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Abstract — A computationally efficient method for the analysis of
tapered dielectric rod antennas is presented. The method
combines the so-called local mode theory with the method of
moments. Radiation patterns for dielectric rod antennas of
varying radius and different taper profiles are presented. The
method is validated by comparison with the data obtained from a
surface integral equation technique. Moreover, it is demonstrated
that the method is applicable for different types of excitations.
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L INTRODUCTION

r I YAPERED dielectric antennas have been known for many
years, but a good antenna theory has not been available
for their analysis because a convenient representation in

a separable geometry is not possible for the tapered rod.

However, with the availability of solid state energy sources and

the development of low-loss silicon, interest in tapered

dielectric antennas has increased. This is mainly due to their
simple configuration, ease of manufacture, compact size, and
high gain. Furthermore, they can be easily integrated with

dielectric waveguides used in millimeter wave devices [1]-[3].

In tapered dielectric antennas, the cross-section of the
waveguide in forward direction is gradually decreased. For a
feed that is a uniform dielectric waveguide of the same material
which is connected to the bottom of the antenna, the tapered
region smoothly transforms the guided, strongly bound surface
wave into a free space propagating wave with negligible
reflection. This antenna produces a relatively broad end-fire
radiation pattern with low side lobe levels [1].

Although numerous experimental studies on tapered rod
antennas have been presented, available theoretical studies
usually include many simplifications and only give us some
general guidelines for design [1],[5],[6]. Dielectric rod
antennas are usually designed based on the concept of radiation
from discontinuities [4]. In this approach the antenna is
considered as a linear array of effective sources which are the
feed radiation due to power not converted into the surface wave
by the exciting feed and the radiation from infinitesimal
discontinuities experienced by the surface wave travelling
along the antenna.
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Fig. 1: Tapered dielectric rod antenna fed by a uniform circular waveguide.

A number of rigorous numerical methods such as FDTD [7]-
[9], integral equation based methods [10,11], and FEM [12]
have also been employed to study the radiation properties of
dielectric rod antennas. Although these methods are accurate,
they are computationally intensive and present little further
insight about fundamental working mechanisms. Consequently,
less rigorous but still accurate alternative analytical methods
using local mode theory have been proposed to analyze the
tapered dielectric wedge [13] and tapered rod antenna [14].
However, the result in [13] is only in two-dimension and the
analysis in [14] is very brief with no details.

In this paper, a simplified semi-rigorous approach to the
analysis of tapered dielectric antennas is proposed and applied
to the dielectric rod configuration of Fig. 1. In this approach a
simple volume integral equation with point matching solution
is used to analyze the tapered dielectric rod antenna. The
method uses a local mode theory to determine the appropriate
basis function for the polarization current distribution in the
dielectric region and, after applying the method of moments,
utilizes the equivalence principle to calculate the far-field
radiation pattern from this current distribution [15], [16]. The
method results in a formula for the radiation pattern that needs
only simple integrations over the cross section of the antenna.
The proposed method is easy to implement but shows good
accuracy as the numerical results are compared with those
obtained from a commercial EM simulator.

In Section II, the problem geometry and excitation are
described and the integral equation approach is presented,
resulting in expressions for the radiation pattern. These
formulas are used to compute the patterns that are presented in



Section III. For wvalidation, normalized radiation patterns
obtained from CST Microwave Studio are also presented.

II.

Generally, when the physical properties of a dielectric
waveguide change in the direction of propagation, the pure
guided modes of a uniform waveguide no longer exist.
However, with the slowly varying transverse properties in the
tapered rod, the so-called local mode theory is a good
approximation for the solution of the propagating wave along
the taper [13, 14]. Basically, the local mode theory for a
tapered waveguide is based on the following assumptions: (a)
the fields over a local transverse plane of the rod behave as the
guided mode in a uniform infinite waveguide with the same
cross section; (b) the radiation loss along the taper is
negligible [14].

THEORY

In this analysis, the radius a, at the input of the tapered rod
will be chosen to support only the fundamental HE;; mode
above cutoff at the operating frequency. As a result, under the
local mode approximation, fields in a transverse plane of the
tapered waveguide are similar to those in uniform section but
they are updated with the local radius a(z). The HE;; mode is
degenerate (e g. HE{, and HE 1) due to the circular symmetry
[17]. For HE 1 mode whose dominant field components are E,,
and H,, , the ﬁeld expressions are [17]:
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In which u = k,a and v = a,a. The propagation constant p
is determined by the dispersion relation [17]:
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While the lateral wave numbers are given by:
k2 = &,k3 — B

a? = % — k?

The quantities(z), k,(z) and a,(z) are also determined
by the above equations. Note that with the local rod radius
now dependent on “z”, the propagation constant f(z) also
becomes a function of z in the tapered region and so do the

lateral wavenumbers k,(z) and a,(2).

A. Volume Integral Equation Formulation

Placing a dielectric object in front of a radiating open-
ended waveguide modifies its radiation pattern. This suggests
that the radiation from a dielectric rod antenna can also be
treated as a scattering problem. As shown in Fig. 2, the tapered
dielectric rod section is illuminated by the incident wave E!
generated by the equivalent surface currents over the feeding
aperture atz = 0. The material inhomogeneity formed by the
dielectric rod scatters the incident field and produces the
scattered wave denoted by ES. The total radiation field is the
superposition of the two components. In the case of scattering
from a dielectric object, the equivalent volume current density
responsible for the scattered fields is given by [18]:
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Where ¢, is the relative dielectric constant and &, is the
permittivity of free space. The electric field due to the
equivalent current is given by:
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Fig. 2: Volume and surface current equivalence for tapered rod antenna.
Hence an integral equation for /.4 is [18]:
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B. Method of Moments Solution

Solution of the scattering problem is accomplished by
modeling the tapered region with the staircase approximation
shown in Fig. 3 and using the Point-Matching method. Each
section, which is a basis function, is modeled as a planar
radiating disk with local radius a(z) and thickness dz . As
mentioned before, it is assumed that the local mode
approximation gives a good estimation of the total field Etin
the core region. As a result, a simple semi-analytical
formulation is obtained without resorting to a complex
numerical solution for the integral equation.

According to (4), for each disk feq is approximated by the
total electric field expressions in the core region given in (1)
but with an unknown complex coefficient A(z) . This unknown
coefficient will be computed by applying the point-matching
technique at the center of each disk. Assuming that E, = 1, the
expressions for Cartesian components of feq are:
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To apply the point-matching technique we enforce (7) at
the center of each disk and, because of using the local mode
theory, this is only done for one of the components of the
electric field. Here we have applied the point-matching method

for E ) Thus, for each disk we have one equation with only

one unknown A(z) . This is basically a one dimensional

moment method that is much simpler and computationally
more efficient compared to a three dimensional one. Choosing
the center of each disk for point-matching is arbitrary and we
have only used it because of simplicity and efficient calculation
of the integrals as a result of the symmetry around the z-axis.
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Fig. 3: Staircase model of the tapered dielectric rod antenna.

The equivalent surface currents f s and M s on the transverse
plane z = 0 which generate El are given by [17]:
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The proposed method is valid for any kind of feed that
excites the HE;; mode efficiently such as dipole excitation or
circular metallic waveguide aperture. Here it is assumed that
the rod is excited with 100% excitation efficiency and only the
dominant mode is propagating along the rod, i.e. the excitation
is assumed to be ideal and the results will be a little different
with the actual feeding mechanism in place.

C. Radiation Pattern Calculation

After finding A(z) the far field radiation pattern can be
calculated from the feed radiation fields plus the radiation
fields due to the tapered structure. Because of the modal
behavior assumed for feq, a closed form expression for the far
field pattern is derived that can be evaluated analytically. For
the feeding circular waveguide we have:



&(1+5s))h

N = —jrwe, .
p
Ji(k,a)(1 +50)14] .
- K, (apa) ]sm (2¢)
i &(1—s)h jl(kpa)(]- —so)l,
Ny, = —jrwe, [ kp %Kl (apa)
B (er(l + 5115
ko
11
AL 50)14> COS(Z(p)] (1
apKl(apa)
i . I ]1(kpa)12 >
Ll = 1-— —_— | =
x = Jp [( s) (k,, XK
I3 fl(kpa)14
+5) (k_p - —apKl (a,,a)) cos (2<p)]
P Iz Jik,a)l, | .
Ly = —]T[ﬁ(]. + S) [E - W sin (2(p)

For the tapered region we have:
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Above integrals can be evaluated analytically [19].

IIL

In order to validate the analysis technique presented here,
numerical results are compared with the data obtained from
CST Microwave Studio using a full-wave integral equation
method. To ensure that the dominant HE;; mode is the only
propagating mode in the feeding waveguide, the following
relationship must hold:

NUMERICAL RESULTS

2a,  2.4049
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(14)
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As long as a(z) remains smaller than a, , only the

0 °
fundamental surface wave mode remains above cutoff. In this
paper, two types of taper profiles are investigated: the first one
is a linear taper and the other is a sinusoidal profile with
exponential decay which is defined by:
nnz z

a(z) = 0.25a, [3 + cos (T)] exp (—a Z) (15)
in which “n” is an integer and L is the length of the tapered rod
antenna. In this paper a lossless dielectric rod with a relative
permittivity of e, = 2 (Teflon) and with a 104, taper section
with the starting radius of 0.324, and the minimum radius of
0.16A,at =11 GHz was considered. For the sinusoidal profile,
n=19, 55 and @ = 0.25 were assumed.

As shown in Fig. 4 and 5 for the linearly tapered antenna,
very good agreement is observed between the proposed method
and the commercial simulator. In this case the calculated and
the simulated gains are 17.72dB and 17.8dB, respectively. The
calculated HPBW is 23.2° while the simulated one is 22.8°. In
this case the antenna is fed by a uniform dielectric rod.
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Fig. 4. H-plane radiation pattern for a 104, long linear tapered rod with &, = 2,
ay, = 0.321; and a,,;;, = 0.164, at 11GHz fed by a uniform dielectric
waveguide.
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Fig. 5. E-plane radiation pattern for a 104, long linear tapered rod with €, = 2,
ay, = 0.321; and a,,;;, = 0.164, at 11GHz fed by a uniform dielectric
waveguide.
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Fig. 6. H-plane radiation pattern for a 104, long periodically tapered rod with
n=19, &, =2 and ay = 0321, at 11GHz fed by a uniform dielectric
waveguide.
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Fig. 7. E-plane radiation pattern for a 104, long periodically tapered rod with
n=19, &, =2 and ay, = 0321, at 11GHz fed by a uniform dielectric
waveguide.

For the decaying sinusoidal profile fed by a uniform
dielectric rod, as shown in Fig. 6 and 7, again a very good
agreement is observed between the proposed method and CST
Microwave Studio. In this case the calculated gain is 18.46dBi
and the simulated one is 18.5dBi. The calculated HPBW is
18.3° while the simulated one is around 17.7°. With increasing
the number of periods ‘n’ the side lobe seen around 6 = 85°,
moves towards the back side and with further increase of ‘n’ it
reaches 8 = 180°. This side lobe is due to radiation from the
leaky mode that is reflected from the end and travels backward
along the rod. A higher gain can be achieved with increasing
‘o’ in (15) and the antenna length ‘L’. Radiation patterns are
plotted for n =55 in Fig. 8 and 9. It can be secen that the
unwanted side-lobe is eliminated. In this case the calculated
gain is about 19.4dB and the simulated gain is 19.2dB.

The method presented in [14] does not take the feeding
mechanism of the antenna into consideration but our method
can be used with various excitation methods such as electric or
magnetic dipoles or TE;; circular waveguide excitation. For
these types of excitations, the method in [14] requires that the
total power carried by the taper field to be a constant
independent of z which is not true. Because for real excitation
methods many modes of the dielectric waveguide can be
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excited including the radiation modes, therefore there will be
some radiation loss that cannot be taken into account by the
local mode theory. For a y-directed electric dipole placed at the
origin and TE;, circular waveguide feed, radiation patterns are
calculated and shown in Fig. 10 and 11. Note that (9) and (10)
must now be replaced with appropriate expressions.
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Fig. 8. H-plane radiation pattern for a 104, long periodically tapered rod with
n=55, & =2 and aq, = 0.324, at 11GHz fed by a uniform dielectric
waveguide.
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Fig. 9. E-plane radiation pattern for a 104, long periodically tapered rod with
n=55, ¢, =2 and ay = 0321, at 11GHz fed by a uniform dielectric
waveguide.
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Fig. 10. H-plane radiation pattern for a 104, long periodically tapered rod with
n=19, &, = 2 and a, = 0.324, at 11GHz excited by a y-directed electric
dipole.
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Fig. 11. H-plane radiation pattern for a 104, long periodically tapered rod with
n=19, & =2 and a, = 0.324, at 11GHz excited by a TE,; circular
waveguide.

As shown in Fig. 10 and Fig. 11, there is a good agreement
between the proposed method and the commercial EM
simulator except for the back radiation which is mainly due to
the radiation from the feed which was not included in our
approach. This method can be used in any tapered dielectric
antenna as long as its transverse fields can be approximated by
the local mode theory, so the method is not restricted to
circular rod antenna.

Evaluating a profile in Matlab at a single frequency took
about 70 seconds on a laptop with a 64-bit 2.5 GHz dual core
processor utilizing one core and 4 GB RAM, whereas CST
Microwave Studio took at least about 15 minutes on both
cores, depending upon the meshing density.

IV. CONCLUSION

The use of both equivalent volume current distributions
with a local mode approximation for the fields in the tapered
dielectric region provided a fairly accurate and computationally
efficient method for computation of the radiation pattern for
tapered dielectric antennas. Accurate results can be expected as
long as the taper profile is gradual and the antenna cross-
section varies slowly. This method can be used efficiently for
the design and optimization of such antennas.
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