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ABSTRACT

Conformal printed antennas of arbitrary shape are used for telemetry applications on
high velocity vehicles due to their small size and light weight. The design of these
antennas is difficult, however, since there are few accurate analytical models that take
the effects of curvature into account. This paper discusses a computer aided design
(CAD) tool for arbitrarily shaped printed antennas on cylindrical structures based on a
rigorous analytical model. The tool is combined with a graphical user interface and
can help antenna designers achieve close to optimal performance. An overview of the
mathematical model is given here and the CAD tool is used to highlight the effects of
curvature on printed antenna performance. Methods of obtaining circular polarization
are reviewed.
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INTRODUCTION

Conformal wrap-around microstrip patch arrays are often employed on missiles to
transmit telemetry data. These antennas are ideally suited for the harsh, high velocity
environments encountered on missiles since they are extremely robust, light in weight
and physically thin. Conformal microstrip antennas are often designed using models
valid for planar structures and then modified using "cut and try" methods to
compensate for the curvature. When the radius of curvature is small, this approach is
problematic and yields antennas with sub-optimal performance. There is, therefore, a
need for an accurate computer aided design (CAD) tool for conformal microstrip
antennas. Such a CAD tool is introduced here that allows antenna designers to
optimize their designs and investigate novel ideas without the time or expense of



fabrication and test. The tool also allows the designer to perform sensitivity studies
and evaluate design trade-offs to determine the robustness of a particular design.

The computer model is based directly on Maxwell's equations that are solved
numerically to determine measurable antenna performance parameters. No
approximations are introduced until the equations must be solved with the computer.
In this way, high accuracy and complete flexibility can be maintained throughout. A
disadvantage of the procedure is that relatively powerful computational resources are
required. Nevertheless, small arrays of up to eight microstrip elements including the
feed network can be analyzed on 486/66 class personal computer with a computation
time of approximately 45 minutes per frequency point. Smaller arrays and single
elements take less time.

A critical feature of any CAD tool is the user interface. In fact, it is often the user
interface that determines the usefulness of a CAD tool. Here, the interface is mouse
based and runs under Microsoft Windows. This makes the tool easy to use and
accessible to a wide audience. The interface was designed by antenna engineers and
puts all of the important parameters describing antenna performance at the designer's
fingertips. The interface was designed to be extremely flexible in order to allow the
designer freedom to investigate novel ideas.

The following sections discuss the numerical model in more detail, present computed
results and highlight the effects of curvature on antenna performance. Since circularly
polarized antennas are often used in telemetry applications, methods of obtaining
circular polarization will be reviewed and design tradeoffs discussed.

THE NUMERICAL MODEL

The analytical model is a so-called "full-wave" model, that is, all electromagnetic
effects are taken into account. The analysis begins with Maxwell's equations and
works them into a mixed potential integral equation used to determine the electric
currents on the antenna. The method of moments (MoM) is employed to convert the
integral equation into a matrix equation that is solved using standard numerical
methods. Special Greens functions relating the currents on the antenna to the electric
fields are required for cylindrical structures. The Greens functions are evaluated
numerically. The overall MPIE method has the ability to model the fine features of an
arbitrarily shaped antenna element with minimal computational penalty.

Other authors have studied the cylindrical microstrip problem using moment method
approaches [1, 2, 3, 4]. The work presented here is very closely related to that of
Habashy et al. [1] who solved an electric field integral equation to determine the input



impedance and patterns of wraparound microstrip structures. This work differs from
[1] in that a mixed potential formulation is used with a more flexible numerical
implementation that allows for arbitrarily shaped geometries. The mixed potential
formulation yields less singular, easier to compute. Green's functions and then
performs most of the moment method integrations in the space rather than spectral
domains.

The structure under consideration is shown in Figure 1 and consists of an infinitely
long, perfectly conducting metallic cylinder of radius a. The cylinder is covered by a
dielectric layer of thickness, h = b - a. The patch radiator(s) and the associated feed
network is printed on the outer surface of the dielectric. By writing the electric and
magnetic fields in cylindrical coordinates and enforcing the appropriate boundary
conditions, an integral equation can be formulated for the unknown electric currents
on the patch radiators:

(1)

where are the tangential components of the impressed field due to a coaxial
probe or a microstrip feed line, G (k , z) is the dyadic Green's function in the spectraln z

domain representing the fields produced by a unit point source on the cylindrical
surface, and J (k ) is the unknown current in the transform domain. For the cylindricaln z

structure under consideration, the Green's functions are highly complex combinations
of Bessel and Hankel functions [1] that will not be repeated here due to space
limitations.

By rearranging the equations for the tangential electric field in the space domain the
mixed potential form of the integral equation can be determined:

(2)

where G and G are the so-called vector potential Green's functions for currentsNN zz

directed along N and z respectively and G is the scalar potential Green's function. TheV

boundary conditions are applied in the space domain to give the desired integral
equation.

A complication of this approach is that the Greens functions must be known in the
space domain via an inverse Fourier transform. The brute-force evaluation of the
inverse transform of the Greens functions is costly and difficult so a number of steps
were taken to improve the numerical behavior of the equations and reduce the
computation time.



The antenna structure of interest is discretized into a large number of small cells to
model the unknown current distribution. The present formulation allows the cells to be
either rectangular or triangular so that relatively arbitrarily shaped antennas and feed
networks may be analyzed. The current in each cell is approximated using simple
linear functions. Thus, over the entire structure the current is approximated in a two
dimensional, piecewise linear fashion. The linear functions in each cell have complex
amplitude coefficients that must be determined by solving the integral equation.
Converting the integral equation into a standard matrix equation allows the amplitude
coefficients to be determined and measurable quantities of interest such as input
impedance, mutual coupling, radiation patterns and gain to be calculated.

Note that arbitrarily shaped structures such as filters, branch line couplers and power
splitters can be analyzed in addition to microstrip patch antennas. Since these
structures are analyzed with the same technique as the antenna element any effect
these structures have on antenna performance will be automatically built-in, including
any radiation effects.

It should be clear from the above summary of the numerical method that the designer
must be isolated somewhat from the mathematics to be effective. For this reason a
Microsoft Windows user interface has been developed to help the antenna designer
use the numerical engine easily and efficiently. In addition, the discretization of
complex structures with feed networks can be very tedious so an automatic gridding
feature has been developed.

METHODS OF OBTAINING CIRCULAR POLARIZATION

Circular polarization (CP) requires the simultaneous excitation of two degenerate
orthogonal modes on the antenna structure. This can be done either with a single
element or multiple elements and is, in general, particularly sensitive to the structural
geometry. Four common methods of obtaining CP are shown in Figure 2. Methods (b)
and (c) tend to have narrow bandwidths while methods (a) and (d) can be made to
operate over wider frequency ranges. To achieve a good axial ratio the two orthogonal
modes must be excited equally and 90E out of phase. This requires that the feeding
and matching networks and any mutual coupling effects be symmetric. As is shown in
the next section, mutual coupling in microstrip is a complex phenomenon with E and
H-plane coupling having greatly different levels. Strong E-plane coupling in an array
can "unbalance" the two orthogonal modes causing a degradation in CP performance
and severe antenna mismatch. In the past, many "cut and try" iterations were required
to optimize array antenna performance. The CAD tool presented here can greatly
reduce the number of iterations required.



RESULTS

In this section computed results are presented using the computer model discussed
above. The effects of curvature on antenna performance are highlighted by
comparison to the planar case.

The basic geometry under consideration along with the geometry of a standard
linearly polarized antenna element are given in Figure 1. Note that the microstrip feed
line is inset into the body of the patch element to achieve the best impedance match
over the widest possible bandwidth.

The inset distance, I, is a critical design factor strongly affected by, curvature as
shown in Figure 3. This figure shows the input impedance of a single element as the
radius of the cylinder is varied and I is held constant. For the planar case, the
impedance locus lies near the edge of the VSWR = 2 circle and, therefore, the antenna
operates over a narrow bandwidth. As the radius of curvature decreases the impedance
locus shifts to the right and gives close to the widest possible impedance bandwidth
when a = 30.2 mm. The optimal value for the inset distance, I, is clearly different for
the planar case and different cylinder radii.

Figures 4 and 5 show how mutual coupling between two linearly polarized elements is
affected by curvature. From the E-plane planar measurements (due to [5]) it can be
seen that coupling falls off as S while in the H-plane, it has been show, coupling-1

decreases as D where S and D are the separation distances. When the elements are-2

mounted on a cylinder, however, mutual coupling remains very strong in the E-plane
over wide separations. This can cause severe antenna mismatch when the elements are
used in an array. In the H-plane, however, coupling on the cylinder is lower than in the
planar case. Figure 5 shows the H-plane mutual coupling between two elements as a
function of the cylinder radius for three fixed separation distances (0.1, 0.2. and 0.48 .o

The coupling for the corresponding planar cases is shown as horizontal lines.

The H-plane radiation pattern for a two element, linearly polarized array on small
cylinders of various radii is shown in Figure 6. The H-plane corresponds to the plane
perpendicular to the cylinder. The elements are aligned parallel to the z axis and are
placed on opposite sides of the cylinder. It can be seen that the optimal number of
antenna elements to provide good coverage around the cylinder is a function of the
cylinder radius and frequency. In general, as the cylinder radius increases more
elements are needed to provide uniform coverage.



CONCLUSIONS

An advanced computer aided design (CAD) tool for conformal microstrip antennas of
arbitrary shape on missiles was discussed. This tool allows antenna designers to
achieve close to optimal performance without resorting to "cut and try" design
methods.

The model is based directly on Maxwell's equations that are solved numerically. The
model is accurate and flexible but computationally intensive. Nevertheless, reasonable
run times are achievable for small arrays on a desktop personal computer.

The computer model was used to demonstrate the effects of curvature. These effects
include significantly higher levels of mutual coupling and a shift in the impedance
locus that can result in reduced bandwidth. Both of these effects complicate the
antenna designer's job.
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Figure 1: Cylindrical microstrip structure and geometry of a linearly polarized
microstrip antenna element.

Figure 2: Four circularly polarized microstrip antennas, (a) Dual fed patch. (b) Nearly
square patch, (c) Corners-truncated square patch. (d) Two element array fed in
quadrature.



Figure 3: Impedance locus for a linearly polarized microstrip element on cylinders of various
radii. The E-plane of the element (parallel to the microstrip feed line) is parallel to the z axis of
the cylinder. The frequency range is from 2.23 GHz clockwise to 2.33 GHz in steps of 0.01
GHz.

W = 51.0 mm L = 44.6 mm I = 9.2 mm
M = 4.9 mm Z = 40.0 mm h = 1.6 mm
, = 2.22 - j 0,0022r 

Figure 4: E plane mutual coupling between two fed microstrip elements on cylinders of
various radii as a function of the separation distance between the edges of the elements.
Frequency = 1.414 GHz. The E plane of the microstrip element is parallel to the z axis of the
cylinder and the patches are fed with coaxial probes located a distance I from the edge,

W = 105.7 mm L = 65.5 mm I = 19.6 mm
h = 1.6 mm , = 2.22 - j 0.0022r



Figure 5: H plane mutual coupling between two microstrip elements as a function of
the cylinder radius. Three fixed separation distances are shown with the horizontal
lines corresponding to the pertinent planar cases. Frequency = 1.414 GHz. The E
plane of the microstrip element is parallel to the z axis of the cylinder. The element
dimensions are given in Figure 4.

Figure 6: H-plane radiation pattern of a four element microstrip array on a cylinder of
radius a = 30.2 mm. Frequency = 2.281 GHz. The E-plane of the antenna elements is
parallel to the z axis of the cylinder. The element shape and dimensions are given in
Figure 3.


