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ABSTRACT: In this paper, we study one-dimensional (1D) integrated photonic systems composed of waveguides connected to resonators.
We explain and discuss the appearance of two unique resonance phenomena: Fano transparency and electromagnetically induced trans-
parency (EIT). These resonances play a crucial role in optimizing signal filtering in photonic devices. Our study focuses on two ge-
ometrical configurations: a cross-shaped arrangement with collocated lateral resonators at the same site and a U-shaped configuration
with resonators positioned at different sites. We use Transfer Matrix Method (TMM) to analyze these configurations, improving existing
theoretical models for photonic waveguide systems. Using this method, we can manipulate the geometrical parameters of resonators
to fine-tune the transmission properties associated with the Fano and EIT resonances. Our results indicate that symmetrical resonators
eliminate Fano resonance in cross-shaped structures, while the introduction of asymmetrical resonators induces their emergence. For
U-shaped structures, we demonstrate the presence of Fano and EIT resonances, and show that their manifestation depends on the geomet-
ric parameters of the resonators. Our research has two major implications: Firstly, it advances the theoretical knowledge of resonance
phenomena in photonic waveguides. Secondly, it provides a methodology for the design of photonic structures with adapted transmission
characteristics, opening the way to applications in advanced signal processing technologies.

1. INTRODUCTION

apid advances in photonics have brought to light numerous
Relectromagnetic resonant phenomena, notably associated
with the physics of electromagnetically induced interferences
(EIT) and Fano resonances. These phenomena have important
practical applications, particularly in the fields of electromag-
netic switching and detection. An in-depth understanding of
these resonant phenomena and their interconnections are cru-
cial to the efficient design of electromagnetic devices.
Historically, EIT and Fano resonances [1-3] were first dis-
covered in atomic systems, resulting from destructive interfer-
ences in excitation pathways to higher atomic levels. Their
study has spread to other fields, with promising applications
in the control of slow light. These phenomena are not limited
to atomic systems and have been extensively studied in clas-
sical systems, including photonic waveguides [4-6]. An ex-
ample of EIT resonance occurs in opaque atomic media. The
coupling of photonic waveguides with one or more resonators
has been studied and applied to obtain Fano and EIT-type res-
onances [6—13]. In transmission spectra, the Fano profile ap-
pears as a maximum transmission peak close to a transmission
zero [14-16]. When the Fano resonance falls between two an-
tiresonances (two transmission zeros), it becomes an EIT res-
onance. To generate such resonances in conventional systems,
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two or more resonators are usually connected to a waveguide,
either directly or indirectly. Simple structures, such as cross or
U-shaped structures, have demonstrated these resonances theo-
retically and experimentally. In addition, both the crossed and
U-shaped structures have been proposed to study a Y-shaped
photonic demultiplexer [17] based on EIT and Fano resonances.
Mouadili et al. [6] have theoretically demonstrated that a simple
structure composed of two lateral detuned photonic resonators
grafted onto a tube can exhibit both Fano and EIT resonances by
modifying the geometrical parameters of the resonators. Recent
researches have revealed that the electromagnetic transmission
spectrum of 1D comb-like waveguides structures presents large
band gaps [18-20]. These structures are made up of periodic
cells, each with lateral resonators. One of the main advantages
of these structures is their ability to create large band gaps and
passbands. Errouas et al. [21] have demonstrated the possibil-
ity of realizing an electromagnetic filter exploiting three defect
modes in large band gaps by creating asymmetrical resonator
defects in a star waveguide structure. Similarly, Ben-Ali et
al. [22] have demonstrated the appearance of four defect modes
in the band gap by creating resonator defects at two different
sites.

The main objective of this work is to study and clarify the
phenomena of electromagnetically induced transparency (EIT)
and Fano resonances in different one-dimensional (1D) struc-
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FIGURE 1. Schematic illustration of different waveguide and resonator structures: (a) Single-resonator waveguide with a resonator of length ds
attached to a waveguide of length d;. (b) Cross-shaped resonators structure integrated with a waveguide of length d1, comprising two perpendicular
resonators of lengths do and ds. (c) Dual waveguide system with U-shaped resonators, each waveguide of length d; and ds respectively, connected
to resonators of lengths d2 and d4. All elements are made of identical materials.

tures, in particular waveguides integrated with U-shaped and
cross-shaped resonators. This research aims to bridge the theo-
retical and practical aspects of photonics by demonstrating how
these resonances can be exploited in 1D photonic systems to en-
hance the guiding and filtering capabilities of electromagnetic
waves, thus contributing to the advancement of photonic de-
vices. Using the transfer matrix method for a detailed anal-
ysis of wave propagation through these unique 1D structures,
the study aims to provide a comprehensive understanding of
waveguide-resonator interactions. In addition, this work aims
to demonstrate the potential of these structures in improving
the performance of photonic systems. Through a combination
of theoretical analysis and experimental validation, the study
aims to make a significant contribution to the field of photon-
ics, opening up new ways for the design and development of
advanced electromagnetic devices with enhanced functionality.

The paper is structured as follows. Section 2 explains how
the Transfer Matrix Method (TMM) is used to calculate trans-
mission and reflection rates. Section 3 presents the results of
the calculations and a discussion of their implications, and Sec-
tion 4 summarizes the main conclusions drawn from the results.

2. MODEL AND FORMALISM

In this section, we present our theoretical approach based on
the transfer matrix method [23, 24] for analyzing the transmis-
sion of electromagnetic waves through a waveguide grafted by
a resonator. The waveguides studied are coaxial cables with a
dielectric permittivity e. The boundary conditions applied to
the ends of the resonator are of the type H = 0.

2.1. Case of a Waveguide of Length d, Grafted with a Resonator
of Length d,

In this subsection, we calculate the transfer matrix of a photonic
system consisting of a waveguide of length d; grafted with a
resonator of length ds (Fig. 1(a)).
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The expressions of the electric fields in four media are given
by:

Ey () = Age?™0® + Bye ivo®

for: <0

Ei (z) = A1e71% 4 Bie Ju®

for: 0<z<d;

E@9) =1 B, (@) = A0 @) 4 g e-iestaar) D

for: z>d;

Es (y) = Aged2Y 4 Bye 722y

for: 0 <y <ds

By applying the boundary condition at the end of the resonator,
the expression of the electric field within the resonator is mod-
ified as follows:

E5 (y) = Geos (az (y — d2)) )
The passing conditions at x = 0:
dEy (z _ dE (2) 3)
dx =0 N dx =0

It can be written as:

(o o) () =00 2 )(5) @

The passing conditions at y = 0 and = = d; are given by:

Ay
By

Ay
By

Ei(z=di)=FEs(x=d)=Ez(y=0)
dE (z) _ dEy(2) dEs(y)

dx dx dy

)

+

:Eidl fE:dl y:()

After calculating the system described in Eq. (5), we obtain:

(o)
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By
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A
By replacing the matrix ( Bl

), we find the resulting ma-
1

trix of the guide-resonator system situated between two semi-
infinite guides, which is given as follows:

11 A
(%] —Qp BO B
cos (ardr) — 52 tan (azds) sin (a1ds) 'Sin(Zidl)
—joq sin (a1dy) —jag tan (aadz) cos (a1dy) cos (a1dy)

1 1 A ™
g —Og B
Subsequently, the G matrix, which includes all the interaction
between the guide and resonator, is simplified as follows: G =

Gu G
< 1 12 > , where the elements of G are defined as:
Ga1 Gao

e G11 = cos (qul) — % tan (Oégdg) sin (Oéldl)

s G2 = *j Sin(gidl)

* Go1 = —jag sin (a1dy) — jag tan (aads) cos (a1 dy)
* Glog = cos (a1dy)

The transmission and reflection coefficients are given by the
following expressions:

A, 2
t= I = 1
0B.=0  (Gq; + asG1a) + P (Ga1 + asGa2)
0
1
- B, - (G171 + asGa) — o0 (Ga1 + asGa2)
= = 1
405520 (G + 0,Gra) + — (Ga1 + ,G)
0

(3
The transmission and reflection rates are given by:
2
2
T =t] = :
(G114 asGr2) + CTO (Ga1 + asGa2)
1 2
(G11 4+ asGr2) — — (G21 + asGa2)
2 0
R = |’,’| = 1
(G114 asGr2) + OTO(Gzl + a;Ga2)
©)

2.2. Maintaining the Integrity of the Waveguide of Length d,
Grafted with Two Cross-Shaped Resonators of Lengths d, and
d;

In this subsection, we introduce a second resonator positioned
at the same location as the first resonator. This creates a cross-
shaped structure as illustrated in Fig. 1(b).

The electric fields expressions in all media are given by:

E() (Cﬂ) = Aoejaom =+ Boeijaom

for: <0

Fy ((E) = Alejalw + Bleijala:

for: 0<z<d;

B, (z) = Agelos(@=di) 4 B emios(z=di)
Blay)=¢ 0 (10)
Ey (y) = Age?*?¥ + Bye 72V

for: 0 <y <ds

E3(y) = Agel®sY 4 Bge—iasy

for: 0 <y<ds

We have already described the steps necessary to calculate the
transfer matrix. In this case, we will go directly to the following

transfer matrix:
K K
K- ( 11 12 ) (1
Ko Ky

The expressions of the elements of the matrix K are:

K11 =cos (aydy) — Z—i tan (cads) sin (a1 dy)

~ % tan (asds) sin (a1 dy)
o

i d
Kip = —j sin (a1 dy)
aq
Kgl = —joq sin (Oéldl)—j % tan (Oégdz) COS (Otldl)
aq

%3 tan (Oé3d3) cos (Olldl)
aq

K22 = COS (Oéldl)

(12)
The transmission and reflection rates are given by:
2
2
T = 1
(K11 + asKi2) + — (Ko7 + s K22)
(e7]
| . (13)
(K11 + asKi2) — — (Ko1 + s K99)
R = 10
(K11 + asKi2) + P (Ko1 + asKa)
0

2.3. Two Waveguides Grafted with Two U-Shaped Resonators

In this subsection, we focus on a simple application of the trans-
fer matrix to a U-shaped structure as illustrated in Fig. 1(c).
We calculate the transfer matrix of a system composed of two
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waveguides of lengths d; and d3, each grafted with a resonator
of lengths ds and d, respectively.
The electric field expressions are given by:

Ey (z) = Agel®0® + Bye @0
for: <0
Ei (z) = A1e7™® + Be 712
for: 0<z<d;
By (y) = Aged®2Y + Bye 722y
for: 0 <y <ds,

E(z,y) = F (1) = dejw 4 Bye—iose (14)
for: dy < <dj
Eg (x) = Agel®s® + Bge Is®
for: x= > dj
Ey (y) = Ayed®Y + Bye 721y
for: 0<y<dy

In this situation, we will multiply two matrices correspond-
ing to guides and resonators. These matrices are defined as fol-
lows in the case presented:

11 A\
ap —Qp BO o
cos (aldl)—g—?tan (asds) sin (a1dy) —jw
—jaq sin (aldl)—jg—i’ tan (asds) cos (ardy) cos (ardy)
11 As
(15)
az  —as Bs
11 A3\
a3 —Q3 Bg -

cos (azds) — 2 tan (audy) sin (azds) 'Si“(gid?’)
—jas sin (azds) —jg—;‘ tan (aydy) cos (asds) cos (asds)

(o ) (5)

The matrix product mentioned can be represented by an al-
ternative notation to simplify later calculations. We define

(16)

Py Pro . . . .
P = . By applying this notation, we obtain:

Py Po
1 1 Ao
oy —Oao By
P P 1 1 As

_ 11 112 a7)

Py Py g —Og B,
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The transmission and reflection rates are given by:

2
T = T
(P11 + asPi2) + — (Pa1 + s Pa2)
Qo
(P11 4+ asPia) — — (Pa1 + asPs))
R= =
(P11 + asPi2) + o0 (Po1 + a5 Paa)

3. RESULTS AND DISCUSSIONS

In this section, we present a numerical analysis of the propaga-
tion of electromagnetic waves through a different system, fo-
cusing on the behavior of these waves in different mediums. We
take the dielectric permittivity of the segments and resonators
respectively as ; = 2.3 (polyethylene), and the magnetic per-
meability of the materials is ¢; = 1 (non-magnetic medium),
where ‘¢’ indicates the medium (¢ = [1 — 4]). The reduced
frequency is given by 2 = M which is a dimensionless
quantity, with D being a unit of length, c the velocity of elec-
tromagnetic waves in vacuum, and w the pulsation.

3.1. Transmission and Reflection Spectra in the Case of a
Waveguide Grafted with a Resonator

In this subsection, we will explore the impact of inserting a res-
onator. We consider a system composed of a waveguide grafted
with a resonator (Fig. 1(a)). The lengths of the waveguide and
resonator are noted as d; and ds, respectively.

Figure 2 illustrates the variation of reflection (blue line) and
transmission (red line) rates as a function of the reduced fre-
quency (2 for two values of resonator lengths: dy = 0.5D
(Fig. 2(a)) and dy = 1D (Fig. 2(b)), where dy = 1D. These
figures show the maximum and minimum values for reflection
and transmission rates. Fig. 2(a) shows that transmission peaks
reach unity at reduced frequencies 2 = 6.29 and fall to zero at
Q = 3.17 and 2 = 9.4. Conversely, the reflection rate shows
the opposite trend. Similarly, the sum of reflection and trans-
mission rates is equal to 1. According to Fig. 2(b), transmission
reaches its maximum around the reduced frequencies 2 = 3.14,
Q = 6.29, and 2 = 9.4. We deduce that the number of modes
increases with the length ds of the grafted resonator.

In this part, we focus on the confined modes, also known as
eigenmodes, of a cell comprising a waveguide grafted by a res-
onator. Fig. 3(a) shows the variation of the reduced frequency
as a function of the resonator length ds. The black branches rep-
resent the transmission maxima of our system. For each value
of the resonator length, one or more discrete modes correspond-
ing to a specific frequency are obtained. These discrete modes
appear as {2 = 0, meaning when the resonator length is zero. As
the length of the resonator increases, we observe that the dis-
crete modes shift towards lower frequencies, and the number
of discrete modes also increases. The frequencies of transmis-
sion zero, which correspond to total reflection rate of signals
(Fig. 3(b)), are associated with the discrete eigenmodes of the
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FIGURE 2. Evolution of transmission and reflection rates as a function of the reduced frequency, with (a) d2 = 0.5D and (b) d2 = 1D.
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FIGURE 3. (a) Variation of the reduced frequency as a function of the resonator length d». (b) Variation of reduced frequency as a function of

transmission and reflection rates for d; = 1D and do = 1D.

resonator. These eigenmodes allow selective filtering of sig-
nals. By adjusting the length of the resonator, specific transmis-
sion or reflection frequencies can be selectively filtered. Such
behavior has been observed in [25].

3.2. Spectra of Transmission and Reflection in the Case of
a Waveguide Grafted with Two Crossed Resonators (Cross-
Shaped Structure)

In this subsection, we examine the transmission and reflection
in a simple photonic device consisting of a waveguide of length
d; and two resonators of lengths ds and ds, grafted at the same
site along a waveguide (Fig. 1(b)). This setup is essential for
understanding the propagation of electromagnetic waves in the
structure shown in the same figure, in order to obtain the Elec-
tromagnetically Induced Transparency (EIT) resonance.
Figure 4 illustrates the variation of reflection (blue line) and
transmission (red line) rates as a function of the reduced fre-
quency 2 for two resonator lengths: ds ds 0.46D

57

(Fig. 4(a)) and dy = d3 = 0.54D (Fig. 4(b)) with d; = 1D.
These figures indicate the maximum and minimum values for
reflection and transmission rates. Fig. 4(a) shows that trans-
mission rate is maximum around the reduced frequencies at
) = 6.29 and falls to zero at 2 = 3.17 and 2 = 9.4, with the
inverse occurring for reflection rate. According to Fig. 4(b),
transmission rate is maximum at frequencies 2 = 5.84 and
Q0 = 11.62. We conclude that the number of modes increases
with the lengths of the grafted resonators.

Figure 5 shows the variation of transmission rate (7) and
reflection rate (R) as a function of the reduced frequency 2
for two different values of dy and d3, while maintaining the
waveguide length d; = 1D. In Fig. 5(a) (d2 = 0.46D and
ds = 0.51D) and Fig. 5(b) (d2 = 0.46D and d3 = 0.54D), we
observe that the indicated resonances are called Electromag-
netically Induced Transparency (EIT) type. EIT resonances
are characterized by their symmetrical profiles, presenting line
shapes that are mirror images of each other on either side of the
axis to provide complete transmission at particular frequencies.
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A particular characteristic of these resonances is the position-
ing of the peak, which is wedged by two transmission zeros.
This specific resonance design is obtained using two different
resonator lengths.

We conclude that the disappearance of the Fano mode de-
pends on the presence of symmetrical resonators, while its
emergence is associated with the presence of antisymmetri-
cal resonators. This result has already been demonstrated by
Mouadili et al. [17] when the existence of this effect is observed

58

using the Green’s function method in their study of a photonic
demultiplexer.

In this part, we focus on the confined modes of a system
composed of a waveguide grafted with two crossed resonators
(Fig. 2(a)), with d; = 1D and d3 = 0.54D. Fig. 6(a) ex-
plores the variation of the reduced frequency as a function of
the resonator length ds, where the black branches indicate the
transmission maxima. For each resonator length, one or more
discrete modes corresponding to specific frequencies are identi-
fied. These branches appear as {2 = 0, suggesting the presence
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of discrete modes even for zero resonator lengths. Increasing
the resonator of length ds leads to a shift of discrete modes to
lower frequencies, with a simultaneous increase in the number
of discrete modes.

Figure 6(b) illustrates a phenomenon known as electromag-
netically induced transparency resonance (EIT). This particular
effect is produced when certain resonance modes of the system
interact constructively, enabling high transmission at these spe-
cific frequencies. The EIT effect is characterized by its abil-
ity to create a window of transparency in a normally opaque
medium, an essential aspect in photonic research and applica-
tions.

We will now explore the impact of material properties. The
following spectra illustrate the transmission as a function of the
reduced frequency (Fig. 7), while maintaining the lengths of the
waveguide and resonators as: d; = 1D, dy = 0.46D, and d3 =
0.54D. The permittivities of mediums 1 and 3 are identical,
€1 = €3 = 2.3 (polyethylene), while we vary the value of the
permittivity of medium 2 (¢5). We clearly see that the peaks are
located in the same frequency ranges, but with a slight variation
in the full width at half-maximum (FWHM) of each peak.

These results demonstrate that the value of the permittivity
of medium 2 has a significant influence on transmission char-
acteristics. In particular, small changes in FWHM of each peak
can be attributed to the impact of the permittivity of medium 2
on the propagation of electromagnetic waves. The variation of
permittivity affects the speed of wave propagation in medium 2,
leading to changes in transmission profiles. These variations
are clearly reflected in the observed spectra, underlining the
crucial role of permittivity in determining transmission behav-
ior in photonic systems.

Figure 8 illustrates the coupling of the three spectra shown
in Fig. 7, showing the differences between the filtered modes
and their shift towards lower frequencies. This observation un-
derlines the role of the material in filtered resonance. In this
case, the optimum result is obtained when the material has a
permittivity es = 2.3. This specific material can be used in

the construction of components or coatings that require mini-
mal interferences or attenuation of signals in these frequency
ranges. The clear delimitation of modes and their frequency
shifts observed in the spectra provides valuable indications for
the design of photonic devices with focused frequency response
characteristics.

Figure 9 shows the relation between the reduced frequency
of resonant modes and permittivity €5, as well as the progres-
sion of transmission as a function of the reduced frequency.
In Fig. 9(a), the black branches indicate the transmission max-
ima of the resonant modes, and we note that these transmission
maxima increase as the permittivity o increases. These reso-
nant modes represent discrete phenomena occurring at specific
frequencies. The figure also shows a cutoff frequency, indi-
cated by a particular value of the reduced frequency. Below
this cutoff frequency, wave propagation is impeded, implying
that resonant modes do not occur below this frequency, and sig-
nal transmission is considerably attenuated. Fig. 9(b) shows
that transmission rate varies versus the reduced frequency, with
di = 1D, dy = 0.46D, and d3 = 0.54D. In summary,
Fig. 9 effectively shows how the reduced frequency of reso-
nant modes varies as a function of permittivity 2, showing an
increase in transmission maxima with higher permittivity. It
also shows the progression of transmission as a function of the
reduced frequency, allowing the analysis of how signal trans-
mission varies in different frequency ranges.

3.3. Transmission Spectrum: U-Shaped Structure Based on
Fano and EIT Resonances

In this subsection, we examine a system composed by two
grafted resonators at two different sites and connected with
waveguides (Fig. 1(c)). This system gives rise to the phenom-
ena of Fano and Electromagnetically Induced Transparency
(EIT) resonances.

Figure 10 shows two transmission spectra: one calculated us-
ing the transfer matrix method (Fig. 10(a)) and the other using
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Green’s function method (Fig. 10(b)). Both figures show the
existence of Fano resonances, which result from the construc-
tive interferences between discrete resonances and the contin-
uous spectrum of waveguide modes. Fig. 10(a) represents a
theoretical model, and Fig. 10(b) validates the theoretical pre-
dictions by Green’s function method [6], with the theoretical
model being illustrated by the solid line and experimental points
by the open circles. A close comparison shows small variations
in peaks and resonance amplitudes between the two curves, at-
tributable to differences in calculation approaches and experi-
mental constraints, thus highlighting the consistency and vari-
ability of the modeled phenomena.

60

Figure 11 presents the variation of the transmission and re-
flection rates as a function of the reduced frequency {2 for var-
ious resonators of lengths do and dy. In Fig. 11(a), setting
d1 = ds = d3 = dy = 1D produces resonances characterized
by high transmission rates and low quality factors. In contrast,
Fig. 11(b), with d; = d3 = 1D and dy = d4 = 0.46D, shows
a resonance identified as Fano type due to asymmetric profile,
with a maximum transmission peak near {2 = 3.26 and a trans-
mission zero at 2 = 3.34. In Fig. 11(c), with d; = ds = 1D,
do = 0.46D, and d4 = 0.54D, a resonance peak at ) = 3.15
is observed between two transmission zeros at 2 = 3 and
Q) = 3.2. This resonance is called EIT resonance, where a
transparent peak is wedged between two transmission zeros.
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The principal distinction between Fano and EIT resonances
in a frequency spectrum is the shape of the transmission pro-
file: Fano resonance exhibits an asymmetrical profile, while
EIT resonance displays a symmetrical bell-shaped curve. It is
important to note that resonator lengths, coupling strength, and
intrinsic material properties can influence the type of resonance.
These results are similar to those found by Mouadili et al. using
the Green’s function method [6].

4. CONCLUSION

In summary, we examined the effect of resonator length for
a structure composed of a guide and a resonator, finding that
different resonator lengths lead to different results, giving us
a better understanding of their influence on the system. Then,
we studied a cross-shaped structure composed of two resonators
grafted onto the same site, demonstrating that this structure pro-
duces a single type of resonance, known as the EIT resonance.
Then, we turned our attention to another U-shaped structure and
examined the effect of resonator lengths. Our results showed
that this structure generates two types of resonance called Fano
and EIT resonances. This discovery has enabled us to better un-
derstand the properties of this complex structure. This article
highlights the crucial importance of the transfer matrix method
in the calculation of photonic transmission using waveguides
formed by coaxial cables. The transfer matrix method offers
a powerful, and accurate method for analyzing and evaluating
the performance of these systems in order to obtain transmis-
sion and reflection coefficients.
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