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Abstract

During the last decade, the generalized multipole
technigue (GMT) has been extensively studied, improved
and applied to many clectromagnetics problems such as
bioelectromagnelics, optics, waveguides and electromag-
netic compatibility (EMC), but little has been reported
towards utilizing this method for antenna design and
optimization. On the other hand, the few published
examples of simple dipoles and helices in the close vicin-
ity of lossy scatterers have suggested the potential signifi-
cance of GMT for antenna design purposes. In this
paper, the applicability of the GMT based 3D multiple
multipole (3D MMP) code for simulation of wire anten-
nas has been investigated.

To evaluate the advantages and limitations of 3D
MMP, several basic types of wire antenna configurations
were simulgted. These were linear and linear array, heli-
cal, and physically constrained low profile antennas. To
validate the method’s performance, we calculated radia-
tion patlerns, impedance, return loss, reflection coeffi-
cient, VSWR, and compared them to available results
from experiments andior results published by others
using different technigues.

This investigation showed several conceptual advan-
tages of this technique for antenna simulations. Further-
more, the thin-wire expansion in combination with
multipoles and roof top functions provides a great degree
of flexibility in modeling. The most recently implemented
expansion, “line multipoles,” extends the code’s effi-
ciency to non-thin-wire configurations (e.g., helix with
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small ratio of pitck to wire diameter).

Critical issues of modeling are the feedpoint and
wire tip area, matching point locations and segment
length-to-diameter ratio. Symmetries are used where
possible to minimize computation time without loss of
generalify as any anfenna element may easily be assem-
bled in non-symmetrical configurations with the block-
iterative solver. In order to achieve betier confidence on
more complex configurations, extensive studies were per-
formed to increase efficiency and stability of modeling
and will be discussed. In addition, the numerical valida-
tion techniques were extended to satisfy the special
requirements of antenna simulations.

These studies demonstrate the potential of GMT/
MMP for use in analysis, synthesis and optimization of
antennas.

1.0 Introduction

Several techniques have been developed and are
being applied to analyze antennas embedded in a2 given
environment. In general, these techniques can be classified
as experimental, analytical, and mumerical.

Analytical techniques are limited to simple geometries
and can therefore only be applied to a narrow range of
practical problems. In addition, quite a high degree of
ingenuity, experience, and effort are required to apply
them.

Despite the fact that they are expensive and time con-
suming, experimental techniques still continue to be the
most widespread approach for synthesis, analysis and opti-
mization of antennas, They do not usually ailow much
flexibility in parameter variation.

Various numerical techniques have been developed
during the last three decades to solve EM scattering prob-
lems in general and antenna problems in particnlar. Never-
theless, computer aided design (CAD) tools for antenna
optimizations are not widely used in development. The

_reasons are that nove of the currently applied codes based
on FDTD, FE and MoM techniques fully meet the basic

requirements, which are: ease of use, high accuracy and
efficient techniques for numerical validation. On the other
hand, as in other areas of engineering, good CAD tools
should offer low cost, high efficiency and qualitatively
improved physical insight, which wonld significantly
accelerate the development of new designs.

The GMT based 3D MMP code offers various fea-
tures favoring antenna simulations. However, little has
been reported about the utilization of this method for
antenna design and optimization. Only a few published
examples of simple dipoles and helices in the close vicin-
ity of Jossy scatterers [Kuster, 1992] have suggested the
potential significance of GMT for antenna design pur-



poses. It is the aim of this paper to evaluate the potential of
this technique as a CAD tool for antennas.

2.0 GMT /3D MMP code

Since this is 2 special issue for GMT, and many excel-
lent papers and books discussing the theory of GMT and
its 3D MMP implementation have been publisbed, a
detailed introduction is omitted here. Readers are advised
to refer to [Hafner, 1990; Hafner & Bombolt, 1993] for a
complete discussion of the technique and to [Kuster, 1993]
for a description of simulation and sclution validation
techniques.

However, the conceptual advantages of GMT pertain-
ing to antenna simulation are briefly discussed in the fol-
lowing. :

The 3D MMP code provides various expansion func-
tions all of which are analytical solutions of the time har-
monic homogeneous Maxwell equations. The most
important sets of expansion functions are point and line
multipoles as well as roof top functions. Geometrically
based tools support the user in selecting the set of func-
tions that most efficiently approximate the unknown fields.
In doing so, it can be ensured that the pole of the functions
is located as far as possible from the boundaries. The
parameters are determined by approximating the boundary
conditions in the sense of least squares, whereas the
weights of the equations are based on the energy concept.

This approach reveals some important cooceptual
advantages, valid in general and for antenna simulations in
particular. 1) The concept is based on the definition of an
error, which is minimized, which greatly facilitates numer-
ical validation. Furthermore, as GMT is a boundary tech-
nique, the problem of solution validation is reduced by one
dimension. 2) A great degree of independence between
structure dimensions and wavelength is achieved. 3) The
fields in all closed and open subdomains are always exact
Maxwell fields in any homogeneous, linear and isotropic
materials. 4) The implemented pole expansion functions
are well suited to modeling radiating structures. 5) Since
the errors in meeting the boundary conditions are uni-
formly distributed on the boundaries, the integral values
within the accuracy of the achieved solution can be com-
puted in the near as well as in the far field without any spe-
cial considerations. 6) Interaction with the enviromment
(e.g., human bead in the extreme vicinity of the antenna)
can conveniently be solved by the block-iterative solver
[Kuster and Bomholt, 1994] without losing accuracy and
even more importantly, without multiplying the scale of
the numerical problem. 7) The ongoing work of coupling
MMP with finite element (FE) techniques [Bombolt,
1994] will further broaden the suitability of the code, espe-
cially with respect to simulating the environment (e.2.,
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inhomogeneous scatterers).
Furthermore, the code is supported by high level
graphical interfaces for general purposes.

3.0 Simulations

3.1 Modeling

Point multipoles are the most flexible expansion func-
tions. However, in the case of long structures such as
wires, the large mmuber of point multipoles required
resulted in poor efficiency [Kuster & Ballisti, 1939]. To
overcame this problem, the thin wire expansion used by
NEC was adopted and implemented in 1990 [Leuchtmann
& Bombholt, 1990]. As the prerequisites for the thin wire
approximation were not met for all antenna configurations,
the line multipole expansion [Leuchtmann & Gnos, 1994]
was developed and recently implemented The thin wire
approximation corresponds to the zero order wrm of the
line multipole.

The optimal locations previously found for matching
points on wires [Leuchtmann, 1991] have proven to be an
excellent choice for the antenna configurations tested. As
all test cases met the requirements for the thin wire
approximation, all simulations were performed with an
axially symmetrical current distribution on the wires. In
addition, symmetries were used where possible.

The feedpoint gap was expected to be the most critical
area for modeling. However, accurate modeling of the
feedpoint area, which could -be quite tedious, is not
required for thin structures. Extensive tests have shown
that a snitable and simple approach is one in which the
first wire element is the current driving source and the
boundary conditions are enforced only from the middle of
the second wire element. A stable solution is accom-
plished by introducing special weights for the first few
matching points, Any errors introduced in the E-field due
to this rather coarse modeling have proven to be highly
local (quasi static) and are easily by-passed by selecting
integral paths that avoid the closest vicinity of these first
matching points.

The modeling of the antenna tips has been shown to
be more critical than that of the feedpoint area. For
antenma diameters that are greater than (0.015A an accurate
modelling of the tips by using point multipoles in addition
to the line multipoles is required.

Maintaining proper ratio of the wire element length to
the wire diameter is also critical to ensure accurate results,



3.2 Numerical Validation

All the simuiated results were validated with the pro-
cedures described in [Knster, 1993]. This basically con-
sists of 1) the evaluation of the error distribution satisfying
the boundary conditions, 2) the checking of the solition
stability (feed point impedance, radiation pattern, total
power radiated) by expanding the fields with different
expansions, by different matching point distributions and
by scanning over 2 broad frequency range, 3) the checking
of other requirements such as the comparison of feed point
impedance and radiated power. 4) In addition, all results
are qualitatively checked by animated visualization of
electric, magnetic and Poynting vector fields.

4.0 Measurements

Whenever possible, the solutions are compared with
data available from literature obtained either by measure-
ments, analytical approximations or mumerical simula-
tions. For the cases where no data was available,
measurements were conducted.

The setup for the impedance characterization of
antennas is conceptally guite simple and straightforward.
In practice, the cable used and the surrounding environ-
ment have tremendous impact on the measurement. Cali-
bration of the measurement setup is extremely important
especially at higher frequencies. If the electrical delay is
not properly compensated for the choice of connector used
at the feedpoint, then phase errors will occur. Hence, both
the real and imaginary part of the input impedance will be
incorrect. Fig. 1 shows the setup that was used in our
experiment. The ground plane used in this experiment was
& 3 foot square copper-plated printed circuit board which
was placed at least 5 feet away from the nearest object.
The equipment used in the setup includes an HP§753C
Network Analyzer, HPE5047A S-parameter Test Set, and
an IBM-compatible PC for data acquisition, when neces-

sary.
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Fig. 1. Setup for antenna impedance measurement,

5.0 Results

The basic theories concerning antennas can be found
in many excellent text books and papers. Heoce, we make
no attempt to cover them in this paper. However, a conple
of the definitions used are reiterated in the following.

Considering the antenna impedance as Z, = R, + jX,
and the characteristic impedance of the transmission line
feeding the antenna as Z,, then the voltage reflection coef-
fictent p is

Za_ZO
o= Za+ZO ®D
The VSWR is related to p by
1+
VSWR = —Iﬂ (EQ2)
1-1p|
We also treat the input resistance R;; as
Rz’n = Rrad+Rs (EQ3)

where R, is the radiation resistance, and R is the loss
resistance at the corresponding frequency. R, is only con-
sidered for the experimental results as perfectly conduc-
tive wires are used for the oumerical models. The input
impedance is calculated by the integrated value of the
complex E-field vector across the feeding gap divided by



the complex current value. From the parameters given
above, ane can determine the efficiency, return loss and
any other means of presenting the data convenient to
antenna engineers. External graphical interfaces were used
to present the figures in this paper.

To compare our results with King-Middleton data, the
same definition of Q as appeared in the King-Middleton
spproximation [King, 1965] has been used

Q= 2)(1]1(%) EQ4

where a is the radius of the antenna and & is the half height
of the dipole.

5.1 Straight Dipole

The dipole antenna is the simplest and one of the most
widely used antennas. Excellent discussions of this subject
can be found in many texts, e.g., in [King, 1965]. The first
tests conducted were on different dipoles, two of which
are documented here. All results were compared with
those of King-Middleton second order expansion. Fig. 2
shows the geometry of a simple dipole.

Figs. 3 aond 4 show the comparison of input imped-
ance for two dipole antennas computed with MMP code,
and the King-Middleton second-order expansion for Q
equal to 10 and 15 respectively. Both figures show excel-
lent agreement between the two sets of data except when
the frequencies are several times higher than the resonant
frequency for the case of 2=10. These differences are at
least partly explained by the different shapes of the
antenna tips which is a half sphere in case of the MMP
modeling whereas King-Middleton used a flac tip. It is
obvious that the effects due to such differences increase

with radins and frequency.

5.2 Yagi-Uda Array

The pext more complicated configuration is the Yagi-
Uda Array, with which the performance for coumpled
excited and passive antenna elements can be tested.

Fig. 5 shows a general description of the Yagi-Uda
parameters used in this paper. As a test case, a 27-element
array was simulated and compared to the results published
by Thiele using the method of moment (MoM) [Thiele,
19691. The parameters are:

Ld = 0.406 2
L, = 0471
L = 050
d, = -0125%
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Fig. 2. A simple dipole.
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Fig. 3. Comparison of input impedance computed
by MMP, and King-Middleton data for Q=10.

dy = 0343
Number of directors = 25
Radius of element = 0.003 A
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Fig. 4. Comparison of input impedance computed
by MMP, and King-Middleton data for Q=I5.

Fig. 6 shows the current amplitude calculated at the
center of each element for all the elements, and then nor-
malized to the excitation of the array. These data were
compared with published data using MoM. Director num-
bers = -1,0,1,2... shown in the x-axis, are the reflector,
exciter and the directors from the exciter. The results show
good agreement except for the last few elements of the
directors. However, measurement to determine which
solution is more accurate is very difficult and laborious.
We make no attempt to validate them at this time.

To further illustrate, we computed another 3-element
Yagi-Uda array using dimensions from other published
results [Thiele, 1969]. This 8-element array has the fol-

lowing dimensions:
L; = 0405
L, = 0473
L, = 0501
d = -0125A
d; = 0342

d
Number of directors =6
Radins of element = 0.003 A

Fig. 7 and 8 show the radiation plot of average Poynt-
ing vector, It is interesting to note that it exhibits more and
2 higher level of the side lobes in the A-plane than in the
E-plane. Cur radiation pattern shows generally good
agreement with Thiele’s results in the forward direction
and in most of the side lobes except that gur results show a
tiny lobe in the backward direction.

Fig. 5. General configuration of a Yagi-Uda
array.

Relative Current Amplituda

] 1 3 5 7 9 111315171921232’5
Director number

Fig. 6. Relative current amplitude comparison
computed using MMF, and MoM for 27-element
Yagi-Uda array.



Fig. 7. E-plane radiation pattern of an §8-element
Yagi-Uda array.

Fig. 8. H-plane radiation pattern of an 8-element

Yagi-Uda array.
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5.3 Axial Mode Helical Antennas

The geometry of helical anstennas is shown in Fig. 9.
In most cases the helix is used with a ground plane. Some
of the essential parameters to describe the physical dimen-
sions of a helix are:

Fig. 9. Helix and its associated dimensions.

D = diameter of helix (center to center)

S = spacing between turns (center to center)
C = circumference of helix =D
L=lengthof l tum= V($° + C?)

« = pitch angle = tan"! —>

n= number of turns g

a = radius of wire

h = height or length of helix

Axial mode or endfire mode helices (i.e., C compara-
ble to or greater than its operating wavelength; S relatively
large), generally have extremely broad operating band-
widths and elliptic (with low ellipticity) to circular polar-
ization [Kraus, 1948 & 1988]. Increasing the number of
turns will increase directivity but decrease radiation beam-
width.

Fig. 10 shows the computed radiation pattern of a
helix operating in axial mode (C;=0.70153) with the fol-
lowing helical dimensions:

Number of turns n= 5

Diameter of belix D = 46.52 mm

Radius of wire ¢ =0.74 mm

Height of helix # = 163 mm

Pitch angle o = 16.40°

Gap between helix and ground plane = 10 mm
Wavelength A = 0.20833 m

Circumference C =0.14615 m

C;, =C/A=0.70153



Fig. 10. Radiation pattern of a helical antenna
operating in axial or end-fire mode.

5.4 Normal Mode Helical Antennas

In contrast to axial mode antennas, helices radiating
in the direction normal to the axis typically have more
turns and much smaller diameters with respect to wave-
length. Fig. 11 shows a geometrical representation of a
normal-mode helical radiator, this set-up includes a helix
whose diameter D << A and & < A. The belix is excited by
connecting one end to the center conductor of a coaxial
cable, with the outer conductor of the cable connected to
the ground plane. For this test case, two helices are built

and measured with the dimensions:
Helix #1 Helix #2
n = 10 10
D= 7.34 mm 7.34 mm
a 0.38 mm: 0.38 mm
h = 50 mm 100 mm

A common radiation pattern of a normal-mode helical
dipole is shown in fig. 12. This radiation pattern was com-
puted with the dimensions of helix #2 for A=0.773m and
C,=0.0298. Figs. 13-15 were computed with the dimen-
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Fig. 11. Helix mounted on ground plane operating
in normal mode.

Fig. 12. Plot of radiation pattern for a helical
antenna operating in normal-mode.

sion of belix #1 and figs. 16-18 were computed with the
dimension of helix #2. The computed results have a slight
frequency shift. One explanation could be that the helical
structure generated for computation has a slightly smaller
diameter than the actual helix. These helices were simu-
lated by choosing thin wire expansion as the basis func-
tions. The helix was constructed with short and straight
segments joined together. In this experiment, 8 segments
per turn were used and were inscribed. In general, the
agreement of both were within the uncertainties of the
experimental setup.
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Fig. 13. Comparison of return loss computed with MMP
to measurements for a helical antenna operating in
normal-mode. The dimensions of this helix are: n=10,
D=7.34mm, 2a=0.76mm and h=50mm.
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Fig. 14. Comparison of voltage reflection coefficient
computed with MMP to measurements for a helical
antenna operating in normal-mode. The dimensions
of this helix are: n=10, D=7 34mm, 2a=0.76mm and
h=50mm.
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Fig. 15. Comparison of VSWR computed with MMP

to measurements for a helical antenna operating in

normal-mode. The dimensions of this helix are: n=10,
D=7.34mm, 2a=0.76mm and h=50mm.
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Fig. 16. Comparison of return loss computed with MMP
to measurements for a helical antenna operating in
normal-mode. The dimensions of this helix are: n=10,
D=7 34mm, 2a=0.76mm and h=100mm.
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Fig. 17. Comparison of voltage reflection coefficient

computed with MMP to measurements for a helical

antennag operating in normal-mode. The dimensions

gf t}'z& helix are: n=10, D=7 34mm, 2a=0.76mm and
=]00mm.
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Fig. 18. Comparison of VSWR computed with MMP
to measurements for a helical antenna operating in
normal-mode. The dimensions of this helix are: n=I(),
D=7 34mm, 2a=0.76mm and h=100mm.



5.5 Inverted-L (ILA) Configuration
The last test case is the Inverted-L or LA configura-
tion. An Inverted-L antenna configuration is shown in fig.

19. In this configuration, & < A,/4 and f, varies with k for a
given length I+ of wire.

T

Feedpoint h

» |
\ Ground Plane /

Fig. 19. An Inverted-L configuration,

Fig. 20-22 show comparisons of impedance character-
istics between computed and measured results for an ILA
antenna of the following dimensions:

h = 65mm
1 = 80mm
2a = 148mm
0.0
&0 Moasured
=10 =t MMP
<20

Return Loss indB
A
[=]

at
500
Frequency in MHz

-8.0-“"""" b
300 400 500 700 800

Fig. 20. Comparison of return loss computed with
MMP 10 measurements for an Inverted-L. wire antenng
of I=80mm, h=65mm and 2a=1.48mm.
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These plots show close comelation between measure-
ment and simulation, even for dQfdw, where Q is the reac-
tance of the input admittance and o is the angular
frequency. Fig. 23 shows the computed return loss versus
frequency plot of varying height & by keeping everything
else constant From the plot, the resonant frequency
increases with decreasing height k and the return loss
improves with increasing height.

800
1 &8 Re{Measured;
500

-0 Im{Measured}
++ Re{MMF}
400 | 25 m{MMF}

Input Impedance in Ohms

oo el PO U T T I
300 400 500 600 700 800
Frequency in MHz

-2

Fig. 21. Comparison of input impedance computed
with MMP to measurements for an Inverted-L wire
antenna of I=80mm, h=65mm and 2a=148mm.
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Fig. 22. Comparison of VSWR computed with MMP

to

measurement for an Inverted L wire antenna of

{=80mm, h=65mm and 2a=1.48mm.
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Fig. 23. Return loss of Inverted L wire antennas
computed with MMP for I=80mm, 2a=1.48mm
and varying h of 30, 50, 65, 80 and 100mm.

88

6.0 Conclusions

All results are in good to excellent agreement with
measured or otherwise published data. Explanations for
the various differences could not be provided in all cases,
especially as the published dati does not quantify uncer-
tainties of the computed or measured values. Although the
range of uncertainty can be assessed by 3D MMP for other
types of problems [Kuster & Balzano, 1992, Kuster,
1993), such an assessment was not possible in this case.
This is mainly due to the problem of possible error propa-
gation along the wires. However, assessments of the
uncertainties should now become possible by the recently .
mmplemented line multipoles which enforce current conti-
nuity even along curved wires.

In conclusion, these studies have revealed the excel-
lent potential of 3D MMP for antenna simulations. This
has encouraged us to start a project to develop a specific
CAD tool based on 3D MMP for analysis, synthesis and
design of antennas,
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