais

2 asstass 2
Ry =1rul" = ”7‘

aiitais

, ©)
Tn= |t21| = assiaw

2 1 2
I = |t23| ~ | asstasr

9 2
Rip = |roa|” = %

2.2. Analysis of Transmission and Reflection Rates in an Elec-
tromagnetic Switch with a Resonator on Each Input Channel

In this section, we calculate the transfer matrix for a Y-shaped
electromagnetic switch with a resonator on each input line
(Fig. 1(b)). The expressions for the electric fields are presented
in

(10)

Within each medium, the electric field is expressed as the sum
of an incident wave and a reflected wave. The amplitudes Ay;,
By;, Ag;, Ba; (for i = 1, 8) represent the amplitudes of the
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progressive and regressive electromagnetic waves. The propa-
gation constant «; is defined as:

a; =2 e for i=0,...,8 (11)
C

where:

* w is the angular frequency of the incoming electromag-
netic wave

* g; is the relative permittivity
* u; is the permeability of the non-magnetic medium

* cis the speed of electromagnetic waves in a vacuum

For our calculations, we assume a dielectric permittivity of (€ =
2.3) (polyethylene) and a non-magnetic medium permeability
of (u = 1). These parameters are applied to the segments and
resonators that constitute the electromagnetic switch.

To calculate the transfer matrix of our system, we will first
determinate the transfer matrix from the first input line to output
line. Next, we calculate the transfer matrix from the second
input line to output line. This approach allows us to analyze
each input channel independently, then combine them to obtain
a complete global understanding of the system’s behavior.

The transfer matrix for a segment T, is defined as:

TC,,I:(

* a = %,/ep is the propagation constant

—j sin(ady)

cos (aadz) > (12)

cos (ad,,)
—jasin (ady)

where:

* d, is the length of the segment
* j = +/—1 is the imaginary unit

For a combination of a segment and a resonator, the transfer
matrix T, g, is given by:

Tc,r, =

cos (ad,) + sin (ad,,) tan (ad,) %(ad” (13)
—jasin (ad,) + jacos (ad,) tan (ady) cos (ady)

where d,, is the height of the resonator.

The derivation of the transfert matrix elements in Eq. (13)
wa provided by Touiss et al. [25].

To calculate the transfer matrix from the first input line to
the output line, which relates the first input amplitudes to the
output amplitudes, we proceed as follows:

Initially, the transfer matrix Ty, r, g, relates the amplitudes
A4 and B4 to A7 and Biq:

Ag >
B4

A -
() =res

Subsequently, the amplitudes A;4 and By4 are connected to
Ays, Bys, Ajg, and Big using the transfer matrix derived for
the electromagnetic switch without resonators. This transfer
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matrix effectively links the input amplitudes of the first line to
output amplitudes:

Ags
<A14)_(G11 G2 Gi3 G14) Bis
By ) \ Gi5 Gis Gir Gis Agg
Big

The amplitudes A5 and Bi5 are related to the output ampli-
tudes A;g and Bjg via the transfer matrix Tg, r, T, :

Ais \ Aig
( Bis ) = TearaTan < Big

By substituting the expression of ( Ais

into the transfer
Bis

matrix, we obtain:

A1q _ G Gio Te e Tes Ass
B4 G5 Gie 2Ma2G2 | Byg
I Gz Gu Aig
Gir Gis Big
Similarly, substituting the expression just obtained

for (gij) back into the initial transfer equation

A\ Aig ).
() = Toum Ta, (32)

A\ Gui Gia Arg
(Bu > = Toorm T [( Gis Gis >TG2R3TG2 <B18
G A1

(G e (5]

Through matrix multiplication, the overall transfer matrix con-
necting the input amplitudes A;; and By from the first input
line to the output amplitudes Aig, Bis, A1g, and Big is ob-
tained as:

Gis By

Arg
An \ _ ( Hu Hip Hig Huy Big (14)
By Hys Hig Hyir Hig Aqg
Big
. Hyy Hip Hyz Hiyy
Here, the matrix T35 = repre-
’ <H15 Hy¢ Hir His P

sents the elements of the transfer matrix that connect the input
amplitudes from the first input line to the output amplitudes
in our electromagnetic switching system, which includes a res-
onator on each input line.

To calculate the transfer matrix from the second input line to
the output line, which relates the second input amplitudes to the
output amplitudes, we proceed as follows:

Initially, the transfer matrix T, r, T, relates the amplitudes
A24 and BQ4 to A21 and BQl:

Aag )
Bay

Ag
( By ) = feamales
WWwWw.jpier.org
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Subsequently, the amplitudes As4 and Bsy are connected to
Ags, Bas, Aag, and Bayg using the transfer matrix derived for
the electromagnetic switch without resonators. This transfer
matrix effectively links the input amplitudes of the second line
to the output amplitudes:

Ass
<A24>_(G21 Gao Gas G24> Bas
Bay )\ Gas Gos Gar Gag Agg
Bag

The amplitudes Ass; and Bss are related to the output ampli-
tudes Agg and Bag via the transfer matrix Tq,r, T,

Aas Ass
< Bas > = Teom Tc, ( Bog
By substituting the expression of < g% ) into the transfer
25

matrix equation, we obtain:

(m) = (G G2 )rante(52)
(an e )(s)

Similarly, substituting the expression for (g—zj) back into the

G2
Gas

G2
Gas

Ga3
Gar

G2
Gasg

initial transfer equation, (%) =Te,rs TG, (g—ij) :

Ay Ga1 Gao Aog
= Ta, p. 1 T T
<Bz1 > Galts 2 G2 {(st G > Golti 2 Go <B28 )
+(G23 G4 ><A29 >
Gor  Gog Bag

Through matrix multiplication, the overall transfer matrix con-
necting the input amplitudes Aoy and Bo; from the second in-
put line to the output amplitudes Asg, Bag, Agg, and Bag is
obtained as:

Asg
( Aoy ) _ < Hy Hyy Hss Hyy ) Bog (15)
By Hos Hys Hyr Hog Asg
Byg
. Hy Hip His Hug
Here, the matrix T, = repre-
* (H15 Hy¢ Hiz His P

sents the elements of the transfer matrix that connect the input
amplitudes from the second input line to the output amplitudes
in our electromagnetic switching system, which includes a res-
onator on each input line.
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Using the matrices 75 and T}, we obtain the following form
of the global matrix for our proposed system with a resonator
on each input line:

Asg

Bis

A1 Aqg

B | Big

Az =Tsa Asg (16)

Boy Bag

Asg

Bag
bir b2 biz by bis big bir big
| b21 baz bag bas bas bag  bar  bog
where Tis,= b1 b3z b3z b3s bis bzs b3y bss
bsr baz baz bas bas bag bar bag

The transmission and reflection coefficients are represented
by the following formulas:

e = fxif)Blg =0
Big =
b1s = ;%1))318 =0
Big=0
Bog =0
ng =0
= 511)318 =0
Big =
Bag =0 (17)
to1 = %> _
A21 JB1g =0
Big=0
Bog =0
ng =0
tas = féi’)Blg =0
Big =
22 = %1)318 =0
Big=0
Bog =0
ng =0

where:
* t15: transmission from input channel 1 through input chan-

nel 2.

* tj3: transmission from input channel 1 through output
channel.

* ry;: reflection from input channel 1.
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FIGURE 2. Variation of the transmission and reflection rates of the electromagnetic switch system as function of reduced frequency [27].

* t5): transmission from input channel 2 through input chan-
nel 1.

* ty3: transmission from input channel 2 through output
channel.

* ryy: reflection from input channel 2.

The transmission and reflection rates are expressed as follows:

Tia = [tio)
T15 = |t13]?
Ry =|rul’
Ty = [toa|” {19
Tos = |tos]?
Ry = |roof”

3. RESULTS AND DISCUSSIONS

In this study, we examine an electromagnetic switch with two
input lines made of waveguides, and each is grafted by a res-
onator of lengths d; and dj3, respectively, and one output chan-
nel that consists of semi-infinite segment (Fig. 1(b)). We use
a relative dielectric permittivity e = 2.3 (polyethylene) and
a relative magnetic permeability ¢ = 1 for the segments and
resonators. In our calculations, we set the segment length as
dy = 1D. The boundary condition at the ends of the resonators
is E = 0, and the reduced frequency is 2 = X2 D, where ¢
is the speed of electromagnetic waves in a vacuum, and w rep-
resents the angular pulsation (s ~1). We focus on frequencies in
the MHz range for characteristic lengths in the meter range, and
such a condition corresponds to very low attenuation; therefore,
we neglect the imaginary part of dielectric permittivity.

3.1. Analysis of the Electromagnetic Switch System without
Resonator

In this part, our objective is to analyze the transmission spectra:
Ty, from input channel 1 to output channel 2 (blue), 773 from
input channel 1 to output channel (blue), 73, from input chan-
nel 2 to output channel 1 (blue), and 753 from input channel 2
to output channel (blue), as shown in Figure 2. Also, we ana-
lyze the reflection spectra: R in input channel 1 (black) and
Ry, in input channel 2 (black) of a Y-shaped electromagnetic
switch system without a resonator as functions of the reduced
frequency 2. In Fig. 2, we show that the transmission rates 77,
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151, T13, and T»3 are steady at around 0.44 while the reflection
rates R, and Ry, are about 0.11 showing that these rates are
constant over the range of reduced frequencies @ = [0-1.5].
It indicates that the system is not efficiently directing the input
electromagnetic wave to the single output, demonstrating the
limitations of the switch without a resonator. Therefore, it is
essential to add resonators to allow better control of electromag-
netic wave propagation and improve switch performance by ef-
ficiently guiding the signal to the output. Similar results were
found by El-Atmani et al. in their study of an acoustic switch,
where they concluded that the addition of a resonator was es-
sential to improving switch efficiency [21]. Moreover, in our
recent work, we demonstrated that switches without resonators
insufficiently controled electromagnetic waves [27]. Introduc-
ing a resonator in input 1 transmits waves from input 2 to the
output, but only for waves launched from input 2. In the present
study, we place a resonator in each input line. The resonators
in each input line allow electromagnetic waves from input 1
to reach the output while simultaneously blocking electromag-
netic waves from input 2 at the output.

3.2. The Effect of Resonator Heights d, and d- on Switch Sys-
tem Electromagnetic Wave

In this section, it is essential to understand the role of resonator
heights d; and d3 in controlling and directing electromagnetic
waves in an electromagnetic switch system. Fig. 3 shows the
transmission spectra: 773 from input channel 1 to output chan-
nel (red), 71, from input channel 1 to input channel 2 (green),
T, from input channel 2 to input channel 1 (orange), and 753
from input channel 2 to output channel (blue). It also exam-
ines the reflection spectra: Ry in input channel 1 (purple) and
Ry, in input channel 2 (black) as functions of the reduced fre-
quency 2 for dy = d, = 2.0D. The segment lengths dy and
d, are kept constant while the resonator heights d; and ds are
varied. The aim is to determine how adjusting the resonator
lengths d; and d3 to find matching conditions can direct elec-
tromagnetic waves, allowing passage from input 1 to the output
(T13 = 1) while blocking waves from input 2 (133 = 0) or vice
versa (Tp3 = 1, T13 = 0).

In Fig. 3(a), with d; = 1.85D and d3 = 0.15D, the trans-
mission spectrum 73 = 0.97 is observed within the frequency
range ) = [0.66;0.82], while the transmission 753 = 0.01
is minimized within the same range. This indicates that the
system effectively transmits almost all electromagnetic waves

WWwWw.jpier.org
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FIGURE 3. Variation of the transmission and reflection rates 11,, 713,
Ts1, Ta3, Ri1 and Ry, of the electromagnetic switch as function of
reduced frequency with dy = d, = 2D, for different values of the
heights resonator d; and d3: (a) di = 1.85D and d3 = 0.15D; (b)
dy = 0.15D and d; = 1.85D.

from input 1 to the output (ON state) while blocking waves from
input 2 to the output (OFF state). These results demonstrate
the effectiveness of utilizing a taller resonator height d; and a
shorter resonator height d3 to achieve a precise switching be-
havior from the first input to the output channel. Conversely,
in Fig. 3(b), with d; = 0.15D and d3; = 1.85D, the trans-
mission spectrum changes, 753 = 0.97 within the frequency
range 2 = [0.66;0.82], while the transmission 713 = 0.01
is minimized. This configuration indicates that the switch is
ON for the transmission of electromagnetic waves from input 2
to output channel, while blocking waves from input 1 to out-
put. These results show the essential role of precise adjustments
to resonator heights d; and dj in the control of ON and OFF
states, allowing efficient routing of electromagnetic waves in
the switching system. The study concludes that for T3 = 1
and T>3 = 0, the condition d; > d3 must be satisfied, while for
T3 = 0and Tr3 = 1, d; < dj is necessary. The generalized
conditions are expressed as: dy = 1D + dand d; = 1D — 4,
where —1 < § < 1. This provides a simplified expression to
study the effect of resonator height for optimal wave electro-
magnetic transmission control.

3.3. Adjustments of Resonator Height to Control the Electro-
magnetic Waves

In this part, we examine the variation of the resonator heights
d, and dz by applying the conditions d; = 1D + § and d3 =
1D — 4. Our aim is to achieve efficient switching between two
states: 713 = 1 and 733 = 0 (where electromagnetic waves
from input 1 are transmitted to the output (ON), while waves
from input 2 are blocked from the output (OFF))), or 715 =
0 and 753 = 1 (where waves from input 1 are blocked from
the output (OFF), and waves from input 2 are transmitted to
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the output (ON)). These states are achieved by adjusting § to
control the switching behavior. Fig. 4 presents the transmission
spectra: 113, T2, 131, T»3 as well as the reflection spectra: Ry
and Rj, as functions of the reduced frequency 2 with dy =
dy = 2.0D. The segment lengths dy and d, are kept constant
while the resonator heights d; and dj are varied by 6.

In Fig. 4(a) with § = 0.98D, transmission through the output
line 713 = 1 in the frequency range = [0.66; 0.82] demon-
strates efficient switching, allowing complete transmission of
electromagnetic waves from input 1 to the output (ON). At the
same time, T>;3 = 0 in the same frequency range confirms com-
plete blocking of electromagnetic waves from input 2 to the out-
put (OFF). Zero reflection R;; = 0, indicates that the system
switches and efficiently directs electromagnetic waves from in-
put 1 without significant losses. These states are obtained by
ensuring d; > ds. In Fig. 4(b) with § = 0.86D, T3 = 0.97
within the frequency range Q2 = [0.65; 0.85] indicates efficient
switching, allowing nearly full transmission of electromagnetic
waves from input 1 to the output. At the same time, 753 = 0.02
almost completely blocks electromagnetic wave transmission
from input 2 to the output. In Fig. 4(c), with § = 0.6D,
Ty = 0.8 and 753 = 0.08 show a partial distribution of elec-
tromagnetic energy at the output, with no clear ON/OFF state.
The system is not very effective at switching, as the electro-
magnetic waves are not completely blocked or fully transmitted
from input line 1 or 2 to the output line. In contrast, in Fig. 4(d),
with § = 0D, T3 = 153 = 0.66, the transmission of electro-
magnetic waves is distributed uniformly across the output line,
without clear ON/OFF states. This indicates that there is in-
effective switching behavior in the system as electromagnetic
waves are transmitted equally from input 1 and input 2 to the
output, making it impossible to control the direction of electro-
magnetic wave transmission. In Fig. 4(e), with 6 = —0.86D,
Tr; = 0.97 in the range frequency Q = [0.65;0.85] indicates
efficient switching, allowing nearly full transmission of electro-
magnetic waves from input 2 to output (ON), while T3 = 0.02
reflects nearly complete blocking from input line 1 to output
line. In Fig. 4(f), with a more negative 6 = —0.98D, the sys-
tem shows its ability to fully reverse the electromagnetic wave
transmission, enabling complete transmission from input line 2
to the output channel and total blocking from input line 1 to
output line. The combined influence of d; and d; shows that
adjusting the two resonator heights with ¢ allows precise con-
trol of the direction of electromagnetic waves. With a positive
d, ensuring d; > dj, electromagnetic waves are transmitted
from input 1 to output (ON), while blocking waves from in-
put 2 (OFF). Conversely, with a negative ¢, ensuring d; < d3,
the behavior is reversed. By precisely adjusting these parame-
ters, we can efficiently control the direction of electromagnetic
waves and achieve precise ON/OFF switching.

3.4. Directional Control of Electromagnetic Waves: The Param-
eter § Effect

Figure 5 illustrates that the reduced frequency of resonant
modes varies with the parameter . The red branches represent
the maximum transmission 773, while the blue branches indi-
cate the maximum transmission 753. As § increases positively,
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T3 approaches 1 within specific frequency ranges, demonstrat-
ing efficient transmission from input 1 to the output line (ON),
while 753 approaches 0, effectively blocking input 2 to output
line (OFF). Conversely, when § takes on negative values, 173

98

nears 1, and 773 approaches 0, reversing the transmission direc-
tion. For intermediate values of § (§ = 0), two rates demon-
strate a mixed transmission response, which reduces the clarity
of the switching mechanism. This tunability of the coefficients
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enables precise control over the direction of electromagnetic
waves, facilitating reliable ON/OFF switching based on the se-
lected coefficient value for effective electromagnetic control in
our system.

3.5. Electromagnetic Switches with Parameter Positive § for
Maximum 73 3 and Minimum 73 Transmission Rates

In this study, we examine the operation of an electromagnetic
switch that alternates between ON and OFF states (Fig. 6). This
figure shows the maximum transmission 773 and the minimum
T3, giving important information about the switch’s perfor-
mance at different frequencies. We take the value of § positive
to obtain the case allowing to transmit electromagnetic waves
to pass from input 1 to the output (773) in the state ON, while
in the OFF state, it effectively blocks the waves from input 2 to
the output (T53), resulting in minimal or no transmission. The
figure represents the different maximum transmission values
of T3 (red area) and different minimum transmission values
of 153 (blue area) providing insights into the system’s switch-
ing behavior across various frequencies. Based on the anal-
ysis of these curves, the parameter § is changed to maximize
the functionality of the switch. We use specific transmission
thresholds: 773 > 0.9, T13 > 0.99, T3 > 0.999 for T35, and
T3 < 0.1, Ths < 0.01, and T53 < 0.001 for T3, to char-
acterize the system’s switching capabilities. In the first case
(Fig. 6(a)), the red area indicates that the transmission reaches
a maximum of 90% around § = 1, in the frequency range [0.4—
1.1]. In the second case (Fig. 6(b)), the red area shows that
the transmission reaches a maximum of 99% around § = 1,
in the frequency range [0.5-0.91]. Finally, in the third case
(Fig. 6(c)), the red area indicates that the transmission reaches a
maximum of 99.9% around § = 1, in the frequency range [0.7—
0.85]. These results demonstrate how increasing the switch-
ing rate affects performance within the same frequency range.
Moreover, adjusting the resonator heights helps optimize the

99

switching rate in specific frequency intervals. This shows that
the switch rate is a crucial performance indicator, reflecting the
system’s ability to meet the required transmission thresholds in
the output lines. Similar findings were reported by El-Atmani
et al. in their study of an acoustic switch, where they observed
comparable results [26].

3.6. Electromagnetic Switch Efficiency with Negative Parame-
ter 6 for Maximum 7%3 and Minimum 77 3 Transmission Rates

In this study, we examine the reduced frequency as a function
of the negative value of § (Fig. 7), facilitating the understanding
of the system’s behavior. In this inverse case, compared to the
situation shown in Fig. 6 where 9 is positive, the system allows
electromagnetic waves to pass from input 2 to the output (753)
in the ON state, while blocking the waves from input 1 to the
output (73) in the OFF state. The figure displays maximum
transmission values of 733 (blue area) and minimum values of
T3 (red area), providing insights into the system’s switching
behavior. Transmission thresholds are used to characterize per-
formance, with T>3 > 0.9, T>3 > 0.99, T35 > 0.999 for 153,
and T13 < 0.1, T3 < 0.01, and T3 < 0.001 for T}5. The anal-
ysis demonstrates that adjusting the resonator heights improves
switching rate efficiency within specific frequency ranges.

3.7. Analysis of Electromagnetic Switching Behavior Based on
Positive and Negative ¢

In this section, we analyze the behavior of an electromagnetic
switch (ON/OFF) that operates selectively based on the sign of
parameter §. For positive d, where the condition d; > dj real-
ized, the switch allows the transmission 773 of electromagnetic
waves from input 1 to the output, while simultaneously block-
ing transmission 733 of waves from input 2 to output. Con-
versely, for negative 6, where d; < d3, the system permits
transmission 733 of electromagnetic waves from input 2 to the
output and blocks transmission 773 of waves from input 1 to

WWwWw.jpier.org
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output. The colored area in the figures (Fig. 8) corresponds
to specific operational thresholds of the switch. For positive
d, the red area (7}3) indicates maximum transmission through
output; the blue area (733) represents minimum transmission
through output; the black area (R;,) indicates maximum reflec-
tion from input 2; and the purple area represents minimum re-
flection (R, ;) from input 1. For negative d, the behavior shifts:
the red area indicates minimum transmission (773 ) through out-
put; the blue area represents maximum transmission (73 ) from
input 2 through output; the black area indicates minimum re-
flection (R;;) from input 2, while the purple area highlights
maximum reflection (R;;) from input 1.

In Fig. 8(a), under the desired thresholds transmission and
reflection 773 > 0.9 and R;; < 0.1 with positive value of pa-

100

rameter 9, the switch effectively transmits waves from input 1
to output, showing stable behavior in a range of reduced fre-
quency specific. In Fig. 8(b), with 733 < 0.1 and Ry, > 0.1,
the system blocks waves from input 1, confirming strong re-
flection. For negative value of parameter §, Fig. 8(c) demon-
strates that 713 < 0.1 and R;; > 0.9, meaning that the sys-
tem primarily reflects waves from input 1. In Fig. 8(d), where
T3 > 0.9 and Ry, < 0.1, the system allows efficient transmis-
sion from input 2 to output, demonstrating the versatility of the
switch. In summary, the system effectively switches between
transmission and reflection based on the sign and value of §, en-
suring precise control over wave propagation in both ON and
OFF states.
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4. CONCLUSION

The purpose of this paper was to present and analyze a Y-
shaped electromagnetic waveguide switch that enables the effi-
cient and precise control of electromagnetic wave propagation.
Our investigation confirmed that this switch can achieve selec-
tive transmission from one input channel to the output while
effectively blocking the other input or inverse, depending on
the resonator configurations. By using Transfer Matrix Method
(TMM), we observed that adjusting the resonator heights and
segment lengths within the waveguide structure enabled near-
total transmission in the ON state, achieving rates above 99%,
while maintaining minimal transmission (below 1%) in the OFF
state. These results highlight the critical role of resonator tuning
in achieving the desired switching behavior and demonstrate
the effectiveness of our design for applications that require high
levels of signal precision and control. The study further indi-
cates that the system’s performance can be optimized over a
wider frequency range by adjusting the resonator characteris-
tics, suggesting that the switch is adaptable for broader spec-
tral applications. This adaptability, combined with the switch’s
high transmission efficiency, underscores its potential for inte-
gration into optical communication systems. Future perspec-
tives include experimental validations to verify theoretical out-
comes and adjustments to enhance frequency versatility, mak-
ing the switch a strong candidate for advanced signal process-
ing and telecommunications applications that demand reliable
wave directionality and adaptability.
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