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On the Propagation through Annular Core Optical Fiber under DB
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Abstract—In this paper, we investigate the propagation behavior of electromagnetic waves through
coaxial optical fiber bounded with DB-boundaries. For this purpose, an eigenvalue equation is derived
by using suitable DB-boundary conditions to determine the allowed values of propagation constant 3 for
each propagating mode. Moreover, we have analyzed the electric field and power distribution patterns
through coaxial optical fiber for different propagating modes and dimensions, respectively. Our results
show that small dimensional guide confinement remains maximum close to the lower interface of the
guide, whereas, for larger dimensions, it shifts toward the upper interface. Investigations show that
high power is confined by Hi» mode compared to Hi; mode, and, therefore, shows contrary behavior
compared to commonly used fibers.

1. INTRODUCTION

The interaction of electromagnetic waves with objects depends on their material properties and
geometrical structures. Some non-natural existing properties of the materials include negative
reflection/refraction [1,2], reversal of Doppler shift [3]|, and Cherenkov radiations [4] can be achieved
by developing such structures and terms as metamaterials. These are the composition of periodically
arranged small unit cells similar to atoms and molecules in the matter and support the backward wave
phenomenon [5]. Further, several novel devices such as perfect lenses [6], cloaking devices [7], filters [§],
oscillators [9], broadband antennas [10], and perfect absorber [11] have been developed by implementing
these materials.

For a unique solution based on differential equations that express the electromagnetic field problems,
boundary conditions with two scalar conditions are applied at the interface. For their representation, the
tangential components of electromagnetic (EM) fields are involved. A recently reported work explains
the type of boundary condition that involves the normal components of the fields and terms these DB
boundary conditions [12-15]. Recently, Zaluski et al. experimentally realized the DB metasurface using a
compact unit cell made of a small loop antenna and an LC-loaded dipole [16,17]. Several studies present
DB mediums-based structures [17-24]. Among them, the skew medium-based DB boundary [23] and
the realization of the cloaking concept are explained in [24]. In this work, we analyze the propagation
phenomenon of EM waves through the coaxial fiber with DB-boundary. The inner and outer boundaries
of fiber are composed of DB mediums. It is worth noting that the normal components of electric and
magnetic fields become zero at the interface of DB boundary. Here, we have investigated the electric
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field corresponding to two different lower-order hybrid modes and its power confinement due to the
variation of radial dimensions of the guide. Moreover, the effect of the DB boundary on the dimensional
parameters is one of the performance metrics for tailoring the confinement inside the guide. The
remaining part of the paper is as follows. Section 2 incorporates the analytical treatment of the given
structure. Section 3 introduces the results and discussion about energy and power distribution through
coaxial fiber. Section 4 contains the conclusion part.

2. FORMULATION AND THEORY

Figure 1 shows the schematic of the annular core optical fiber under DB boundaries. The inner and
outer boundaries of the DB medium are at 7 = a and r = b (as illustrated in Fig. 1). For the isotropic
medium, the normal component of the electric and magnetic field vanishes at the interface of DB
boundary, defined as [12,19]
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Figure 1. Schematic diagram of coaxial optical fiber.

In the proposed coaxial optical fiber, the field remains trapped in the region a < r < b. The
eigenvalue equation is derived by applying the suitable boundary conditions at the DB interfaces, where
r = a and r = b which results in a set of four homogeneous equations [19], and the corresponding
characteristic equation is obtained as follows;
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The symbols used in Equation (3) are defined as;
My = Jy (ka) Yy (kb) + J, (kb) Yy (ka) (4)
Ny = (Juot (ka) — Ty (Ka)) (41)

Ny = (Yo_1 (ka) = Yoy (ka)) (4c)
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My = (Jy—1 (kb) — Jut1 (kb)) (4d)
T = (Yo41 (ka) — Yo-1 (ka)) (4e)

Similarly, the unknown constants By, C1, and D; can be evaluated in terms of A; and can be written
as;

B — _ BkaSO + w’pev’GL ) (50)
BkaQ®O + w2 pev2GL
X (BkaSO + w?uev?*GL) — A (BkaQ® + w?puev?GL)
C = Ay (5b)
Bkab (BkaQO + w?uev?GL)
Dy — _ﬁzkﬂa?@ (J'y (ka) Py + Y’U. (ka) Py) + jopwdy, (ka) (x P — APl)Al (5¢)
JuBuwkaPy
whereas,

P, = fkaQ® + w?pev’GL (6a)

Py = BkaSO + w’uev*GL (6b)

S = (BkbJ'y (kb) — jupwY, (kb)) (6¢)

© =Y, (ka) - J', (ka) (6d)

G = J, (kb) — Y, (kb) (6e)

L = J,(ka) + BaY’, (ka) (61)

Z = Jy (ka) 4 faY, (ka) (6g)

Q = BkbY’, (kb) — jopwY, (kb) (6h)

X = joweY, (ka) + BkaY’, (ka) (61)

A = jowed, (ka) + Y, (ka) (6)

where the wavenumber k = /n2k2 — 32, k, and (3 are the free-space wavenumber and propagation
constant, and refractive index of medium n = 1.5.

We can calculate the flux density through the core section of the coaxial optical fiber along the
z-axis which can be written as [25];

1 * *
8. = 5 (E H ~ E,HY) (7)

The power through coaxial optical fiber can be determined as follows [26, 27];

P, = 7 /b r.S.drd (8)
0 a

The numerical solution of Equation (8) can be obtained using a mathematical computation software
tool called Mathematica. Further, the normalized electric field components and power distribution are
considered and obtained by dividing the respective highest obtained values. Further, the normalized
values of electric field components and power distribution are considered and obtained by dividing the
respective highest obtained values.

3. RESULTS AND DISCUSSION

Now, we examine the electric field and power confinement in coaxial dielectric optical fiber. For the
computation, the inner boundary of the optical fiber is kept fixed at ¢ = 2 um, and the operating
wavelength A = 1.55 um. Firstly, we analyze the electric field behavior and then discuss the power
distribution inside the guide. Within the context, the allowed values of propagation constant 5 are
determined numerically from the eigenvalue Equation (3) and given in Table 1.
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Table 1. Propagating constant g for each propagating mode when varying the outer radius of the given
fiber.

Outer radius | Mode order | Propagation constant /3 (1/m)
Hy 4.70 x 10°
6
H i 4,68 x 10°
Hy 4.85 x 10°
8
H i 1.83% 100

Case 1: Field pattern through coaxial DB waveguide

The radial- and phi-components of the electric field are analyzed through coaxial DB waveguide
when considering the outer boundary as r = 8 um. For obtaining the surface plot, the value of ¢ is
kept in the range 0 < ¢ < 6.28rad. Here for the sake of simplicity, we evaluate two lower-order hybrid
modes, Hy; and Hjp, and use the allowed values of propagation constant 8 = 4.85 x 10% (1/m) and
4.83 x 10% (1/m), respectively.

Figure 2 shows the radial component of the electric field through coaxial optical fiber for different
propagation modes. Herein, Fig. 2(a) demonstrates the field pattern of radial component of electric
field through dielectric region of the coaxial optical fiber for hybrid mode Hy;. From this plot, it is
observed that electric field decays along the radial direction of the guide. The electric field is maximally
concentrated at the lower interface when r ~ 2.5 um, whereas it decreases towards the outer interface
of coaxial optical fiber. Next, radial component of the electric field for higher order mode Hio is
analyzed and depicted in Fig. 2(b). Here, we consider the same parameters as used for Fig. 2(a). The
corresponding plot shows that electric field remains maximum at r ~ 2.75 um and minimum at the
outer interface. From the plots, we can deduce that electric field remains high for lower order mode Hyy
compared with higher-order mode Hio, and this is the result of DB-medium effect.

E, (AU)

(a) (b)

Figure 2. Radial component of the electric field through coaxial optical fiber corresponding to (a) Hi;
mode and (b) Hi2 mode.

Similar to radial component, we discuss the phi-component of the electric field for the propagating
modes. In this context, Fig. 3(a) shows phi-component of electric field for Hi; mode. It is noticed
that electric field is negligibly small along phi direction as compared to the respective field along radial
direction. Again, the amplitude of phi-component of electric field remains maximum near the inner
boundary of the fiber as compared to what we observed in the radial case (for Fig. 2(a)). Next for the
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Figure 3. Phi component of the electric field through coaxial optical fiber corresponding to (a) Hiy
mode and (b) Hyz mode.

case of His mode phi-component of electric field pattern is shown in Fig. 3(b). Here, we can notice a
similar trend again, but amplitude is smaller than all earlier stated situations.

Case 2: Power distribution through coaxial DB waveguide

Now, we consider the power distribution as a function of radius through fiber given in Fig. 1. In
this scenario, the power distributions corresponding to two distinct dimensions of the core (when b = 6
and 8 um) are depicted in Fig. 4. Fig. 4(a) shows the power distribution through coaxial optical fiber
when outer radius is taken as r = 6 um. For this purpose, we consider two lower-order hybrid modes H1;
and Hys, and their corresponding propagation constants are § = 4.70 x 10% and 4.68 x 10°, respectively.
It is noticed that the power for Hio mode remains high in the central region of guide and then decreases
gradually towards its outer interface. Similarly, for Hi; mode case, it decreases monotonically as moving
towards inner interface, and the maximum value is obtained near the outer interface at b = 2.8 um.
Moreover, when comparing power distribution between these modes, H;s mode has shown higher power
than Hy; mode. To the best of our knowledge, this kind of observation has never been noticed before.
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Figure 4. Power through coaxial optical fiber having outer radius (a) b = 6 um and (b) b = 8 pm.
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The overall results show that the powers obtained for the lower order hybrid modes are reduced to
minimum value near the outer boundary. This phenomenon may arise due to the use of DB boundary.

Now radius of the coaxial optical fiber is increased from 6 um to 8 um, and all other parameters
values are considered unchanged. The corresponding results are shown in the Fig. 4(b). It is noticed
that power confinement is shifted near the outer interface of coaxial optical fiber. In this situation, Hq
mode occupies higher power than Hio mode which is reverse to earlier stated situations. The power
at DB interface is decreased sharply due to DB boundary effect. Here we conclude that the use of DB
medium along the dimension of the waveguide remains affected in tailoring the confinement through
optical fiber.

4. CONCLUSION

In this work, we have presented a numerical solution about the distribution of electric field and power
propagation through coaxial optical fiber. Therefore, eigenvalue equation is solved using suitable
boundary conditions at the core-clad interface of the transmission medium. From the analysis results, it
is noticed that the maximum amplitude of the electric field components through coaxial optical fiber is
obtained near the inner DB boundary and decreases gradually towards the outer boundary. In addition,
power is confined near the inner boundary of the waveguide and shifted towards the outer interface for
larger dimensions. The numerical results show that H;o mode has higher power distribution than Hi;
mode due to DB boundary effect when the smaller dimension of the waveguide is considered. Results
show that electric field and power pattern may be tailored by altering the radial dimension of coaxial
optical fiber.
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