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ABSTRACT

Radiation properties of a dielectric-wedge antenna fed by a dielectric slab waveguide of the
same material is accurately analyzed by using new boundary integral equations that are called guided-
mode extracted integral equations. The derived boundary integral equations in this paper can be
solved numerically by using the boundary-element method. Computer simulation results are confirmed
by the use of energy conservation law. Typical results of reflected and scattered powers, as well as
radiation patterns are presented. With certain conditions, it is shown that almost 100% of incident
power is radiated.

TOM TAT

Bai toan birc xa tir mét anten dién méi hinh ném tiép ngudn béi mot phién dan séng dién moéi cé
cung vét liéu duroc phén tich mét cach chinh xac bdng cac phuwong trinh tich phan bién méi duwoc goi
la cac phwong trinh tich phan tach mét dan. Céc phuwong trinh tich phan bién duoc xay dung tee bai
toan nay cé thé duoc gidi truc tiép bdng phuong phap phan tir bién théng thwong Céc két qua mé
phdng duoc kiém tra théng qua dinh luat bdo toan ndng luong. Mét sé két qua dién hinh cda céng
suét phén xa va cong suét tan xa, cing nhw gian dé burc xa duoc trinh bay. Voi mét sé diéu kién nhat
dinh, cac két qua tinh toan chi ra rang gén nhw 100% néng luong dua téi anten duoc birc xa ra ngoai
khéng gian, déng nghia véi ty sé séng dirng rét thap.

I. INTRODUCTION

The problem of radiation from tapered
dielectric waveguides has been attracted a
great deal of attention for a long time due to
their potential uses in millimeter-wave and
integrated optical devices [1,2]. For the case of
the structure to be an antenna, the coupling
efficiency to the radiation field must be
affected. By tapering the end section of a
dielectric waveguide along its axis, a guided
surface wave field gets transformed into a
radiation field which is characterized by
maximum intensity in the forward direction.
Tapering the dielectric waveguide, as opposed
to suddenly truncating it, will significantly
reduce the Voltage Standing Wave Ratio
(VSWR) on the uniform part of the waveguide
and improve the radiation characteristics of the
tapered part, thus resulting in an antenna of
improved performance over a wide frequency
band [3].

Tapered dielectric antennas have been
known for over fifty years, but have not been

widely used as microwave antennas.
Meanwhile, an accurate antenna theory has not
been available for their design, most likely
because the taper geometry does not allow for
a convenient representation in a separable
geometry. However, with the development of
low-lost silicon and the available of solid state
energy sources, interest in tapered dielectric
antennas has been grown.

Recently, rigorous solutions for the
integrated dielectric-wedge antennas (DWA)
have become available [3,4]. In [3], the field
solution was obtained for the case that the
fundamental TE and TM guided wave of the
slab is incident upon and excites the wedge
antenna. Solution of the problem was
accomplished by modeling the tapered region
by the staircase approximation. In [4], the
local mode theory together with Schelkunoff
equivalence principle was used to obtain the
solution also for the fundamental TE and TM
guided wave, in which the reflection
coefficient is regarded as negligible.
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As can be seen, unfortunately, since
both the above-mentioned studies have based
on the approximation solution, it seems to be
impossible to calculate accurately the
reflection coefficient of the incident guided-
mode. Let us note that the power-reflected
coefficient plays an important role in such
application as ground penetrating radar (GPR)
[5]. So, the technique that gives accurate
reflection coefficient for the problem of DWA
is the important subject.

In this paper, the radiation properties of
a DWA fed by the slab waveguide of the same
material are accurately analyzed by using the
boundary-element method (BEM) based on the
guided-mode extracted integral equations
(GMEIESs). By treating this problem, we can
easily understand the advantages of GMEIEs
compared with other techniques proposed
before. Because the method in this paper does
not employ any approximation, the results are
accurate in principle. The numerical results of
computer simulations are presented, in which,
the reflection coefficient, the reflected and
radiated powers as well as the radiation pattern
are calculated numerically for the incidence of
fundamental TE guided wave. The results are
compared with those reported in the literature,
and are confirmed by the law of energy
conservation.

1. BOUNDARY INTEGRAL EQUATIONS

The theory for derivation of the new
boundary integral equations (BIE) is presented
here for the case of TE guided wave. For the
TM case, since the analysis follows an
analogous procedure, only the end formulas
are shown.

A semi-infinite  dielectric  slab
waveguide of thickness W feeding a DWA of
length L, of the same lossless material is
depicted in Figure 1. The fundamental even
TE guided wave of the infinite dielectric slab
waveguide is assumed to be incident in the +z
direction from z = —co. This mode does not
experience cutoff, and hence is propagated
also by very thin dielectric slabs. Because of
this excitation and the geometry, the field is
independent of y and is TE everywhere with
field components E,, H,, and H, A time
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dependence of exp(+jwf) is assumed and
suppressed, where o is radian frequency.
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Fig. 1 DWA under consideration

In order to derive the BIEs, first we
denote the y-component of the electric field by
E(x). The guided incidence and reflection
waves are denoted by E7(x) and RE™(x),
respectively, where R is reflection coefficient.
The essential idea of the new BIEs used in this
paper is truncation of the semi-infinite
longitudinal boundaries by assistance of the
virtual boundary Cy; + Cg, + Cos, as shown in
Figure 1. Let us note that the virtual boundary
can be placed at any position on the left-hand
side (LHS) of the wedge antenna part.

We first consider the case in which an
observation point x is in the region surrounded
by the boundary C = C; + C, + Cs. From
Maxwell equations and Green’s theorem, the
well-known BIE for the total electric field E(x)
is given by

E(x)= J[Gl(x| X) aEa(n’f') —E(x) aGlé;‘! x) Jdl (@)

where 9/on' denotes the derivative with

respect to the unit normal vector to the
boundary C, as shown in Figure 1. In Eq. (1),

G,(X|X") represents Green’s function in free

space, whose refractive index is given by ny,
and is express as

Gl(x|x')=—iHéZ><nlk0|x-x'|>, 0

with H{?(x) denotes the zeroth-order Hankel

function of second kind. As can be seen, it is
difficult to solve the BIE (1) directly by using
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the BEM or MoM because of that the BIE (1)
has semi-infinite integral boundaries C; and
Cs. To overcome this difficulty, we use the
previously proposed idea [6], [7] that: Even
though the total electric fields near the wedge
antenna are very complicated, only the
reflected guided wave can survive at points far
away from the antenna. Therefore we
decompose the total electric fields on the
boundary C; + C; into the field components as

E(X)=E " (X)+RE*(X)+E“(x), (3)

and we call the field E°(x) the disturbed field.
In Eq. (3), R is the reflection coefficient. We
also express the total electric fields on the
boundary C, by the same notation, E°(x), with
the disturbed field. It is possible to consider
that the disturbed field in (3) will vanish at
points far away from the aperture.

Substituting field components on the
boundaries into Eq. (1), we obtain an integral
equation that includes the semi-infinite line
integrals of the guided wave along the
boundary C; + C; as follows:

E(x) =

j{e(xmaE (x)

c

_EC(x )aeéﬁm}

U7 (9 -RU; (¥), @)

where
Ui (x) = J{Gu )aE ) g )aG(x|x>}d, .(5)

Using the asymptotic expression for the
Hankel function we can obtain the field

E€(r,0) (r—>x) except for guided waves by
the cylindrical coordinates (r,d) as
1

EEC(r,Q):

_i( ¥ j? exp(—Jnk,r)B,(6). ©)

4\ Tnk,r

where

11

Bl(‘g):
J{gl(mx)aEc(x) EC (x )—591‘6"“}
e on'

—Ru, (8)-u, (9),
u; (6) =
j[gl(mx')%—ﬁ(x')%}dr (8)

0,(@] x") =exp(jnk,(z'cos@+x'sinH)), (9)

(7)

The coefficient B(€) represents a kind
of radiation coefficient. Since it is impossible
for the radiation field to exist at points far
away from the tilted end facet at = =, we can
set

B,(7) = (10)

Since condition (10) gives a linear relation
for unknown R, by substituting Eq. (7) into Eq.
(10), we can express the reflection coefficient
in the waveguide in term of the boundary

integral of the field E€(X) on the boundary C.

Substituting the expression of R into the
original integral equation (4), we can obtain a
new type of BIE as

%Ec(x)z

I{P(xlx)aEc(x) E° (x )ap(x'x’}
5.0, (11)
where

R(X|X) =G,(x| X)— g, | ) lf(()) (12)
.0 =U; () —; () =) (13)

uy ()

As can be seen, the guided waves
E*(X) have been extracted from the original
BIE (1), so that we call BIE (11) the guided-
mode extracted integral equation.

By using the same procedure as that
used in the above derivation of BIE (11) for
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the case in which the observation point x in the
surround region, we can easily derive another
BIE in the same form as BIE (11).

Once the fields on all the boundaries
have been obtained, the reflection coefficient
R can be evaluated numerically, and fields at
any points can also be calculated by boundary
integral representations. So far, we have
discussed the case of TE guided wave
incidence. For the TM case, we can derive the
same integral equations as those for TE guided
wave incidence when we adopt the vy-
component of magnetic field H(X) instead of

the y-component of the electric field E(X).

I11. NUMERICAL RESULTS AND
DISCUSSION

In order to verify the accuracy of the
present method, we use the law of energy
conservation to check the simulated results. As
shown in Table 1, the results satisfy the law of
energy conservation within accuracy of 1%
well, also do not depend on the normalized
waveguide boundary discretiza-tion size. The
parameters for simulation are: n; = 2.56, ny =
1, koW = 1.256, koLw = 16, where k, is the
wave number in free space.

Table 2 compares the directivity Dpax
and reflection coefficient |I'| for n; = 1.6. The
results show an excellent agreement with those
appeared in the literature [8].

Typical radiation patterns are presented
in Figure 2(a)-(d). It can be observed that by
increasing the length of wedge antenna and/or
decreasing the waveguide width and/or
decreasing the refractive index of the
waveguide, the narrow radiation beam can be
obtained. This feature is very important for the
GPR application, in which narrower radiation
beam gives higher radar resolution, also with
higher throughput deeper penetration into the
ground can be performed.
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Fig. 2 Typical radiation patterns of the
dielectric-wedge antenna
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Table 1. Dependence of power reflection
coefficient 'y, normalized scattering power s,
and their total I'iyy for fundamental TE guided

IV. CONCLUSIONS

In conclusion, the BIEs that are called
GMEIEs have applied to investigation of

vdvgve . |n.C|der.lceA on the  normalized radiation properties of the dielectric-wedge
iseretization size Ay, antennas. The presented results were evaluated
Ap I's I's Ciotal from the viewpoint of the law of energy
0.30 0.017 0.978 0.995 conservation, as well as by comparing with
0.32 0.017 0.977 0.994 those reported in the literature. It is apparent
0.34 0.018 0.979 0.997 that the method in this paper is suitable for the
0.36 0.016 0.976 0.992 basic theory of computer-aided design (CAD)
0.38 0.016 0.975 0.991 software for dielectric waveguide circuits,

dielectric antennas.

Table 2: Comparison of directivity Dmax and

reflection coefficient | 7].

In the formulation of integral equations
used in this paper, we do not employ any

Dimax (dB) || approximations. The new BIEs can be solved

Lw/ Ao [8] Present [8] Present numerically by the conventional BEM. It is

method method easy to extend the GMEIEsS to more

1 7.519 7.437 | 0.0429 | 0.0495 complicated dielectric antennas. Since the

5 9.347 9.157 | 0.0023 | 0.0027 theory is based on the exact theory, the solution
10 10.254 | 10.098 | 0.0015 | 0.0017 can be accurate.
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