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ABSTRACT

We propose the design of three port photonic and plasmonic demultiplexers where filtering toward the two outputs is based on the
phenomena of Fano resonances and electromagnetically induced transparency (EIT). We use a Cross-shape resonator in one output and a
U-shape resonator composed of two stubs in the other output. We give a theoretical demonstration of the geometrical parameters of
both resonators in order to filter one wavelength in one output while leaving the other output unperturbed. These results are confirmed by
experimental validation in the radio frequency domain and a numerical simulation in the infrared (IR) domain using plasmonic metal-
insulator-metal waveguides. The Cross resonator in the first output can give rise to an EIT resonance, whereas the U-shaped resonator in
the second output may exhibit both EIT and Fano resonances depending on the lengths chosen for the stubs. Therefore, different demulti-
plexing schemes can be proposed such as achieving a Fano resonance in one output and an EIT in the other, or EIT resonances in both
outputs. The Fano resonance is obtained by bringing resonance close to transmission zero, whereas the EIT results from the squeezing of
resonance between two transmission zeros. When the widths of the resonances tend to zero, they transform to trapped or bound states in
the continuum with an infinite lifetime. We show that the crosstalk between the two channels can be reduced to —82 dB and the sensitivity
can reach 2390.8 nm/RIU, RIU is the refractive index units. Finally, we highlight the performance of our design as a high sensitive filter and
sensor in the IR domain. In this work, the analytical calculations and demonstrations are performed by using Green’s function approach,
the experimental verifications are realized by means of coaxial cables operating in the radio frequency range and the numerical simulations
are obtained using the finite element method via Comsol Multiphysics software.
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I. INTRODUCTION shape described by the Fano formula." On the other hand, bound
states in the continuum (BICs) have known a great deal of interest,
Fano and electromagnetic induced transparency (EIT) resonances thanks to their interesting characteristics.” These states appear as

were originally discovered in quantum systems and interpreted in zero-width resonances in the transmission spectra with infinite
terms of the coupling between discrete localized states and a con- quality factors. In recent years, these different types of resonances
tinuum of states.”” An EIT resonance appears as symmetric reso- have attracted growing attention because they can provide potential
nance between two antiresonances (two transmission zeros),” applications in slow light* and high-performance nano-sensing.”’
whereas a Fano resonance occurs in the transmission spectrum as These phenomena have been extended to classical systems in differ-
resonance (transmission maximum) followed by an antiresonance ent areas such as acoustic slender tube waveguides,” photonic
(transmission zero); therefore, it displays an asymmetrical profile circuits,'"™"* plasmonic nanostructures,”~'” and metasurfaces.'®
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Due to their potential applications in communication systems,
several works have been devoted during the last two decades to the
study of wavelength demultiplexers based on photonic crystals.
Wavelength selection in such systems can be realized through
different mechanisms such as defect waveguides,'*™' resonant cavi-
ties,' ' “*>** superprisms,”* slot waveguides,”** channel drop
filters,”” ring resonators in photonic crystals, and bandstop
filters.”’ In designing photonic crystal-based demultiplexers, the
most important factors that can define the performance of demulti-
plexers consists in achieving high transmission efficiency together
with a high-quality factor of the resonant wavelengths and reduced
crosstalk between the outputs. Recently, Fano and EIT resonances
as well as BICs have been used in different three port demultiplex-
ers such as photonic circuits’>”* and plasmonic nanodevices.”*°

In recent papers of our research team,'”'' Cross and
U-shaped resonators have been studied in two port photonic struc-
tures to achieve EIT and Fano resonances. We have shown that the
Cross structure may exhibit only EIT-type resonance, while the
U-shaped resonator can present both EIT and Fano resonances.
In plasmonic systems, several works'>”"~*" have used Cross and
U-shaped coupled resonators to achieve PIT (the plasmonic analog
of electromagnetic induced transparency) and Fano resonances for
slow light and sensing applications.”” Recently, photonic and plas-
monic demultiplexers operating in radio frequency and infrared
domains have been proposed based on either Cross™** or
U-shaped”™*® stubs. In this paper, we give a theoretical demonstra-
tion with numerical and experimental validations of both photonic
and plasmonic wavelength demultiplexers based on a mixed configu-
ration of Cross and U-shaped resonators with applications for filter-
ing and sensing. The latter demultiplexer consists of one input
channel connected to two output channels. The first output channel
contains a Cross-shaped structure, whereas the second channel con-
tains an U-shaped resonator (Fig. 1). The main objective of this
work consists of deriving analytically all the geometrical lengths in
the demultiplexers to realize a complete transmission in one channel
without perturbing the other one and vice versa. In contrast to a
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demultiplexer based only on Cross-shaped resonators’> where the
EIT mechanism is used in both channels, the advantage of the
mixed demultiplexer is to allow various possibilities such as using
the EIT mechanism in both channels or EIT resonance in one
output and Fano resonance in the other. The idea consists of bring-
ing in coincidence the transmission zero associated with resonance
in one line with the maximum of the resonance in the other line. In
this paper, we use Green’s function method*">** to make the analyti-
cal demonstrations and derivations of the geometrical parameters to
obtain the wavelength demultiplexing conditions; then, the theoreti-
cal predictions are validated in a setup using coaxial cables operating
in the radio frequency range.”™* Also, a numerical simulation is
given for a plasmonic demultiplexer based on metal-insulator-metal
(MIM) waveguides. This design shows a good efficiency for filtering
and sensing applications in the infrared domain.

The paper is organized as follows. In Sec. II, we present the appli-
cation of Green’s function formalism™"*** to deduce the analytical calcu-
lations of the reflection and transmission coefficients through the
demultiplexer. This section is divided into two subsections. In
Subsection I A, we consider the case of EIT resonances in both outputs
(EIT-EIT) and give the analytical expressions of the different geometri-
cal parameters to make the demultipexing efficient. In addition, we
present some numerical results with an experimental validation in the
radio frequency domain using coaxial cables. Subsection II B gives the
same results as in Subsection II A but for the EIT-Fano demultiplexing.
Section III provides analytical and numerical results of the MIM plas-
monic demultiplexer with a discussion about its performance for filter-
ing and sensing applications. Section IV gives the conclusion of this
work.

Il. THREE PORT PHOTONIC DEMULTIPLEXER BASED
ON MIXED STRUCTURE: THEORY

The mixed demultiplexer presented here is composed of
one input and two outputs [Fig. 1(a)]. The first output contains
a Cross resonator made of two stubs of lengths d; and d, placed

FIG. 1. (a) Schematic illustration of the three port demultiplexer based on U and Cross structures called mixed structure. The first output contains two stubs of lengths dy and
d, placed at the same site {2} at a distance d5 from the input line {1}. The second output contains two stubs of lengths d3 and ds placed, respectively, at the sites {3} and {4}
at a distance ds and ds + dy far from the input line. (b) Experimental setup of the studied demultiplexer using coaxial cables and vector network analyzer working in the radio
frequency range. When the measurement is realized along the first output, the second output is terminated by a 50C2 impedance in order to avoid any reflection.
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at the same position labeled {2} and connected to the input
labeled {1} by the segment of length ds. The second output contains
a U-shaped resonator made of two stubs of lengths d; and dj placed,
respectively, at the sites {3} and {4} at a distance ds and ds + dj,
from the input line [Fig. 1(a)]. The Cross resonator in the first
output may exhibit only EIT resonances, while the U-shaped resona-
tor in the second output may exhibit both Fano and EIT resonances.
Therefore, two possibilities of demultiplexing can be achieved such

ARTICLE scitation.org/journalljap

as EIT mechanism in both channels or EIT resonance in one output
and Fano resonance in the other output.

The reflection and transmission coefficients through the
mixed demultiplexer shown in Fig. 1(a) can be derived from the
knowledge of the inverse of Green’s function of the entire system
[Fig. 1(a)] in the space of interface M = {1, 2, 3, 4}. This latter can
be build from the juxtaposition of the elementary constituents,"""”
namely,

C | G :
s .
1 G Si S :
-+ G488 0 0
_ 5 S TaTC
g '(MM) = —F N T G Co S . , )
-5 0 stete T
1 Co | Si
0 0 3, ST: + C_Z ]
where C; = cos(kd;), S; = sin(kd;) (i =0,0,1,2,3,4,5,6), F=%, do
and j = v/—1. The wave vector of the incident wave is given by dy = 2 +6, ©)
k= w‘{zd, where c is the speed of light in vacuum, o is the pulsa-
tion, g4 is the dielectric permittivity of the waveguides, and Z is ,
the impedance of the cables. dy = do +6, (6)

The reflection coefficient r in the input and the transmission
coefficients in the first and second outputs (#; and f,) can be
obtained, respectively, as’t r=—-1-— 2jFg(1, 1), t = 2jFg(1, 2),
and t, = 2jFg(1, 4). The elements g(1, 1), g(1, 2), and g(1, 4) are
obtained by inverting the 4 x 4 matrix in Eq. (1). These expressions
are cumbersome, that is why we shall avoid giving them here;
however, we shall provide below the necessary conditions that
should be fulfilled by the waveguide lengths to achieve an efficient
demultiplexing.

A. Three port photonic demultiplexer: EIT-EIT
resonances

Let us start with the case where the two resonances are of
EIT-type on both outputs. In order to obtain a full transmission in
the first output (i.e., Ty = 1), both T, and R should cancel at the
same frequency (i.e., T, = R = 0). For this purpose, the following
analytical expressions should be satisfied: C; =0 (or C4 = 0),
C¢ = 0, and sin(kdy) = 0, where dy = d, + d,. Likewise, a com-
plete transmission in the second channel (i.e., T, = 1, T; = R =0)
requires C; =0 (or C, =0), Cs =0, and sin(k(dy + 6)) = 0.
Therefore, the lengths of the segments and stubs should verify the
following conditions:

dl :7_5, (2)
dy o
dy=ds ="+, 3)
d
ds :dSZ?O: (4)

where § = d, — d; is the detuning between the two stubs of lengths
dl and dz.

Figure 2 shows the reflection coefficient magnitude (R) along
the input and the transmission coefficient magnitudes (T and T3)
along the two outputs of the demultiplexer [Fig. 1(a)] vs the
dimensionless frequency Q = wd"—g/e_d for three values of the detun-
ing 6. The waveguides are supposed lossless. The transmission
through the first output is plotted in the blue line, the transmission
through the second output is shown in the red line, and the
reflection at the input of the demultiplexer is given by the black
line. The curves show that the transmission in one line is total for a
given Q when the transmission in the other output and the reflec-
tion at the input of the demultiplexer vanish. The filtered reso-
nances are squeezed between two transmission zeros, this is a
characteristic of EIT resonances. We also notice that the position of
the EIT resonance in the first output (7)) remains constant at the
same dimensionless frequency Q = 7 since d, is fixed at dy = 1,
while the position of the EIT resonance in the second output
changes as 6 changes. The width of the resonances depends on J, it
increases when ¢ increases, giving rise to a decreasing in the
quality factor as a function of 8. Also, the quality factor of the first
EIT resonance (in blue) remains almost constant when & changes
sign (Q = 8.65), however, the quality factor of the second EIT reso-
nance (in red) takes the value 23.40 for 6 = 0.2d, [Fig. 2(a)] and
10.85 for 6 = —0.2d, [Fig. 2(c)]. In addition, for § = 0.2, the EIT
resonance in the second output appears below the EIT resonance
in the first output [Fig. 2(a)], whereas for § = —0.2d, the second
EIT resonance reappears above the first resonance [Fig. 2(c)].
Moreover, one can remark that the EIT resonance in the second
output (in red) in Figs. 2(a) and 2(c) is not symmetric vs 8. This is
due to the non-symmetric dependence of the lengths of the
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FIG. 2. Transmission coefficient magnitudes in the first output (blue lines),
second output (red lines) and the reflection magnitude at the input (black lines)
of the mixed demultiplexer vs the dimensionless frequency Q/z for
(@) 6 = 0.2dy, (b) 6 =0, and (c) 6§ = —0.2dy, where dy = d; + d is consid-
ered fixed. The other lengths of the waveguides are chosen according to
Egs. (2)-(6).

structure as a function of & [see Eqs. (2)-(6)]. The sign of § affects
considerably the width of the resonances on both outputs. In the
particular case § = 0, both EIT resonances fall at Q = 7 giving rise
to a BIC (ie., zero-width resonance) as it is shown in Fig. 2(b).
Therefore, the quality factor of the BIC mode tends to infinity for
the lossless system.

Figure 3 displays an experimental validation of the theoretical
results discussed in Fig. 2 for three values of 6. The coaxial cables
used in the realization of the structure described in Fig. 1(a) are
chosen such that the lengths of the cables satisfy Eqs. (2)-(6).
The experiment is performed using standard coaxial cables RG-58/U
of different lengths with the same characteristic impedance Z = 50Q
[Fig. 1(b)]. The segments of coaxial cables were connected by stan-
dard BNC T-connectors. The cables were filled with polyethylene
(€' = 2.3), corresponding to a nominal propagation speed of 0.66c.
The boundary conditions at the upper ends of the stubs are H = 0

ARTICLE scitation.org/journalljap

——— Tp-Theo.

T4-Theo.

o Tq-Exp. o T2-Exp.

80

80

100

Frequency (MHz)

FIG. 3. Theoretical reflection and transmission coefficient magnitudes (continu-
ous lines) as a function of the frequency along the outputs 1 (blue curves) and
2 (red curves) of the demultiplexer for (a) § =0.2m, (b) § =0, and
(c) 8 = —0.2m. Black curves represent the reflection coefficient magnitude.
Experimental data are plotted by open circles.

(i.e., vanishing magnetic field). The attenuation in the coaxial
cables was simulated by introducing a complex dielectric permittiv-
ity € = € + je”. The attenuation coefficient &” can be expressed as
o' = £"w/cv/€'. On the other hand, the attenuation specification
data supplied by the manufacturer of the coaxial cables based on
energy decreasing of the waves along the cables in the frequency
range of 10-200 MHz can be approximately fitted with the expres-
sion In (') = y + B1n (), where ¥ and S are two constants. From
this fitting procedure, a useful expression as a function of frequency

~0.5
can be obtained under the form &’ = ( fio) , where the fre-

quency f is expressed in Hz and f; = 9200 Hz. The resolution of
amplitude and phase measurement are around 0.5mV and 0.01,
respectively, using an intermediate frequency (IF) filter bandwidth
of 1 KHz. The dynamic range is around 100 dB. The noise of the
VNA at GHz frequency is too small (0.0lmV rms) and is
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drastically reduced by the IF filter. The measured S-parameters are
accurate and reliable, and the error is less than 0.2%. Figure 3
shows a good agreement between the theoretical results (solid
lines) and the experimental results (open circles). The curves show
that the filtered resonances in the two outputs are of EIT type. Due
to the attenuation in the cables, the transmission and reflection
spectra do not exceed 80%. However, the transmission exhibits a
maximum value in the first output when both the transmission in
the second output and the reflection in the input get closer to zero
and vice versa. Also, one can notice that the quality factor of the
first EIT resonance (in blue) is almost the same (Q = 8.36) when &
changes the sign, whereas for the second EIT resonance (in red),
the quality factor becomes 17.29 for § = 0.2 m [Fig. 3(a)] and 8.87
for 6 = —0.2m [Fig. 3(c)]. These values are slightly lower than
those obtained in Fig. 2 in the absence of loss. For the BIC (6 = 0),
the width of the resonance in the transmission is ill-defined
[Fig. 3(b)] and so the quality factor of the resonance. In addition,
one of the most important parameter that characterizes the perfor-
mance of the demultiplexer is the crosstalk. This quantity is
defined as the quotient of the transmission power (in dB) of the
desired output and the other output.”” In Fig. 3(a), the crosstalk
rate between the two outputs for the frequency 96.36 MHz is about
—29.18 dB. This rate becomes about —23.44 dB for the frequency
122.86 MHz. The results in Fig. 3 show a clear experimental valida-
tion of the theoretical results in Fig. 2.

B. Three port photonic demultiplexer: EIT-Fano
resonances

In the case where the two stubs of lengths ds and d, are taken
identical and their lengths slightly different from half of the length
of the segment, which separates them (ie., d; =d; # %), the
U-shaped structure presents Fano-type resonances.’' The Cross
structure connected to the other output exhibits EIT resonances.
Now, by appropriately choosing the different lengths of the wave-
guides which constitute the mixed demultiplexer [Fig. 1(a)], it is
possible to achieve mixed filtering where one can obtain a Fano
resonance on the second output and EIT resonance on the first
output. Indeed, in order to obtain a complete filtering in the first
output with transmission and reflection zeros in the second output
and the input, one should satisfy C; = 0 (or C4 = 0), Cs = 0, and
sin(kdy) = 0. Similarly, an efficient transfer in the second output
requires C; = 0 (or C, = 0), Cs = 0, and sin(k(dy +6)) = 0 for the
second output. Therefore, the lengths of the segments and stubs
must satisfy the following equations:

d1:7_5’ (7)
d 6

dy=ds ==+, ®)
d

dy = dy = ds = =, 9
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dy = do + 26, (10)
where § = d, — d,.

Figure 4 shows the transmissions magnitudes (T; and T3)
and the reflection magnitude (R) spectra as a function of the
dimensionless frequency Q for three values of . The lengths of the
different stubs and segments are chosen according to Egs. (7)-(10).
One can see that the resonance is of EIT type in output 1 (blue
curves) and of Fano type in output 2 (red curves). Figure 4 shows
that the EIT resonance in the first output occurs at the same
reduced frequency Q = # for different values of § since dj is fixed.
On the other hand, the position of the Fano resonance in the
second output varies as a function of J. Indeed, for & = 0.2d,
[Fig. 4(a)] the Fano resonance appears at the left side of the EIT
resonance. Whereas, for § = —0.2d, [Fig. 4(c)] the Fano resonance
occurs at the right side of the EIT resonance. In addition, the

0.8 1.0 1.2

1.0

1.2
Q/n

FIG. 4. Transmission coefficient magnitudes in the first output (blue lines),
second output (red lines), and the reflection magnitude at the input (black lines)
of the mixed demultiplexer vs Q/z for (a) 6 =0.2dp, (b) 6 =0, and
(c) 6 = —0.2dy. The lengths of the waveguides are chosen according to
Egs. (7)~(10).
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width of both resonances changes when the sign of § changes.
In Fig. 4(a), we also notice the existence of another Fano resonance
at the right side of the EIT resonance around Q = 1.26. This latter
does not reach unity since Egs. (7)-(10) are not fulfilled at this fre-
quency. For 6§ = 0 [Fig. 4(b)], both resonances fall at Q = 7 and
appear with zero width, giving rise to BICs. These modes corre-
spond to stationary waves in the Cross and U-shaped stubs on both
outputs and do not interact with the semi-infinite wires (contin-
uum states) surrounding them.

Experimental validation of the previous theoretical results for
three values of & (Fig. 4) is presented in Fig. 5. The solid lines
present the theoretical results, whereas open circles show the exper-
imental measurements. Figure 5 shows that in channel 1, we have
an EIT-type resonance, while in channel 2, we have a Fano-type
resonance. In addition, the amplitudes of the resonances in the

Tp-Theo.

R-Theo.
R-Exp.

T4-Theo.
o Tq-Exp. <]

T2-Exp. °

80

Frequency (MHz)

FIG. 5. Theoretical reflection and transmission coefficient magnitudes (continu-
ous lines) as a function of the frequency along the outputs 1 (blue curves) and
2 (red curves) of the demultiplexer for (@) § =0.2m, (b) 6 =0, and
(c) 6 = —0.2m. Black curves represent the reflection coefficient magnitude.
Experimental data are plotted by open circles.
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transmission spectra do not reach unity because of the loss effect in
the cables. The transmission is maximum in output 1 when both
the transmission in the other output and the reflection in the input
get close to zero. As mentioned before, the quality factor of the first
EIT resonance (in blue) is not much affected by the sign of § and
remains almost constant (Q=8.36) when & changes the sign,
whereas the Fano resonance (in red) exhibits high-quality factor
Q = 12.90 for 6 = 0.2d, than for 6§ = —0.2dy, where Q = 6.84.
Therefore, its amplitude is more affected by the loss effect in the
cables. In Fig. 5(a), the crosstalk rate between the two outputs for
the frequency 82.51 MHz is about —21.44 dB. This rate becomes
about —73.04 dB for the frequency 97.40 MHz. We note that the
proposed three port demultiplexer may present lower crosstalk
values in comparison with those reported in the literature,>"
where the demultiplexing is based on Lorentzian resonances with
symmetric line shapes instead of Fano or EIT resonances. The
experimental results in Fig. 5 show a good agreement with the the-
oretical one in Fig. 4. Let us mention here that the EIT and Fano
resonances shown in Figs. 2-5 are obtained for any value of § # 0.
However, it is better to not exceed § = 0.35d, as the EIT resonance
in the first output deteriorates and loses its symmetric character
(i.e, resonance squeezed between two transmission zeros),
however, the Fano resonance keeps its Fano shape (i.e., resonance
followed by transmission zero) even though & is greater than
6 = 0.35d,.

lll. THREE PORT PLASMONIC DEMULTIPLEXER:
ANALYICAL AND NUMERICAL RESULTS IN THE
INFRARED DOMAIN

The wavelength demultiplexing presented in Sec. II can be
applied to a plasmonic demultiplexer based on MIM nano-
waveguides operating in the infrared domain. The two-dimensional
MIM plasmonic demultiplexer based on the mixed configuration of
Cross and U-shaped resonators is sketched in Fig. 6(a). The width
of the bus waveguide and stubs are set to be equal w = 50 nm,
which is much smaller than the surface plasmon polariton (SPP)
wavelength (w < 4y,) in order to ensure only the propagation of
the fundamental transverse magnetic (TM,) mode excitation. The
stubs and bus waveguide are filled with air, whereas the surround-
ing metal is made of silver with a frequency-dependent complex
permittivity &,, described by the Drude model***’

@

en=en = s (11)
where £, = 3.7 is the dielectric constant at the infinite frequency,
w, =138 x 10°rad/s denote the bulk plasma frequency,
y = 2.634 x 10" rad/s is the electron collision frequency, and w
shows the angular frequency of the incident light. These values fit
well the experimental data of silver in the visible and infrared
range.”’

Two important key physical quantities that describe the
behaviors of SPP propagation within the demultiplexer device are
the wave vector kg, and the impedance Z of the MIM waveguide.
These two quantities are dependent on material parameters and
magnitude of the system. Then, the SPP propagation wave vector
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kg, of the fundamental propagating TM, mode in the MIM wave-
guide is given by**

2E4\/Ed — Em
ke = koy|£q — ==L ",
8mk0W

where ko = ¢ is the wave vector in vacuum. £; and &,, denote the
dielectric constants of the dielectric and the metal, respectively. The
other interesting quantity that characterizes the MIM waveguide is
the impedance Z, which is given by**

(12)

ks
z =W (13)
Eq0

The structure depicted in Fig. 6(a) is a 2D system in the (x,y)
plane and infinite in the z-direction. This design is the most used
in MIM waveguides simulations as it is less time consuming.
However, for practical processing, the MIM waveguides are 3D as
they present a finite height h along the z-direction and they are
deposited on SiO, substrate. The finite depth of the system and
the surrounding media introduce a significant effect on loss in
the system. Nevertheless, it was shown that above a certain height
(h=50nm), 2D and 3D models provide almost similar
results,” ™ in particular, as concerns the positions of the reso-
nant modes in the transmission spectra,”’ even their shapes and
widths can be affected.

In a realistic structure, the dielectric waveguide is fully
immersed in a metal [Fig. 6(a)]. This is exactly the model which we
have studied in the finite element simulation approach. However,
in the analytical approach, the MIM waveguide (including the hori-
zontal part and the stubs) is replaced by a unique waveguide char-
acterized by the wavevector ki [Eq. (12)] and the impedance Z
[Eq. (13)]. Therefore, it becomes necessary to define a boundary
condition at the end of the stubs. Since the top of the stubs is in
contact with the silver metal, we apply a boundary condition
meaning that the stub is connected to a semi-infinite metal wave-
guide of width w and characterized by the impedance

Ty =¥, (14)
En®
where k,, = ko+/Ep.

The calculation of transmission and reflection coefficients for
the plasmonic demultiplexer [Fig. 6(a)] is similar to the one of the
photonic devices presented in Sec. II, just we need to replace in
Eq. (1), k by kg [Eq. (12)] and F by wZ. Also, it is necessary to
take into account the semi-infinite metal at the end of the coupled
stubs. This can be achieved by replacing in Eq. (1) the quantity %S'

by A= QZZZZ(; (i=1,2,3,4), where C;= cos(ksyd;)
S,‘ = sin(kspd,-).

Figures 6(b) and 6(c) give the transmission spectra through
the first (blue curves) and second (red curves) outputs and the
reflection (black curves) along the input as a function of frequency
for 6 =120nm and 6 = —120 nm, respectively. dy is fixed at
dy = 700 nm and the detuning & between the two stubs d; and d,

and
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is chosen variable. The analytical results (solid lines) obtained by
Green’s function method are confirmed by numerical simulations
based on 2D finite element method using Comsol Multiphysics
software. Both results show a good agreement. The results in
Figs. 6(b) and 6(c) are plotted according to PIT-PIT conditions
[Egs. (2)-(6)]; therefore, the two resonances are both of PIT type.
In addition, one can see that the PIT resonance in the first output
appears at the same frequency f; = 142.57 THz since d, is fixed at
dp =700 nm with a transmission efficiency 73%, whereas the
second PIT resonance falls at two different positions as 6 changes: the
PIT resonance in the second output appears at f, = 126.52 THz with
a transmission efficiency about 54% for § = 120 nm [Fig. 6(b)] and at
f» =174.65THz with a transmission efficiency about 72% for
6 = —120 nm [Fig. 6(c)]. One can see here also that the maximum of
the transmission in one output coincides well with the zeros of the
transmission in the other output and the reflection in the input in
accordance with the analytical calculations developed in Sec. II
In addition, the best crosstalk for the PIT-PIT demultiplexing can
reach —45.36dB at the frequency 142.57 THz for § = —120 nm in
Fig. 6(c). Similarly, Figs. 6(d) and 6(e) show the results for the PIT-
Fano demultiplexing for § = 120 nm and 6 = —120 nm, respectively.
These results are plotted using the conditions of PIT-Fano demulti-
plexing [Egs. (7)-(10)]. The first resonance which appears at
fi = 142.57 THz is of PIT type, whereas the second resonance is of
Fano type. The position of the latter resonance depends on &. For
& = 120 nm, the resonance appears at f, = 126.11 THz with a trans-
mission efficiency about 55%, whereas the second resonance for
6 = —120nm occurs at f, = 176.65 THz with a transmission effi-
ciency about 74%. The magnitudes of the transmission and reflection
coefficients in Figs. 6(b)-6(e) do not reach unity due to the intrinsic
metal loss. In addition, the crosstalk rates can achieve lower values
about —80.70dB for the PIT resonance in Fig. 6(d) and about
—82.36 dB for the PIT resonance in Fig. 6(e). We note that our pro-
posed plasmonic demultiplexer may present best crosstalk values than
the photonic demultiplexer discussed in Sec. II and in comparison
with other previous works in the literature for three port plasmonic
demultiplexers.”*® These results are grouped in Table I. Let us
mention that for a lossless system, the transmission can reach unity in
one output (T = 1) with a transmission zero T = 0) in the other
output, and, therefore, the crosstalk in this case goes to infinity.

TABLE |. Comparison of crosstalk with previous works and for different
configurations.

Crosstalk

Structure (dB)

Photonic demultiplexer EIT-EIT —29.18

EIT-Fano —73.04

Plasmonic demultiplexer PIT-PIT —45.36

PIT-Fano —82.36

Ref. 46 —18.35

Ref. 47 —-17.63
Ref. 54 —28
Ref. 55 -30
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However, for lossy systems as it is the case here the crosstalk presents
finite values.

In order to study the spatial localization of the filtered reso-
nances along the two outputs, we plotted in Figs. 6(f) and 6(g) the
H, field map of the two filtered PIT resonances at f; = 142.57 THz
and f, = 174.65 THz, respectively, for 6 = —120 nm in Fig. 6(c).
From Fig. 6(f), one can see that the SPP wave at f; = 142.57 THz
propagates along the first output through the excitation of the
modes of the stubs of lengths d; and d, of the Cross-shape resona-
tor, whereas it is stopped along the second output due to the exci-
tation of the stationary mode of the stub of length d; of the
U-shaped resonator. On the other hand, the H, filed map in
Fig. 6(g) shows that the SPP wave at f, = 174.65 THz is transferred
along the second output through the excitation of the mode of the
stubs of lengths d; and d, as well as the waveguide dj that formed
the U-shaped resonator, while it is completely stopped along the
first output by the stub of length d; through the excitation of its
stationary mode.

In all the previous results in Fig. 6, the waveguide was filled
with air. Thus, in order to investigate the performance of the pro-
posed device as filter and sensor, we have changed the refractive
index n of the waveguide from 1 to 1.25 with a step of 0.05 for a
fixed § =120nm and for different filtered resonances such as
PIT resonance in output 1 [Fig. 7(a)], PIT resonance in output 2

ARTICLE scitation.org/journalljap

[Fig. 7(b)], and Fano resonance in output 2 [Fig. 7(c)]. In these
figures, the parameters in the first output (Cross structure) give
only PIT resonances, whereas the parameters in the second output
(U structure) can show either PIT or Fano resonances. Even
though the structures in the second output are different, they do
not affect those in the first output. One can notice that when n
increases from 1 to 1.25 the resonances shift to lower frequencies
(higher wavelengths), also their amplitudes decrease. Figure 7(d)
presents the variation of the resonance frequency (or wavelength)
as a function of n. This figure shows that there is a linear relation-
ship between 7 and the resonance frequency (or wavelength).

One of the most important parameters that characterize the
performance of plasmonic sensors and filters is the wavelength sen-
sitivity. The sensitivity of a filter/sensor is defined as the ratio
between the shift of the resonance wavelength A4 and the shift in
the refractive index An, namely,

S=—.
An

(15)

In Table II, we give a comparison of the sensitivity values
(in nm/RIU) of the proposed device in both outputs with other
plasmonic sensors based on MIM coupled waveguides of recent
research in the literature.”””” In our case, the sensitivity is given for

1.0 Output 1 1.0 Output 2
(@) 3 =120 nm 7 l(w) 5=120 nm
S 0.8 PIT S 0.8 — n=1
s ® — n=1.05
E £ — n=1.15
2 0.4 2 0.4 n=t.
s & —— n=1.2
- 0.2 - ~ 0.2 — n=1.25
0.0 0.0 -
100 120 140 160 180 90 100 110 120 130 140
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(c) 5=120nm| = (d) —=—-— Output1-PIT =
£ 0.8 2140 D~_——— Output 2-PIT 2200 &
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® 0.6 - Fano S 130 - S~ -2400 @
€ g \\\ \\\ %
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FIG. 7. Transmission magnitude spectra vs the frequency (in THz) along both outputs for different refractive index values n of the waveguide for (a) PIT resonance in output
1, (b) PIT resonance in output 2, (c) Fano resonance in output 2, and (d) resonance frequency (wavelength) vs the refractive index n for different cases in (a)—(c).
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TABLE II. Comparison of the sensitivity with previous works and for different
configurations.

Structure Sensitivity (nm/RIU)
This work: PIT-output 1 21014
This work: PIT-output 2 2390.8
This work: Fano-output 2 2388.2
Ref. 56 1217
Ref. 57 793.3

different configurations such as PIT resonance in output 1, PIT res-
onance in output 2, and Fano resonance in output 2. One can
notice that the U-shaped resonator in the second output represents
very high sensitivity values in comparison with the Cross-shaped
resonator in the first output. In addition, the proposed demulti-
plexer shows a good sensitivity in comparison with other previous
works in the literature.”>””

IV. CONCLUSION

We presented a theoretical, numerical, and experimental
investigation of an efficient three port demultiplexer where the two
output channels contain a mixture of detuned stubs. The first
channel of our proposed demultiplexer contains a Cross resonator,
whereas the second output contains a U-shaped resonator. Due to
this mixed combination, different possibilities of demultiplexing
can be obtained such as EIT-EIT or EIT-Fano resonances. We
derived analytically the closed form expressions for the different
lengths of the stubs involved in the structure and demonstrated an
efficient selective transfer of one wavelength in one output channel
while leaving the second channel unperturbed and vice versa. The
various possibilities of wave filtering in the mixed structure are dis-
cussed. The analytical demonstrations obtained by means of
Green’s function method are confirmed by an experimental valida-
tion in the radio frequency domain using coaxial cables. In addi-
tion, we have shown that our analytical results can be transposed to
the infrared domain using a plasmonic demultiplexer based on
nanoscale MIM waveguides. The analytical results are confirmed
by the finite element calculation based on Comsol Multiphysics
software. In the proposed design, the crosstalk quotient between
the two output channels can be reduced to below —82 dB and the
sensitivity can reach 2390.8 nm/RIU. Therefore, the proposed three
port demultiplexer shows good performance for filtering and
sensing applications.
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