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Abstract — Optical waveguides are photonic circuit elements where the light is guided inside. These photonic elements
require a transparent medium that the refractive index of the layer is higher than that of the surrounding material. Optical
waveguides usually consist of two parts. The inside part is called as core has high refractive index The second part is called
as cladding with lower refractive index surrounded the core. Guiding property of optical waveguides are based on the
principle of total reflection of light from planar dielectric interfaces. This property of optical waveguides is defined by some
structure parameters. Since the refractive index of optical waveguides decreases from the core center to cladding gradually,
the refractive index changing of optical waveguides with graded index should be taken into consideration. In this study,
behavior of light is analyzed by the parameter changing of optical waveguides. Eikonal equation is used to determine the
trajectory of the light. Determination of the trajectory of the light is useful for the explanation of guiding in these waveguides.

Keywords — Optical waveguides, refractive index, light trajectory, approximation technique, Eikonal equation.

I. INTRODUCTION

The optical signals are effectively used as carriers in
communications since the innovation of the laser in 1960 [1].
The laser is suitable light source due to properties such as
directionality, monochromaticity, brightness [2]. The light
source problem has been eliminated by innovation of the

laser. The convenient medium is necessary for the optical
signals to propagate efficiently. This convenient medium is
called optical waveguide.

Optical waveguide is the main element of modern
integrated photonic circuits. The knowledge of optical
propagation properties of optical waveguides is very
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important for engineering design of photonic devices.
Therefore a considerable amount of work has been reported
on the study of characteristics of optical waveguides used in
integrated photonics [3], [4], [5], [6], [7], [8], [9], [10], [11].
This element has attracted much attention recently and is
being extensively investigated because of potential
applications in integrated photonics.

The investigation of electromagnetic fields in optical
waveguide is fundamental to the analysis of integrated optical
devices. Analysis is an important step in designing the optical
waveguide. Also, the electromagnetic field propagation is an
important requirement for optical waveguide. Many methods
have been developed for the electromagnetic field
propagation of these optical waveguides [12], [13],[14], [15].
The property of optical waveguide is defined by some
structure parameters. The refractive index profile of an
optical waveguide is one of these structure parameters.

In addition, various methods proposed to determine the
refractive index profile of optical waveguides to predict the
waveguide characteristics and to control waveguide
production process. However, practical applications for
integrated photonics are required to understand the
propagation of light in optical waveguides having various
geometries. Various analytical and numerical techniques

have so far been used for the investigation of optical
waveguides. This paper is aimed to give an analysis on
optical waveguide, starting from modeling of the refractive
index in optical waveguide.

II. THEORY AND METHOD

An optical waveguide is a dielectric structure which
transports energy at optical wavelengths portion of the
electromagnetic spectrum. Many types of optical waveguides
can be used in an integrated photonics. One of these
waveguide structures is a slab waveguide shown in Figure 1.

Slab waveguide structure has a core region with refractive
index n; and second layer with the refractive index ny. The
refractive index n3 of left side layer of the core equals no.
Thus, the waveguide structure is generated such that the core
region with index n; is surrounded on both sides by two
dielectric materials provided that n; > n, = ns. This optical
waveguide is named symmetric waveguide. Optical
waveguide is named asymmetric waveguide if the second
layer and third layer is different that is n, # ns. In this case,
the outer layers can be called cladding. In order for the
structure to guiding the light, the refractive index of the core
must be bigger than the refractive indexes of the surrounding
media.
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Fig. 1. A slab waveguide structure.

Optical slabs are simplified optical waveguides. The
investigation of properties of optical slab waveguides is very
useful in understanding of guiding properties of more
complex optical waveguides. Refractive index is an important
structure parameter in analysis of the electromagnetic field
propagation inside slab optical waveguides.

The light is treated as particles and trajectory of these
particles follows along paths that called rays in geometrical
optics. We will determine the trajectory of light with a simple
method using geometric or ray optics in this slab waveguide
structure. Actually geometrical optics is a special case of
wave or physical optics.
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In optical slab waveguides with the graded refractive
index profile, the trajectory of a ray is determined by the ray
path, or Eikonal equation, in terms of the profile n(y). This
equation can be regarded as a generalization of Snell's law,
and can be obtained by various methods [16], [17], [18]. The
graded index profile can be viewed as the limit of many thin
uniform layers. So, we can be modeled the refractive index
gradient as a series of thin homogeneous layers, each with an
index n(y). Where parameter y is the distance from the axis
(y=0) of the core layer.

On a slab waveguide, the refractive-index profile n(y)
depends only on y, so that each position (y, z) on the ray path
is determined by in the y- and z-directions. Snell's law can be
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defined in terms of [ angle at the interface between two
layers in slab waveguide shown Figure 2.

n(y)cosf=n(y+Ay)cos(6+A0) (1)

The term n(y+Ay) that is one of the products on the right

side of Eq.1 can be written by Taylor series expansion of n(y)
around y

n(y +4y) = n(y) + T Ay @

if A is very small.
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Fig. 2. Modeling of ray refraction in optical slab waveguides with the graded refractive index profile.

The term cos(0+A0) that is other one of the products on

the right side of Eq.1 can be expanded using the trigonometric
identity

cos(0+AB)=cosO cosAB- sinb sinAO= cosB-sinfAO (3)
where we have assumed that cos0~1 and sinAG~A0 for

small © angles Using these equations we get

. _dn _dn,
n(y)sinbA0 = . cosBAy p AysinBAB  (4)

The last term is negligible compared to the other terms, so
can be written as

dn _ A8
o= n(y)tano Ay ®)

The angle © for the most waveguide situations is going to
be small (on the order of 10°), so small angle approximations
can be used to simplify the expression:

~g=
tanG:G:Az (6)

Substituting this into Eq.5 so that Ay=Aztanf we obtain:
dn AB

o =10y ()

Finally, we carried out

d’y _ 1 dn®)
dzz n(y) dy ®)
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This equation is called the Eikonal equation. The function
y(z) describes the exact ray path, and can be determined
once n(y) is known.

III. MODELLING AND SIMULATIONS

In this study, an optical slab waveguide is modeled. The
structure, as shown in Figure 1, has three layers: core layer
with refractive index of 1,520. Second and third layer have
refractive indexes of 1,545. We have chosen this structure as
a symmetric slab waveguide. The refractive indexes are equal
at the same distance on both sides of the y-axis. The thickness
of the core layer is d=10 um and the cladding layers have 15
pm thicknesses.

The refractive index variation is given by power law
relationship for symmetric optical waveguide [19], [20]:

1/2
n, [1 - 2A(§)g] fory < |d|
n, = ng[1 — 2A]Y/2

n(y) = )

fory > |d|

Where parameter g defines the shape of the index profiles.
For g=w0, Eq.(9) reduces to step index profile. Parameter A
is called refractive index difference and given by

nf-n
2
2n?

A= (10)

The change of refractive index profile versus y distance is
plotted in Figure 3 for step index optical waveguide by means
of Eq. (9). The refractive index is constant in the core region.
At the interface of the two regions, this value abruptly
decreases as shown in Figure 3.
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Fig. 3. Change of the refractive index profile versus

y distance for step index symmetric optical waveguide.

The change of refractive index profile versus y distance is
plotted in Figure 4 for graded index optical waveguide. The
refractive index has maximum value at y=0. The refractive
index value decreases continuously with distance from y axis
in core region. The refractive index has a constant value when
the distance from the y-axis reaches the interface of the core-
cladding. This refractive index value is constant in the
cladding region.

As a practical matter, n(y) in Eq. (8) is often replaced with
ny, the index of refraction at y = 0. Thus, Eikonal equation
written as
ﬂ 1 dn(y)

dz? - n(0) dy an

Eikonal equation involves determining the trajectory of a
ray path depending on refractive index of graded index slab
waveguide. This equation can be interpreted so that the ray
always bends toward the higher-index material (toward core
material).
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Fig. 4. Change of the refractive index profile versus

y distance for graded index symmetric optical waveguide.

Let us examine a slab waveguide that has an index profile
in the y direction described by

]1/2

n(y) =n, [1-2a¢)8 (12)

If we take derivative of Eq. (12), we get following relation:

1
dn(y) _ nigA -1 ] @
= - e [1-2a)F] Ty

The derivative of refractive index according to y-
coordinate is shown in Figure 5 for optical waveguide with
quadratic graded index profile i.e. for g=2.
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Fig. 5. The derivative of refractive index versus y-
coordinate.

The refractive index of the core decreases gradually as it
approaches the cladding layer as seen in Figure 5.

Ray path in the core region of the slab optical waveguide
with quadratic graded index profile are plotted in Figure 6
from solution of second-order differential equation in Eq.11.
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Fig. 6. The Ray path in the medium with quadratic graded
index profile.

The trajectory of the ray always bends toward the high
index material (toward core material) as seen in Figure 5. The
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behavior of the ray inside core medium has periodic
characteristic as shown in the Figure 6.

IV. CONCLUSION

In this paper we we have introduced the concept of
Eikonal equation in the analysis of the optical slab
waveguide. The propagating rays in the optical slab
waveguide always bend toward the higher refractive index
region of the material. When the ray crosses the axis of
optical waveguide that has highest refractive index, the
curvature of its path changes sign in such a way as to return
the ray toward the axis. The reason for this is the graded
decreasing of the index of refraction as it moves away from
the axis of the waveguide toward the cladding media. The
refractive index changing plays a important role optical
waveguide design. Thus, optical slab waveguides are useful
in integrated photonic circuits.
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