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Abstract

Superstrate loading techniques for gain enhancement and beam
shaping are applied to cavity-backed patch antennas. Resonant gain
techniques utilizing superstrates with both dielectric and magnetic
properties are studied. The effect of truncation of material layers in
the transverse dimension is discussed. The investigation is conducted
using an extensively validated software package that is based on the
spectral-domain method of moments approach.

1 Introduction

Cavity-backed patches have become a focus of interest in recent years be-
cause of their attractive features which include improved isolation of the
radiating element from the rest of the system, enhanced mechanical and
thermal performance, and the reduction of guided wave effects[1]. Although
microstrip patch antennas have many advantages, they typically suffer from

low gain. Gains of common microstrip patch antennas are usually in the



range of 6-8 dBi. This gain is relatively insensitive to substrate dielectric
constant and thickness for practical values. For many applications such as
satellite communications and mobile radio, for which printed antennas are
otherwise well suited, low gain may be a serious disadvantage. The ad-
dition of superstrate or cover layers can substantially enhance the gain of
microstrip antenna elements [2]-[5]. This technique is referred to as the res-
onance gain method, and utilizes superstrates with either ¢, > 1 or p, > 1.
By choosing the proper material constitutive parameters, thicknesses, and
number of layers, a narrow beam about any desired angle may be obtained.

The resonance gain phenomena has been explained using a transmission
line analogy, where each dielectric layer is modeled as a transmission line [2]-
[3]. A formula for the characteristic impedance of each transmission line as a
function of the layer thickness, refractive index of the material, and direction
of observation is derived. It can be shown that a resonance condition is
achieved when proper parameter values are used. The layers are assumed
to be infinite in extent in the plane of the patch. As a result, the transverse
dimensions of the dielectric layers are not explicitly included in the model.
Therefore, it is unclear what effect the truncation of the layers has on the
gain performance of the antenna. In all practical applications, the patch
substrate must be truncated at some point beyond the patch boundary. In
addition, in many mobile applications the antenna is embedded within the
body of the vehicle, essentially creating a cavity around the antenna.

An elegant description of the resonance gain phenomena given by Jack-
son and Oliner [4], provides an estimate of the size of the dielectric layers
needed to obtain high gain. In their analysis, the resonance gain phenomena

is modeled based on the TFE and T'M leaky waves excited in the dielectric



layers, which are explicit functions of the transverse dimensions of the layers.

For the structure shown in Figure 1, the leaky waves in the dielectric
layers are suppressed, due to the presence of the cavity. Thus, it is unclear
what aperture size yields the optimal gain performance. In this paper, vari-
ous gain enhancement techniques are applied to the cavity-backed structure.
In particular, by following design guidelines similar to those applied to con-
ventional patches on infinite substrates and varying the outer dimension of
the cavity, some understanding of the effect of transverse dimensions of the

dielectric layers is obtained.

2 Theory

A full-wave treatment of the cavity-backed patch based on the MoM /Galerkin’s
technique is utilized here. The physical equivalence principle is used to re-
place the aperture and the interfaces between different dielectric layers with
equivalent magnetic currents. In addition, the probe feed is replaced with
an equivalent electric current. Due to the circular symmetry of the struc-
ture, the Vector Hankel Transform (VHT) is utilized to obtain numerically
efficient Green’s functions for the structure [6]-[8]. A delta-gap voltage gen-
erator at the base of the probe feed is used as the source. The linear system
generated is a block tridiagonal matrix, which is solved using either a direct
or iterative solver. After the magnetic current in the aperture is evaluated,
the far field patterns are computed using image theory.

The software package used to obtain the results presented in this paper
has been validated by extensive comparisons to measured data [7] and to
computed results obtained using the finite element method.

The resonance gain conditions are generally divided into two cases [4].



In Case 1, we have

t1
71/\1_0 1 —sin?6,/n? = % (1)
12 2p—1
71/\2_0 1 —sin?6,/n% = p4 (2)
for ¢5 > 1.
In Case 2, we have
t1 2m — 1
71/\1_0 1 —sin?6,/n? = m4 (3)
12 2p—1
71/\2_0 1 —sin?6,/n% = p4 (4)

for py > 1, where ny = /€11, ny = /€xpi2, 0, is the angle at which high
gain is desired, and m, p are positive integers. These conditions are derived
in [2] for a Hertzian dipole in a substrate-superstrate configuration. It has

been shown that the gain at 6, increases as e — oo for Case 1 or g —

for Case 2.

3 Results

In this section we study the application of both Case 1 and Case 2 resonance
gain techniques to practical cavity-backed patch antennas. Parameters for
Example 1 (Case 1) are given in Table 1. Parameters x,, y,, and rq are

the probe position and thickness, and the other parameters are as shown in



Table 1: Parameters for Example 1

€1 = 2.1 Hr1 = 1.0 nltl//\0:050 s0 = 0.5071
€rg = 100.0 Hr2 = 1.0 n2t2//\0:025
rp,/a=0222 y,=0 ro/a = 0.144

Figure 1. The patch radius for this example is chosen to be a = 0.45 Ag so
that the antenna would be resonant.

The E-plane co-pol pattern for varying cavity radius, R, is shown in
Figure 2. For R = 1.0A¢ the antenna exhibits a broadside gain of 11dBv.
Notice that the gain increases substantially as the cavity radius is increased.
For R = 3.5\p, a gain of 22.5dB¢ is observed. However, as the cavity
radius is further increased, the broadside gain remains essentially the same.
The maximum broadside gain of 22.5 d B¢ for the largest cavity, is slightly
greater than the 21.3 dBi gain predicted for a Hertzian dipole on an infinite
grounded substrate [2]. There is a slight asymmetry in the E-plane pattern
due to the presence of the probe feed. The corresponding H-plane co-pol
pattern is shown in Figure 3. The patterns are similar to that of the E-
plane, except that the patterns are symmetric and the side lobes are much
lower in level (and are not visible in Figure 3).

As an example of a Case 2 type resonance, the antenna of Table 2 is
considered. The patch radius is again ¢ = 0.45 Ag. The co-pol patterns in
the E- and H-plane are shown in Figures 4 and 5, respectively. As expected,
the results are similar to the Case 1 example. The broadside gain increases
with increasing cavity radius, but saturates at a smaller value of R. In this

case, a cavity radius of R = 2.5 A is suflicient to obtain the same broadside



gain as an equivalent Hertzian dipole on an infinite grounded slab.

Table 2: Parameters for example 2

€1 = 2.1 Hr1 = 1.0 nltl//\0:025 s0 =11
€rg = 1.0 Hro = 100.0 n2t2//\0:025
tp,/a=0222 y,=0 ro/a = 0.144

In the above examples materials with very high indices of refraction are
required. Such materials tend to be electrically lossy and physically heavy.
However, high indices of refraction can also be achieved using artificial mate-
rials comprising metallic inclusions embedded in a host medium. Alternately
a design which alleviates the need for materials with very high indices of re-
fraction is a three layer structure proposed by Shen [5]. For this design,
s0 = t1, ¢, = 1.0 and, €,5 = 10.5. This approach has the advantage of not
requiring a A/4 substrate. Furthermore, one can vary the air gap thickness
(t2) to obtain the maximum gain in any desired direction.

Shen’s design assumes substrates of infinite extent. To test the feasibility
of this design for the cavity-backed structure, the antenna of Table 3 is
considered. The parameters for this antenna are similar to [5], except a
circular patch rather than a rectangular patch is used. A patch radius of
a = 0.52 ¢m is chosen so that the patch resonance occurs at f = 9.1124 GHz.
This is the frequency at which the superstrates yield maximum broadside
gain.

The E-plane co-pol patterns for B = 0.5Ag, 1.0Ag, 1.5 are illustrated
in Figure 6. As in previous cases, the broadside gain increases as the cavity

is enlarged. In this case the maximum gain of 16.74dBi is achieved for



Table 3: Parameters for the 3 layer desing

€1 = 2.17 w1 = 1.0 n1tl/Ap=0.023 s0 = t1
€rg = 1.0 Hr2 = 1.0 n2t2//\0:0479

€r3 = 10.5 Hr3 = 1.0 n1t3//\0:025

2, =0.10cm y, =0 7, = 0.065 cm

the R = 1.5Aq. In addition, in contrast to the previous examples, there
are no significant sidelobes in the E-plane patterns. The patterns in the
H-plane are shown in Figure 7, and are virtually identical to the E-plane
patterns. The broadside gain versus air gap thickness (¢2) for R = 1.5 Ag is
illustrated in Figure 8. As the value of {2 increases, the gain increases until
t2 reaches 12,5, its resonant value. As {2 increases beyond t2,.s, the gain
decreases. The results obtained for the cavity-backed geometry are very
similar to results reported for the conventional patch antennas [5].

Another advantage of the resonance gain method, is that the far-field
radiation pattern can be shaped to yield a high gain at any desired angle
6, as indicated by equations (1)-(4). As an example of beam shaping, the
design of Table 4 is considered. This design produces a high gain beam at
# = 45° in the E-plane. The patch radius was chosen to be a = 0.45 A, for
resonance.

The patterns are again evaluated as a functions of varying cavity radius
as shown in Figure 9. The E-plane pattern for R = 2 has two lobes at 30°
and 60°. As the cavity dimension is increased, the two lobes become equal in
magnitude and move towards 45°. For the R = 6 case, the two lobes have

merged into a high gain beam at 45°. In this case, a much larger cavity is



Table 4: Parameters for the 6, = 45° design

€1 = 2.10 w1 = 1.0 n1tl/Ao=0.57282 s0 = 0.50¢1
€rg = 100.0 Hro = 1.0 n2t2//\0:025063
tp/a=0222 y,=0 ro/a = 0.144

required in order to achieve results similar to the conventional patch design.

4 Conclusion

Cavity-backed patches have been become a focus of interest in recent years
because of certain advantages they possess relative to conventional patches.
These advantages include improved isolation of the radiating element, en-
hanced mechanical and thermal performance, and the reduction of guided
wave effects. In this paper we demonstrate that gain enhancement tech-
niques previously developed for conventional patch antennas can also im-
prove the performance of cavity-backed patch antennas. Although the gain
performance of the cavity-backed structure is highly sensitive to the cavity
radius, for most designs a cavity radius of 2 — 3Ag is sufficient. However, in

certain cases a larger cavity may be required.
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Figure 1: Cavity-backed microstrip patch antenna with multiple superstrate
layers
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Figure 2: E-plane co-pol directivity pattern of a multi-layered cavity-backed
patch (Case 1)
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Figure 3: H-plane co-pol directivity pattern of a multi-layered cavity-backed

patch (Case 1)
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Figure 4: E-plane co-pol directivity pattern of a multi-layered cavity-backed

patch (Case 2)
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Figure 5: H-plane co-pol directivity pattern of a multi-layered cavity-backed
patch (Case 2)
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E-PLANE CO-POL DIRECTIVITY
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Figure 6: E-plane co-pol directivity pattern of a three layered cavity-backed

patch
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Figure 7: H-plane co-pol directivity pattern of a three layered cavity-backed

patch
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Figure 8: Broadside gain vs. 12 (R = 1.5 Ag)
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Figure 9: E-plane co-pol directivity pattern of a cavity-backed patch for

6, = 45°
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