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Two-Channel Demultiplexer Based on 1D Photonic Star Waveguides
Using Defect Resonators Modes

Youssef Ben-Ali'> 3 ¥, Ilyass El Kadmiri', Amina Ghadban?, Kamal Ghoumid?,
Abdelfattah Mazari!, and Driss Bria!

Abstract—In this work, we give a theoretical demonstration of the possibility to realize a photonic
demultiplexer. The demultiplexer consists of Y-shaped waveguides with one input line and two output
lines. We consider a demultiplexer composed of a segment and two asymmetric resonators, grafted
at the same position in each channel. This system creates the resonance modes that have a maximum
transmission rate and low Q quality factors. To improve these results, we take each output line consisting
of a periodicity of segments and grafted at its extremities by a single resonator. Such a system creates
passbands separated by band gaps. On the other hand, the presence of a resonator defect in the middle
of each output line allows us to create defect modes inside the gaps. The results show that our proposed
demultiplexer system manages to separate two incoming mixed signals of frequencies f; = 204.75 MHz
and fo = 208.75 MHz and guide each one of them into two different channels.

1. INTRODUCTION

In communication networks, electromagnetic waves perform the crucial task of transferring information
on very large distances with excellent speed and high quality factor [1-3]. In these networks, the
electromagnetic waves move inside the channels (transmission lines) [4-9]. If you assign a channel
to each user in a city with millions of users, you need a huge number of channel cables to cover all
the users, which would be very expensive. The best solution to this problem is to assign a single
channel to multiple users. Due to frequency division multiplexing (FDM) and dense frequency division
multiplexing (DFDM) techniques, it is possible to transfer several electromagnetic waves (signals) with
different frequencies or wavelengths inside a single channel. After transferring multiple channels in a
single transmission line, it is necessary to have a device to separate these channels from each other and
transmit them to the corresponding users [10, 11].

The photonic demultiplexer is able to separate multiple transmission lines with different frequencies
or wavelengths. To make ultra-compact devices, the structures are needed to control the propagation of
signals inside very small spaces. Due to their photonic band gap (PBG), the waveguides structures have
an excellent ability to confine and control electromagnetic waves over a very important frequencies range,
and therefore, these waveguides are very promising structures for designing compact electromagnetic
devices such as filters, decoders, gates, switches drop-channel, and demultiplexers [12-14]. The number
of output transmission lines, transmission efficiency, quality factor, crosstalk, and channel spacing are
the most crucial features of demultiplexers.

Furthermore, several types of photonic, plasmonic, and phononic demultiplexers have been proposed
for integrated technology. Ghorbanpour and Makouei have proposed a 2-channels demultiplexer based
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on photonic crystal ring resonator (PCRR). For performing wavelength selection, they have used two ring
resonators; two different wavelengths were obtained by using two resonant rings with different values for
the radius of dielectric rods. Results suggest that 2-channels in the proposed structure are characterized
by high transmission efficiency and low bandwidth, resulting in a very sharp output spectrum and high
quality factor values [15]. Rostami et al. have investigated a small size 4-channels wavelength division
demultiplexer based on a 2D photonic crystal modified Y branch. The output wavelengths of designed
structure can be tuned for communication applications by choosing suitable defect parameters in the
corner of each resonance cavity and output waveguides [16]. Alipour-Banaei et al. have proposed a novel
structure for designing optical demultiplexer based on a photonic crystal ring resonator. For performing
wavelength selection task, they have used four ring resonators. The resonance wavelength of the ring
resonators depends on the dimensions of the ring core; therefore, they have chosen two different values
for the lattice constant of the ring resonators core section [17]. Azzazi and Swillam have proposed a
nanoscale plasmonic demultiplexer based on a plasmonic slot resonator. The device is optimized for
high selectivity and minimum FWHM (Full width at half maximum). The device is capable to achieve
a demultiplexing FWHM of 9.8 nm for each channel with a high output transmission [18]. Khani et
al. have investigated a plasmonic demultiplexers using improved circular nanodisk resonators (CNRs),
and metal-insulator-metal (MIM) waveguides have been designed. The proposed structures use air and
silver as insulator and metal layers, respectively. It is shown that increasing the CNRs radii for the
single-mode bandpass filter (BPF) increases the resonance wavelength, linearly [19]. Xie et al. proposed
a novel plasmonic demultiplexer in metal-insulator-metal (MIM) waveguide crossing with multiple side-
coupled hexagonal resonators. Simulation results reveal that the demultiplexed wavelength, transmission
efficiency, and bandwidth of each channel can be manipulated by adjusting structural parameters of the
demultiplexer [20]. Mouadili et al. have given an analytical demonstration of the possibility to realize a
simple phononic demultiplexer. The demultiplexer consists of a Y-shaped waveguide with an input line
and two channels. Each channel contains two stubs (resonators) grafted either at a given position or at
two positions far from the input line [21].

The design of the device based on a one-dimensional photonic periodic system (such as star
waveguides consisting on coaxial cables) is extremely interesting for designers of integrated circuits used
in the telecommunication field (filters, couplers, switches, etc.) [22-24]. Recent works show a great
tendency in these photonic star waveguides because of their outstanding electromagnetic properties.
In particular, they offer efficient ways of controlling the flow of electromagnetic waves by acting as
an electromagnetic filter or by exhibiting absolute photonic band gaps in which the propagation of
electromagnetic waves is prohibited [25,26]. By focusing on the photonic band gap of this perfect
system, it is possible to confine the electromagnetic waves at given frequencies. However, these perfect
periodic photonic structures do not have the ability to select frequencies in these gaps. In this context,
the defects insertion in these periodic structures gives rise to localized states inside these prohibited
regions which permit to select very specific frequencies [22-24]. The presence of defects improves the
interaction of electromagnetic waves with constituents of the structure because of their ability to create
authorized states (defect modes) in band gaps. It is useful to use these defects to design the guides or
filters [27-29]. In our previous works, we have examined the defective star waveguides structure with one
output channel, and the effect of the most critical parameters in output spectra was investigated [2, 22—
25].

In this paper, we illustrate the possibility of designing a FDM based on defect modes that propagate
inside the band gaps. The proposed wired Y-shaped (coaxial cables) photonic demultiplexer consists of
one-dimensional waveguides with one input line and two transmission lines (channels or output lines).
Firstly (Fig. 1(a)), we take a structure which contains an input line and two output lines. The first
output line contains a segment of length d; and two asymmetric resonators of lengths ds and d3 inserted
on the same site 2, and the second output contains a segment of length d4 different from d; and two
asymmetric resonators of lengths ds and dg grafted on the same site 3. This system creates large
resonance modes (low quality factors) that have maximum transmissions. Secondly, we take a photonic
demultiplexer constituted by an input line and two output lines in which the numbers of sites in the
first and second output lines are respectively N and N’ (Fig. 1(b)). The first output line 1 is composed
by the periodicity of the segment of length d; and grafted in each site by one resonator of length ds,
and the second output line is composed by the periodicity of the segment of length ds and grafted in
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each site by one resonator of length d4. This kind of demultiplexer, which is based on the periodicity
of transmission lines, is original. It represents the added value of this work in scientific literature.
Thirdly, we take the demultiplexer represented in Fig. 1(b) and introduce a resonator defect of length
do in the site J for the first output line, and another resonator defect of length dos is in the site J’
for the second output line 2 (Fig. 1(c)). The main objective of this work is to efficiently filter and
separate two frequencies (two signals or information) on two output lines (in different paths) with very
high transmission rates and high quality factors for application in a telecommunications device. In this
paper, we use the numerical method for the proposed demultiplexer. We use the Green function method
for calculating the transmission and reflection rates of the waveguides structure. In all our calculations,
we assume that the cross-section of the segments is small compared to its linear dimension (length).
This assumption allows us to consider our proposed structure composed of segments and resonators as
a one-dimensional (1D) system.

This paper is organized as follows. In Section 2, we perform the analytical calculation of
transmission and reflection rates using the interface response theory which is based on the Green’s
function method for a photonic demultiplexer. The first simple demultiplexer is constituted by only one
segment and two asymmetric resonators in each channel, while for the second proposed demultiplexer,
each outline channel is composed of cells periodicity, and each cell is constituted by a segment and
grafted by one resonator. We insert in each branch of the proposed demultiplexer a defect resonator
of physical properties different from those composed of the periodic line. Section 3 gives the numerical
results to achieve a complete transmission in one channel by canceling the transmission in the second
channel as well as the reflection in the input line. Some parameters of the proposed structure are
determined in this section. In Section 4, we present the main results of this paper.

2. THEORETICAL FORMALISM: INTERFACE RESPONSE THEORY (GREEN
FUNCTION)

Green Function (GF) is among the most used methods for the analysis of electromagnetic waveguides
structure. This method permits to calculate the different properties of the propagation of
electromagnetic waves such as the dispersion relation, transmission, reflection spectra, and other
characteristics.

2.1. Transmission and Reflection Rates through a Demultiplexer Containing Two
Asymmetric Resonators in Each Output Line

In this section, we consider the structure proposed in Fig. 1(a). This system consists of an input line
and two output lines, all attached point at the same site 1. The first output line contains one segment
of length d; and two asymmetric resonators (stubs) of lengths dy and d3 grafted at the same position 2
at a distance dy from the input line. Similarly, the second output line contains one segment of length dy
and two asymmetric resonators of lengths ds and dg inserted on the same site 3 at a distance d4 from
the input line. The segments and resonators are composed by the coaxial cables (wired system) which
are constituted by the same dielectric material. The calculation of transmission and reflection rates are
realized by using the Green’s function method. In this theory, the inverse of the Green’s function of the
whole system in the interfaces space M = {1,2,3} is obtained from a superposition of the elementary
constituents of the system.
The inverse of Green function of the three semi-infinite guides constituting the input line and two
output lines is given by:
g5 (1L,1)=g;"(2,2) =g, " (3,3) = —F} (1)

The inverse of Green function of the dangling resonators grafted at the sites {2} and {3} using the

boundary condition at the ends of the resonators H = 0 (magnetic filed equals zero) is given by:
_ FQSQ FgSg F555 F656

2 3 5 6

where C;= cosh («a;d;); S;=sinh (a;d;); a; = j%w/smz-;Fi:% and j = /—1.

and g;'(3,3) = (2)
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Figure 1. (a) Schematic representation of a Y-shaped demultiplexer with an input line and two output
lines, all attached at the same point. Along the first output line, two resonators lengths ds and ds are
inserted at a distance d; from the input line and along the second output line; two resonators of lengths
ds and dg are inserted at a distance d4 from the input line. (b) The first output line is composed of
N periodic repetitions of cells built of the segment of length d; grafted in its extremity by a single
resonator of length do. The second output line 2 is composed of N’ periodic repetitions of cells built of
segments of length ds and grafted in its extremity by a single resonator of length d4. (c) is identical to
the case shown in (b), except that the first output line contains a single resonator defect of length dgo
located in the site J and the second output line contains a resonator defect of length dy4 located in the
site J'.

The inverse of Green function of segments of lengths d; and d4 situated in the interfaces space
{1,2} and {1, 3} is given by following (2x2) matrix:

-FC F
S; S;
11 9y=¢71(1.3)= ¢ ¢ ith i=1,4
@)=ty =| g g | i i, 3
S; S;

We suppose that all the mediums (segments and resonators) have the same physical properties (i.e.,
Fs=F=F=F=F=F=F=F).
The inverse of the Green function of the composite structure in the interfaces space M = {1, 2, 3}
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is given by the matrix (3 x 3):

Ci C4 1 1
T R _ _ =
TR S S,
1 Cip Sy S
“Y(M,M)=-F S 1Ly 22428 4
1 Cy S5 Sg
_ 0 124,55 F6
Sy +S4+C5+CG
The reflection rate from the input line of the demultiplexer is:
A+iB|?
=|-1-2Fg(1,1)*=|—
R= -1 2P VP = |- 5D )
where:
A= 02030506(5154 — 0104) 4+ CoC3CyS1E 4+ C1C5CsS4F + S1S4EF (5&)
B = CyC3C5CsG + C105C3C4E + C1C4C5CeF — EFG (5b)
C = 3CyC3C5C6(S154 — C1Cy) + CoC3E(G + C154) + Cs5Ce F(G + C4S1) — S1S4EF (5¢)
D = 302030506(C451 + 0154) + (0104 — 28154)(0203E + C5CGF) — FFG (5(1)
E = sin(k(ds + dg)); F =sin(k(d2 +ds)); G = sin(k(dy + da)) (5e)
k = wy/e1/c, where w is the pulsation; €1 is the relative permittivity of the segment of length d;; and ¢

is the velocity of the electromagnetic waves in vacuum.
The transmission rates are given by:

2

T = ‘_QFQ(I, 2)’2 _ ‘ 20203(S4E_gi€f6+2050654) (6)
. 2
T, = ‘_QFQ(I, 3)’2 _ ‘ 2C5Cs(S1F CC:C;‘QDC{),—i-ZCQCgSl) (7)

2.2. Transmission and Reflection Rates through a Demultiplexer Made of Perfect
Periodic Structures

In this part, let us consider the structure proposed in Fig. 1(b) by choosing N = N’ = 7 (seven cells in
each channel). These values of N and N’ are largely sufficient for the two periodic systems (channels)
to show stable band gaps in which the defect modes will appear. However, if we take values of N and N’
greater than 7, the theoretical calculation becomes heavier and more complicated without having more
important effect about the width of the band gaps. The first output line is formed by a periodicity of
the segment of length d; along which a resonator of length ds is grafted in each site in the z direction.
The position z in a cell between sites n and n + 1 is represented by the pair (n,z), where x is a local
coordinate 0 < z < dy, and d; represents in this case the period of the first output line. Similarly, the
second output line contains a periodicity of segment of length ds along which a single resonator of length
dy4 is branched in each site. For the sake of simplicity, the semi-infinite guides and all the guides and
resonators are assumed to be constituted of the same material. To realize this finite system (Fig. 1(b)),
we take an infinite system and do the following operations; one suppresses the segment linking the sites
n = —1 and n = 0, and the sites n = N and n = N + 1 in the first output line, and the segment located
between the sites n = —1 and n = 0 and the sites n = N’ and n = N’ + 1 in the second output line.
However, to calculate the transmission and reflection rates, we need to know the inverse of the Green
function of the whole system in the interfaces space M = {0,1,2,3,4,5,6,7,8,9,10,11,12,13, 14}.

The inverse of the Green function of a semi-infinite waveguide constituting the input and the two

output lines:
951 (0,0) =g (71, 7) =g; (T, 7') = — F, 8)
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The inverse of the Green function of the dangling resonators (resonator of length da) grafted vertically
at a given site {i = 1,2,3,4,5,6, 7} has the following expression:

F»55
Z ©

The inverse of the Green function of the dangling resonators (stubs of the length d4) grafted vertically
at a given site {¢/ = 1/,2/,3",4' /5 6/, 7'} is:

gil (4,1) =

—1 /1 __F4S4
g0 = - (10)

The inverse of the Green function of the segments of length d;, bounded by two interfaces located
between the sites M’ = [{0,1}; {1,2}; {2,3}; {3,4}; {4,5}; {5,6}; {6, 7}]:

RGO R

/ S S

-1 AR 1 1
g (M ’M>_ RGO (11)

S1 S1

and the inverse of the Green function of the guide of length ds in the interfaces space M =
[{0, 1} {17, 2"} {2/, 3} {3, 4"} {4', 5'}; {5, 6'}; {6', 7'}] is given by

—F5C; I
S, S,
-1 M M" = 3 3 12
g~ (M, M") e (12)
Ss Ss

In the following, we assume that all mediums have the same physical characteristics (i.e., F} = Fy =
Fs=F,=F;=PF.

The expression of g=! (M, M) can be obtained from a linear superposition of the inverse Green func-
tion of the elementary constituents in the interfaces space M = {0,1,2,3,4,5,6,7,1',2',3' 4/ 5,6/, 7'}
namely:

v v 0000 OO0 w 0O 0 0 0 0 O
v z v 0 0OO OO OO OO0 O0 O
O vz v OO O0OOO O OO O O0OTUDO
0 0vz v 0O0O0OO0OO0OO0OUOUOTUO0OTO
00 0 vz v 00OO0OO0OO0OUO0OUO0OTUO0OTO0
00 00 vz wov OO0 O0OO0OO0OUO0OTO0OTO0
00 000 vxw O0OO0OO0OUO0OUOTO0OTO
g_1 (MM)=—-F| 0 0 0000 vy 0 O0O0O0O0O0 O (13)
00 00OO0OO0OO0OO 2z w0 0 000
00 00 O0OO0O0OO0Ow 2z w O 000
00 00OO0OO0OO0OOTU O w 2z w0 O00O0
00 0O0OO0OO0OO0OOTU OO O w 2z w 00
00 0OO0OOOOOTU OO OO0 w 2z w 0
0 00O0OO0OO0OO0OOTO0OTU O0ODTU OO0 w 2z w
0 00O0OO0OOOOOT OT OO0 OO0 w g
where: o .
1 3 —
= 1 — —_— = —
U +S1+53’ v S,
-1 Sy 204
w 53’ T = 02+ S (14)
S0 LGS
T s YT T T
Cs Si
— 14 3424
b * 53+C4
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The dispersion relation is determined from the following equation:

det[g™' (K; M, M)] =0 (15)
The reflection rate in the input line of the photonic demultiplexer is given by:

R=|—1—2Fg(0,0)? (16)
The transmission rates in the output lines are given by:

i = |-2Fg(0,7)? (17)

Ty = |—2Fg(0,7)[" (18)
The reflection and transmission rates satisfy the energy conservation:

R+T+Ty=1 (19)

2.3. Transmission and Reflection Rates through a Photonic Demultiplexer Containing
Two Defects at the Resonators Levels

In this section, we take seven cells in each channel (N = N’ = 7), and we study the effect of the
insertion of geometrical defects in the photonic demultiplexer system. For it, we analytically calculate
the transmission and reflection rates through the structure proposed in Fig. 1(c). This structure contains
an input line and two output lines, all connected at its extremities by three semi-infinite waveguides,
each output line constituted by a periodicity of finite segment and one lateral branch (resonator) grafted
in each site. The demultiplexer is composed of resonators (medium 2) of length do grafted periodically
with a spacing period d; on the first finite output line with the number of cells N = 7. Similarly,
the second output line is composed by the resonator of length d4 branched periodically with a spacing
period d3 with the number of cells N’ = 7. For more simplification, the semi-infinite guides and the
mediums of the demultiplexer are assumed to be constituted of the same material. In the first step,
one suppresses the segment linking the sites n = —1 and n = 0, and the sites n = N and n =N +1
in the first output line and the segment located between the sites n = —1 and n = 0, n = N’ and
n = N’+1 in the second output line (Fig. 1(b)). In the second step, two geometrical resonators defects
are created inside the structure by changing two resonators of lengths do and d4 situated at the sites
J = 4 (associate with a resonator defect located in the first output line) and J' = 4’ (correspond to a
resonator defect located in the second output line) respectively by another resonator of lengths dps and
dps (Fig. 1(c)). Therefore, the disturbed states are Ms = {—1,0,J,N,N +1,J' N’ N’ + 1}.
—

“ —
The cleavage operator in the interfaces space My: V (Mg, My) = g; 1 (M,,,M,,) — g~ (M, M,,)
is the following (8 x 8) square matrix defined in the interfaces domain constituted of sites n =

-1,0,J,N,N+1,J,N',N'+1, where ggl (M, M) is the inverse of the Green function of the system
s

containing defects, and g~'(M, , M,,) is the inverse Green function of the infinite perfect periodic
structure in the interfaces space M,,. This matrix is formed by the superposition of the elements
gt (M;, M;) (i =1,2,3,4) which are in Equations (9), (10), (11), and 12).

The interfaces response operator A (MsMsy) is written as follows:

e

A(My, M) ="V (M, My) § (My, M) (20)
M,
where § (Mg, M) is calculated using the Equation 7(a) in Ref. [24].
The operator B(MSMS) is given by:

And

A(M57MS)ZI(M87MS)+A (MS7M5) (21)
with I (Mg, Ms) being the identity matrix in the interfaces space Mj

After calculating the operator K(MS,MS), let us write this operator in interfaces space My =
{0,J,N,J N'}.
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© < >
We calculate d (MoMg)= g (MoMoy) A~' (MgMy) in the interfaces space My, with A~ (Mo, My)
being the inverse of the operator A (Mo, M) and g (MMy) calculated using Equation (7a) in [24].

The interfaces Green function d (My, M) for the photonic demultiplexer is defined in the interfaces
space My ={0,J, N, J', N'} by the following matrix:
dii dip diz dig dis
° do1 daz dog dag das
d(My,My) = | d31 ds2 ds3 dzs dss (22)
dyy dyz dag dyg dgs
ds1 ds2 dsz dsa dss

<~ ’
We deduce the truncated matrix dy. (Mg, M’g) in the interfaces space M’y = {O,N , N } which is

written as follows:

o [ din diz dis
! !
d (Mo, M'g) = | d31 d33 d3s (23)
| d5s1 ds3 dss
YRS
The inverse of this matrix dy,. (M'y, M'g) is written as follows:
o1 [ A Ap Agg
dyp (Mo, M'g)=| A21 Az A (24)
| A3z1 Az Asz

——1
Finally, the Green function of a finite photonic demultiplexer dy, (Mg, M';)) located between three
semi-infinite waveguides:

o1 Apn—-F  Ap Az
dp (Mo, M'g) = Aoy Ap—F A (25)
Az Azp Azz—F
From where:
- . A B C
dp (Mo, M'y) =———— D E F (26)
detld, (Mg, M,y)) LG H T
with:
H_l ! / N\
det i (045, 2)| = = (1) (=) (o) + (i) () () + (A1) () (o)
— (An—F) (A23) (A32) — (A12) (A21) (A33—F) +(A11—F)(A22—F)(A33—F)
A =(An—F) (As3—F) —(A23)(As2)
B = (A13) (As2) — (A12) (A33—F)
C = (A12) (A23) —(A13)(A2e—F) (27)
D = (Ag3) (A31) —(A21)(As3—F)
E =(An—F)(As3—F) —(A13)(Asz1)
F = (A3) (A21) —(A11—F)(As2s)
G =(A21) (As2) —(A2e—F)(A431)
H = (A12) (A31) —(A11—F)(As2)
I =(A11—F) (Axn—F) —(A12)(A21) J
The reflection rate in the input line through the structure is given by the following relation:
2
VAN 2 A
R=|-1-2Fd, (0,0)| =|-1-2F (28)

——1
det [dh (M, M{))}
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The two transmission rates in the output lines of the photonic demultiplexer are given by the following
expressions:

& 2 B
T\=|-2Fd, (0,N)| =|-2F pare (29)
det [dh (], Mg)]
2
RS 2 C
Th= ‘—QFdh (0,N")| =|-2F prems) (30)
det [dh (M, M{))}
The reflection and transmission rates satisfy the energy conservation:
R+T1+T2 =1 (31)

3. RESULTS AND DISCUSSIONS

3.1. Demultiplexer Based on Large Resonance Modes

Firstly, we consider the system presented in Fig. 1(a), and we show, in Figs. 2(a)—(d), the transmission
rates spectra 77 through the first output line (red color), T5 through the second output line (blue color),
and the reflection rate R in the input line (green color) as a function of the reduced frequency 2/m
for different values of the parameters 6 = d3 — do = aD (D = ds + d3). The boundary condition on

the free surface of the resonators is H = 0, and the reduced frequency €2 = “’—glﬁl is a dimensionless
quantity with ¢ being the speed of electromagnetic waves in a vacuum and w representing the angular
pulsation (s~!). According to Fig. 2, one notices that when the transmission rate 7} in the first output
line reaches unity (77 = 1), the transmission in the second output line 75 and the reflection R in the
input line vanish (i.e., 7o, = R = 0). Similarly, we find that when the transmission 75 reaches unity
(Ty = 1), the transmission in the first output line and the reflection in the input line take minimum
values (i.e., T1 = R = 0). At the same time, it is noted that there are cases where the reflection
rate through the input line takes a maximum value (R = 1) while the transmission rates in the two
channels are canceled (77 = T» = 0), which makes it possible to consider that our system can be used
as a total reflection filter. The choice of these values of the resonators lengths plays a very important
role to find resonances modes with a very high transmission rate and very low reflection rate or vice
versa (inverse), which allows us to consider that our demultiplexer proposed under these conditions can
behave like a filter either by total reflection or total transmission. These results show that the resonance
modes (peaks) of the structure in the first output line (red color) always falls at the same values of the
reduced frequency 2 = « for all values of § = d3 — ds while the resonance mode in the second output
line (blue color) shifts to high frequencies. The frequency shift between these modes is very important,
which permits to avoid noise problems. These resonance modes are due to the interaction between the
propagating incoming signals in the system and the resonant modes of the two asymmetric resonators
in each transmission line. These results show that the lengths of asymmetric resonators constituting
the electromagnetic demultiplexer should be chosen appropriately in order to transfer a frequency in
one transmission line by keeping the other transmission line unaffected. This type of resonance mode
has already been found for a phononic and photonic demultiplexer with two channels, and each channel
is composed of one segment and two asymmetric resonators [30-32]. These resonance modes are wide,
i.e., low quality factor @ (calculated from @ = Q/AQ where (2 is the central frequency of the mode, and
AQ is the width to half height of this mode) which can be considered poor in terms of signal guiding
and filtering [24]. Hence, we deduce the importance of using the periodicity of each output line.

3.2. Perfect Photonic Demultiplexer System with ds = 0.5d;, d3 = 0.5d;, and d4 = d;

In this paragraph, we examine in Fig. 3 the evolution of the transmission rates through the two output
lines and the reflection rate in the input line as a function of the reduced frequency €2. The red color
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Figure 2. Variation of the signal transmitted in the first output channel (red color), in the second
output channel (blue color) and the signal reflected in the input line of the demultiplexer (green color)
as a function of the reduced frequency /7 for different values of §, respectively (a) 6 = ds — dy =
0.62D — 0.38D = 0.24D, d; = 0.62D, d5 = d4y = 0.5D and dg = 0.74D, (b) 6 = 0.55D — 0.45D = 0.1D,
di = 0.55D, d5 = d4 = 0.5D and d¢ = 0.6D, (c) § = 0.45D — 0.55D = —0.1D, d; = 0.45D,
ds = dy = 0.5D and dg = 0.4D, (d) 6 = 0.38D — 0.62D = —0.24D, d; = 0.38D, ds = dy = 0.5D
and dg = 0.26D.

modes represent the variation of the transmission rate 77 in the first output line (see Fig. 3(a)); the
blue color modes show the transmission rate 75 through the second output line (see Fig. 3(b)); and
the green color modes represent the reflection thought the input line. In Fig. 3(a), we observe that
there are two wide complete band gaps (regions where the transmission rate equals zero) separated by
three passbands. Fig. 3(b) shows that there are four complete band gaps separated by five passbands.
Thus, we notice the existence of two passbands with T5 = 0, and these pass bands are located around
Q=47 or Q =79 when T = 0. From Figs. 3(a)-3(b), it is evident that there are cases where the
sum of the transmission rate in the pass bands equals 1, in which the incident signal coming from the
input line is divided between the two output lines. The difference of gaps numbers in the two Figures is
due to the ratio between the length of the resonator and the length of the segment in the first channel
(d2/dy = 0.5) and the same for the second channel (d4/ds = 2). It is noticed from Fig. 3(c) that the
reflection reaches unity (R = 1) when the transmission rates through the two output lines equal zero
while R = 0 when the sum of the transmission rates through the two output lines reaches unity, or one
of these two transmission rates equals 1. The appearance of these gaps is due to the periodicity of the
system of each output line and the resonance states of the resonators. In the following, our objective is
to create two very narrow defects modes inside these gaps in order to filter the localized modes of each
defect resonator in the corresponding output line. The objective of choosing N = 7 and N’/ = 7 is due
to the creation of large band gaps and to make it possible to control and manipulate the propagation of
electromagnetic waves in a wide frequency range. Therefore, the defect modes are localized and confined
inside these large forbidden bands with high performance.
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Figure 3. (a) Evolution of the transmission spectra in the output line of the perfect demultiplexer
(red color) as a function of the reduced frequency 2. (b) Transmission spectra in the second output
line (blue color). (c) The reflection spectra through the input line (green color). We take N = N/ = 7.

3.3. Photonic Demultiplexer Based on Defects Modes with ds = 0.5d, d3 = 0.5d; and
dy =d;

3.8.1. Transmission Rates T, To and Reflection Rate R

In designing waveguides structure-based demultiplexers, the most crucial part is the frequency selection
of the structure. In this structure, we use localized defect modes as the frequency selecting part of the
demultiplexer. We consider a demultiplexer system consisting of an input line and two output lines
which are studied in the previous paragraph (Section 3.2), and we create one defect resonator in each
output channel, one defect resonator of length dp2/d; located in the middle of the first channel, and
the second defect resonator of length dops4/d; located in the center of the second channel (See Fig. 1(c)).
We then investigate, in Fig. 4, the variation of the transmission rate 77 through the first output line,
T5 through the second output line and the reflection rate R through the input line as a function of the
reduced frequency 2 for two values of dgo/dy and dos =1.06d;. The choice of these values of the defect
resonator lengths is very important for finding defect modes with a very high transmission rate and a
very low reflection rate. Figs. 4(a)-4(b) show the variation of R (green color), 71 (red color) and T5
(blue color) as a function of the reduced frequency 2 corresponding to the interval of the large gap
situated between 2 = 8 and = 8.8. According to Figs. 4(a)-4(b), we observe the appearance of two
peaks (modes), characterizing defects modes, which are situated in the middle of the photonic band
gap; these two defects modes keep almost a very high value of transmission rate for the two values of
dp2/dy. From Figs. 4(a)—4(b), it can be seen clearly that when the transmission rate in the first output
line (Red color) reaches a very high value (77 = 0.92), the transmission rate in the second output line
equals zero (T = 0), and the reflection rate in the input line takes a very low value R = 0.08. Similarly,
it is easy to see that when the transmission rate in the second output line reaches T = 0.95 (Blue
color), the transmission in the first output line equals zero (77 = 0, Red color), and the reflection rate
takes a value of R = 0.05. The result also shows that the defect modes associated with the length
dp2/dy move towards low frequencies when dpa/d; increases because these modes correspond to the
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Figure 4. The transmittance spectra through the first output channel (red color), second output
channel (blue color) and the reflection in the input line (green color) as a function of the reduced
frequency 2 for two values of the defect length dy2/d1, respectively (a) do2 = 2.29d; and (b) dg2 = 2.7d;.
The defect length associated to the channel 2 is dgs = 1.06d; and N = N’ = 7.

defect of length dy2/d; unlike the other modes which are sensitive to the length dyps/d;. The black
and pink modes are plotted numerically and correspond respectively to the two transmission rates T}
and 75 in each output line. These results show the compatibility between the analytical and numerical
results. The presence of these defects modes in the gap is due to the interaction between the propagating
signals in the system and the eigen modes of the defect resonator in each transmission line. The results
of Figs. 4(a)-4(b) clearly show the possibility of filtering two frequencies in each output line. The
interval between the filtered frequencies in each line depends on the difference between the lengths of
two defect resonators. Hence, our proposed structure may be used as a double channels tunable FDM.
Thus, we can extract any desired frequency by changing the defects resonators of lengths dos/d; and
dp2/dy. The results of these figures demonstrate that the defect resonator length in each channel should
be chosen appropriately to transfer a frequency in one line by keeping the other line unaffected. So,
two frequencies can be demultiplexed by using the structure shown in Fig. 1(c). Our objective is to
propose an electromagnetic demultiplexer with a high transmission efficiency and high quality factor.
The periodicity of the photonic structure and the insertion of a defect resonator in the middle of each
output line more and more localize and confine the defect modes created in the band gaps of the photonic
structure. To obtain well confined defect modes with a high quality factors Q, we need to broaden the
band gaps of the periodic structure.

3.8.2. Color Map of Transmission Rates in Each Output Line

In the context of looking for regions where our demultiplexing system has a maximum transmission
rate, we investigate in Figs. 5(a)—(b) a color map of the transmission rates in the two output lines as a
function of both defect lengths do2/d; and dps/d;. The map is obtained by keeping, for every point of the
plan (dp2 and dp4), the maximum 73 and T» of the transmission rates inside the gap. The red and purple
colors indicate respectively high and low values of the transmission rates. By varying the resonators
defects lengths at the same time, the transmitted power is changed. Note that the choice of the variation
of these two defects lengths is made for the aim of finding regions where their transmission rates are
very important. In regions where dpy varies between 2.1<dp2/d; < 2.19, or 2.38<dgy/d; < 2.58 or
2.77<dp2/dy < 2.8, we note that for some ranges of dos/d; (red regions), the transmission rate in the first
output channel is minimal, while it is maximum in the second output channel. Similarly, it seems that
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Figure 5. (a) and (b) represent the color maps of the transmission rates 77 and 75 as a function
of the defect lengths dpa/d; and dos/d; associated respectively to the first and second channels with
N=N =T1.

there are regions of dys where the transmission in the two output channels is minimal (purple regions),
which shows that there is a total reflection in the input line (for example when 2.38 <dp2/d; < 2.58
and 1.6 <dps/d; < 1.7), and therefore we can use our demultiplexer in these regions as a total reflection
filter [33-36]. In addition, we observe that the sum of the transmission rates is maximum (77 =75 = 0.5)
for specific ranges of defective resonator lengths doa/d; and dos/dy; this means that the energy of the
electromagnetic waves is divided into two output channels with the same quantity (green regions). So,
from Fig. 5, we conclude that the characteristics of the proposed demultiplexer in this paper meet the
requirements of FDM applications [38, 39].

3.4. Demultiplexer Based on Defect Modes with dg = 0.5d1, d3 = 1d1, and d4 = 0.5d;
3.4.1. Transmissions Spectrum Ty, To and Reflection Spectrums R

In this section, we illustrate the change of the defect lengths do2/d; and dps/dy on the defect modes
behavior located in the gap. Figs. 6(a), 6(b), and 6(c) respectively represent the transmittance spectra
through the transmission line 1 (red color), transmission line 2 (blue color), and the variation of the
reflection rate (green color) for different values of dg2/dy by fixing the other defect length at dgs = 0.7d;.
According to the three figures, we indicate the appearance of two defect modes inside the band gap;
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Figure 6. Transmission rates through the first output channel (red color), through the second output
channel (blue color) and the variation of the reflection rate in the input line (green color) as a function
of the reduced frequency 2 for three values of the defect length do2, (a) do2 = 0.3d1, (b) do2 = 0.63d;
and (c¢) dp2 = 1d;. We fix thedefect length doy = 0.7d; and N = N/ = 7.

these two modes have a very high transmission rate for the three values of dgy/d;. Fig. 6(a) clearly
shows that when the transmission rate in the first output line is very important (i.e., 77 = 0.965), the
transmission rate in the second output line vanishes to 75 = 0 while the reflection rate in the input
line has a very low value (i.e., R = 0.035). On the other hand, when the transmission rate is T =0.95,
the reflection R = 0.05 and transmission rate correspond to 77 = 0. According to Fig. 6(b), we find
that when the transmission rate in the first output line is very high (i.e., 71 = 0.99), the transmission
rate in the second output line takes a very low value T5 = 0.01 while the reflection rate in the input
line equals zero (i.e., R = 0). Similarly, we observe that when the transmission rate is 75 = 0.95, the
reflection R = 0.05 and transmission rate correspond to 77 = 0. Also from Fig. 6(c), we note that when
the transmission rate in the second output line reaches To = 0.945, the transmission rate in the first
line equals zero (T} = 0), and the reflection rate is characterized by a low value (i.e., R = 0.055). Also,
we can see that when the transmission rate is T = 0.95, the reflection R = 0.05 and transmission rate
correspond to 77 = 0. It should be noted that the frequency of the first defect mode (red color) increases
progressively when the length dy2/d; is increased while the other defect mode (blue color) keeps the
same value of the frequency. The features of the transmission of the very narrow defect modes found in
these results present a solid foundation of a high performance demultiplexer. In order to compare our
analytical results and numerical simulations, we find that the central frequencies of the defect modes
are well verified and compatible between the numerical and analytical results. Comparing the results
of Fig. 6 and Fig. 4, we conclude that the geometrical parameters (the lengths of the segments and
the resonators in each channel) of the perfect demultiplexer change the frequencies of the defect modes
within the band gaps.

Now, we display in Figs. 7(a)-7(c) the transmission rates 7' (Red color), T» (Blue color), and the
reflection rate R (Green color) of the electromagnetic modes as a function of the reduced frequency
for three values of dys/d;. We observe the appearance of two defect modes inside the gap; these two
modes keep very significant values of the transmission rate for three values of dys/d;. Besides, we notice
that when the transmission 75 in the second output line reaches To = 0.99, the reflection becomes zero
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Figure 7. Transmission rates through the first output channel (red color), through the second output
channel (blue color) and the variation of the reflection rate in the input line (green color) as a function
of the reduced frequency €2 for three values of the defect length dy4, (a) dps = 1.38d1, (b) dos = 1di,
and (c) dog = 0.65d;. We fix the defect length dgz = 0.698d; and N = N’ =T.

R = 0, and the transmission in the first output line is 73 = 0.01. In a similar way, we remark that
when the transmission in the first output line reaches 77 = 0.965, the transmission in the second line
vanishes (T3 = 0), and the reflection has a low value R = 0.035. We also validate our theoretical results
with numerical simulation (black and pink color), and we find a good agreement. According to Figs. 4,
6, and 7 and in order to separate two channels with different frequencies, the resonators should have
different lengths. Figs. 6 and 7 clearly show the strong effect of two defect lengths to realize a very high
transmission rate. These two figures also show that the separation between the frequencies of the filter
on each line depends on the difference between the lengths of the two defect resonators.

3.4.2. Color Map of Transmission Rates in Each Output Line

For a careful analysis of the transmission rates through the two channels, we present in Fig. 8 color
maps of the transmission rates 7 (Fig. 8(a)) and T (Fig. 8(b)) as a function of both lengths of the
two defects. The red and purple colors indicate, respectively, high and low values of the transmission
rates. Figs. 8(a)-8(b) show that when do/d; varies between 0.6 < dpz2/d; < 0.75 and for all possible
values of dyy/d; except dps/dy varying between 0.66 < dps/d; < 0.75, the transmission rate of defect
modes is maximal through the first output line (Transmission 1). We also note that when dos/d; varies
between 0.6 < dp4/dy < 0.75 and for all possible values of dya/d; except when dy2/d; varies between
0.68 < dpa2/dy < 0.775, the transmission rate of defect modes is maximal through the second output line
(Transmission 2). To give a real illustration of our analytical and numerical results, and for the sake
of comparison with previous experimental and theoretical works [30] concerning the electromagnetic
demultiplexing process, we choose the following demultiplexer parameters: for Channel (1): d; = 0.5 m,
dy = 0.25m, dpz = 0.315m and for Channel (2): d3 = 0.25m, dy = 0.5m and dyps = 0.33m. With this
appropriate choice of the demultiplexer parameters, two mixed signals of frequency f; = 204.75 MHz and
fo = 208.75 MHz, propagating through the input of our proposed photonic demultiplexer, will propagate
separately in Channel (1) and Channel (2), respectively. The two demultiplexed signals are transmitted
through the two output lines with 100% of transmission rate without any loss of information. Moreover,
the band gaps shown by the two channels of the proposed structure impose more confinement on the
transmitted signal by each channel. These two signals show a very small value of the half height which
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Figure 8. Color map of the transmitted rates 77 (case a) and T5 (case b) as functions of both the
resonators defects length do2/d; and dps/d; associated respectively to the first and second output line.
With N=N'=T7.

4. CONCLUSION

In this paper, we have studied a Y-shaped demultiplexer device consisting of an input line and two
output lines (Transmission lines or Channels). For the sake of comparison, we have considered the
case of demultiplexer with two different output channels, and each one of them is built by only one
segment grafted in its extremity by two asymmetric resonators. The sizes of the components of the
two simple channels are different. Such a system shows resonant modes (peaks) with very important
transmission rates but with low quality factors. The choice of the lengths of the resonators and segments
in this structure allows us to obtain given resonance frequency on one output line by keeping the other
output line unaffected. To improve the quality factors of the two transmitted signals, we consider a Y-
shaped demultiplexer in which each output line is composed by photonic star waveguides with resonator
defect inserted in its middle. Due to the periodicity of the photonic channel which composed our
demultiplexer, localized defect modes induced by the resonators defect appear in the large photonic band
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gaps associated with each channel. This demultiplexer system with maximum transmission rates can be
utilized for separating two incident mixed signals of frequencies f; = 204.75 MHz and fo = 208.75 MHz
and guide each one of them into the first channel (1) and the second channel (2), respectively. The
first channel is composed of periodic star waveguides containing N = 7 repetitions of segment of length
d; = 0.5m, grafted in each site by one resonator of length dy = 0.25m, containing in its middle
a resonator defect of length dps = 0.315m, while the second channel is constituted by periodic star
waveguides containing N’ = 7 repetitions of segment of length d3 = 0.25m grafted in its extremity by
resonator of length d4 = 0.5m, and containing in its middle a defect resonator of length dgs = 0.33 m.
Furthermore, our photonic demultiplexer, which is a system composed of two periodic output lines, is
more efficient, in terms of sensitivity and transmission, than the simple demultiplexer system contained
in each output line only by one segment and two asymmetric resonators (Section 3.1). The experimental
results can be easily validated by simple experiments in the microwave frequency range [26].
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