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ABSTRACT

A mobile terminal antenna array for satellite communications in the L-Band is

designed and investigated numerically and experimentally.

Ten- and twelve-element conical patch array configurations were numerically
simulated and optimized for modified MSAT design guidelines. The arrays yielded an
absolute gain of 10 dBic over the required elevation region by adjustment of the coni-
cal tilt angle. Complete azimuth coverage was obtained by generating two beams per
three active elements with the utilization of a 45 degree phase shift, relative to the cen-
tral element, to each of the two outer elements. A feed network and the beam position
control, as well as the numerical and experimental results for the element’s input

impedance, complete the presentation of the development of a suitable array.

In the experimental investigation, a 10-element array configuration was con-
structed and losses due to the feed network and terminal mismatch were measured to
be 3.26 dB. The array’s radiation characteristics were observed for three different ele-
ment dimensions and data concerning the beam peak gain, location, and field ellipti-
city, is presented. The influence of the patch-edge to ground plane distance, in combi-
nation with different ground plane sizes, is noted and recommendations for future
experiments are given. Absolute gain patterns are also generated from the experimental
rotating linear patterns and are compared to numerically generated results showing

suprisingly good agreement.
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CHAPTER 1

INTRODUCTION

1.1 Background and Purpose

Since 1980, Canada has taken a leading role in the investigation of a satellite sys-
tem which will provide fixed, semi-portable and mobile communications to all of
Canada including the 200 mile offshore limits. Approved and partially funded by the
Canadian Government, the system will improve and in some cases establish communi-
cations to isolated rural and remote communities. Moreover, the business aspect of the
system is forseen to be economically attractive in complementing current cellular

mobile communications in the lower latitudes with many added benefits.

A satellite communication system employs a different band of frequencies for
transmit and receive over a vast geographical region. In contrast, a cellular mobile
communication system reuses a limited range of frequencies over discrete subdivided
regions known as cells with the level of isolation between cells determined by the cell
size and the transmitter power level. As a result, from the mobile antenna design
standpoint, the only stipulation enforced on the cellular system design is for the
antenna to have omnidirectional coverage. Hence, a single element such as a mono-

pole whip or loop, which is fairly inexpensive and simple to construct, can be used.

The mobile antenna for the satellite based communication system, on the other
hand, must meet many more performance specifications than simple omnidirectionality.
The directivity of the antenna, for example, must be large in the high latitude regions
since the satellite will be located in a geosynchronous orbit above the equator. As well,
the satellite will have limited resources as to antenna size and transmitter power. Thus,

a single antenna element will normally not provide the required gain to establish the
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proper communication link. An array of discrete elements must therefore be configured

to meet the requirements.

The purpose of this thesis is to present an antenna array configuration which will
perform up to reasonable design standards set on the mobile terminal antenna for the
MSAT (Mobile Satellite) program and in addition be of a fair size and inexpensive to

fabricate.
1.2 Review of Existing Antenna Designs for MSAT

The fact that an array of elements is required for the mobile ground station
antenna has been somewhat justified in the previous section. Further defense comes
from the fact that more than one satellite may eventually be placed in orbit for this
service. As a result, the antenna would have to have the ability for satellite discrimina-
tion, a characteristic that an omnidirectional single element lacks. The task that
remains, then, is to determine the type of individual element to use and design an

appropriate array configuration.

During the Phase B studies of the MSAT program, the push for a mobile terminal
antenna began. Since the MSAT program was still in its development stage at that
time, several single element radiators were considered as possible candidates These
included the drooping crossed-dipole, the four-arm conical log-spiral, and the backfire
quadrifilar helix antennas. Butterworth [1] studied these three types and presented
experimental data on their performance in the UHF band. The results showed that each
radiator had most of the required characteristics, but at the expense of a bulky physical
structure. A low profile antenna, the microstrip patch, was another possible candidate
that was studied. Shafai and Kumar [2] presented data for a circular patch operating in
different modes. Broadside radiation resulted with dominant mode excitation while the
excitation of the higher order modes caused the main beam to shift off the axis to the

lower elevation regions. They concluded that the antenna was an excellent candidate
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if improvements could be made to its narrow frequency bandwidth.

Based on some of the single antenna elements mentioned, several antenna arrays
have been proposed. One in particular, the planar circular patch phased array, is
perhaps one of the best practical designs for a mobile antenna because of its planar
profile. Several authors [3], [4], and [5] have studied the array and have presented data
on its performance. The design by Shafai et al [5] is perhaps the best analyzed and
tested since all mututal coupling effects were included in the analysis. The experimen-
tal results show that the array meets most of the performance specifications up to an
elevation angle of 60 degrees from the zenith axis. Beyond 60 degrees, the gain of the
antenna decreases rapidly. For U.S. coverage, this is acceptable, but will not meet the
Canadian specifications where the coverage area must extend down to 65 degrees. The
array also requires an elaborate and hence expensive feed network. Expensive refers to
the cost of the network with respect to today’s state of the art of the required com-

ponents. In the future, these costs will undoubtedly decrease.

A drooping dipole phased array was also studied and tested. Neilson [6] presented
simulated results for a numerically optimized antenna array and concluded that a six
element array of crossed drooping dipoles would provide the required gain, polariza-
tion and beam steering capabilities for the MSAT system. Jacob and Feuer [7]
presented the experimental results for such an array, but one comprised of seven
drooping dipoles. The radiation patterns for the 820 - 870 MHz band showed a peak
gain which fell between 45 degrees and 90 degrees off zenith. Noted was the fact that
the axial ratio was very sensitive to the operating frequency as it increased well
beyond the 3 dB threshold. Perhaps the drawback to the array is its size. The height of
each element was stated as 0.56 A, or 10.6 cm in terms of the L-Band midband fre-
quency of 1.6 GHz where the wavelength is 18.75 cm. Combined with its total surface
area, the array turns out to be quite massive, and hence impractical for most mobile

vehicles.
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Recently, Milne [8] presented a 17- element monopole switched array. Unlike
phased arrays which require an elaborate feed network with multi-bit phase shifters, a
switched array simply uses one or two diode-type switches to control the excitation of
specific elements. The proposed design is ingeneous in that it uses the monopole ele-
ments as both active and passive devices. The passive elements form a parabolic
reflector in front of the active one. This results in a directional scattering of the energy
to the appropriate elevation regions, while the switching control to adjacent elements
produces the required azimuthal coverage. Moreover, the array has two beam states,
for the low and high elevation regions, and apparently has a peak gain of approxi-
mately 10 dBi. It is not indicated whether this gain is absolute or if it is the true gain
at the receiver terminals. In addition, the array is designed to receive linearly polarized
energy. Hence, the signal power received will be 3 dB less since the incident signal
from the satellite is circularly polarized. This is a drawback, but in respect to the
polarization diversity which is required by a circularly polarized antenna, the linearly
polarized array need not distinguish between the right and left handed circularly polar-

ized signals. Consequently, its feed network will be less complicated.

As far as other array designs for the required application, it is worth mentioning
that mechanically steered arrays were also considered. However, the disadvantage
about this option is that its usefullness in the Canadian harsh environment is limited.
Moreover, the array will undoubtedly be expensive to fabricate and later maintain.
Consequently, it is not a feasible option and the electrically switched or phased arrays

will be employed.

1.3 Scope

The current MSAT design goals and coverage area definitions for the mobile
ground station antenna will be presented in Chapter 2 along with appropriate

modifications to those which are not considered feasible. The word ’current’ is proper
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at this time since frequency allocations and satellite specifications have not yet been
confirmed. Chapter 3 presents numerical results for the investigation of possible ele-
ment plus scatterer configurations which were considered before a final choice for the
array element was made. The design arrangement and composition decided upon, the

conical circular patch array, will then be presented in Chapter 4.

Chapter 4 includes the theoretical analysis for the single element and derives the
far fields with definitions for the axial ratio, the co- and cross-polar field components,
and the directivity. The coordinate transformations for the purpose of referencing the
individual elements to a global coordinate system are then presented, followed by the
numerical simulations of two different array configurations in free space with two and
three element excitations. Futher simulations are presented for possible superarray
arrangements with the inclusion of additional elements. A discussion on the antenna’s
feeding arrangement and beam control are also given and the chapter concludes by
presenting theoretical and experimental values for the input impedance of the single

element.

Chapter 5 presents the experimental data obtained for the single element and a
10-element array configuration which were extensively tested for various orientations
with finite and extended ground plane sizes. The final chapter of the thesis presents a
discussion on the numerical and experimental results, and presents recommendations

for future experimentation and analysis.



CHAPTER 2

MSAT SYSTEM REQUIREMENTS
FOR A MOBILE TERMINAL ANTENNA

The first generation MSAT ground station system is based on many studies con-
cerning the spacecraft design, propagation measurements, and link simulations in sha-
dowing and fading environments. These and other studies have resulted in standard
design goals for the various components of the system. The antenna on the mobile ter-
minal is an important component in this system, and as mentioned in the introduction,
the restrictions on its performance specifications have varied since the initial system
conception and will no doubt change again. The principal reason for these changes is
the attempt to make the communication link economically viable, both for the system

manager and system user.

In this short chapter, the most recent design goals for the mobile ground station
antenna will be presented in conjunction with the performance specifications within the
region which are considered reasonable and feasible. The definitions found in this
chapter will then be used as guidelines in the determination of an optimum antenna

design.
[A] Beam Coverage and Frequency Bands

Initially, the proposed satellite was to provide coverage to both Canada and the
U.S. with four beams at the L- Band and two beams at the UHF Band. The expected
satellite footprints are shown in Fig. 2.1. The UHF band has been allocated a 4 MHz
uplink from 821 - 825 MHz and a 4 MHz downlink from 866 - 870 MHz. The L-
Band allocation occupies 55 MHz with a 1544 - 1599 MHz uplink and a 1645.5 -
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Figure 2.1: MSAT beam coverage [9]

1660.5 MHz downlink. Due to strong opposition by various cellular mobile radio
equipment producers, it is unlikely that the UHF band will be employed for the MSAT
system. Consequently, only L-Band service will be available. For this reason, the

antenna design will be based on L-Band frequency operation.

For the determination of the position of the mobile with respect to the satellite, a
pilot signal will be transmitted over the entire coverage region. This pilot will be
transmitted from the central control station and will be reflected by the satellite. It is
expected that the pilot will be at a higher power level and in addition, be at a fre-
quency very near the downlink frequency band. Hence, the antenna array feed network
design should be able to distinguish this signal and process it appropriately to scan

over the entire region.

[B] Scan Volume

For Canada wide coverage, the antenna is to have a directive beam covering the
polar region from 40 to 65 degrees, where Fairbanks, Alaska was selected as the
northern- most point, and Windsor, Ontario as the southern-most point. The azimuth

coverage should be omnidirectional. In array configurations, complete azimuth
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coverage is obtained by phasing or switching groups of elements. A three dimensional
representation of the scan volume from ¢= 0 to 360 degrees in the required elevation
region for a particular azimuth section is shown in Fig. 2.2.

i : A ZENITH AXIS (6=0)

SCAN VOLUME

AZIMUTH AXIS
> $=90°%6=90°

AZIMUTH AXIS
$:0%6:00° [
¢ =18°

Figure 2.2: Elevation scan volume for Canada-wide coverage

The section of the global sphere from 6= 0 to 90 degrees for the ¢ section from ¢ =
-18 to 18 degrees is mapped out onto a flat surface in Fig. 2.3. The contour lines show
the values of the absolute gain of the mobile antenna as would be seen from the

satellite’s perspective.
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Figure 2.3: Gain contour plot of ¢ -sectioned scan volume

[C] Antenna Gain, Ripple and the 8.0 dB Beamwidth

The gain of an antenna is equal to its directivity multiplied by its radiation
efficiency. The radiation efficiency includes the mismatch and insertion losses inherent
in the feed network of the antenna, as well as the polarization loss. By not including
these losses, the gain is equal to the directivity and will be refered to as absolute.
Including the losses gives the true or net gain of the antenna system. The minimum
required true gain at the receiver terminals is that quantity which must be achieved
over the entire coverage region. For the L-Band, a minimum net gain of 12.0 dBic
has been stipulated. This value will undoubtedly be decreased if reasénably sized and

priced mobile antennas are to be employed. Hence, a minimum required gain of 8.5
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dBic will be assumed for the work in this thesis. Assuming losses on the order of 1.5
to 2.0 dB to account for the radiation efficiency, absolute gains greater than 10 dBic
will be pursued for the worst case regions of the coverage area. Hence, peak gains on

the order of 12 dBic must be obtained in general.

The ripple value of the array is defined in the H-plane as the difference in gain of
the beam peak maximum in the corresponding azimuth plane, to the gain of the fields
in the worst case azimuth plane. This ripple definition assumes that the beam peak is
pointed directly at the satellite, and therefore provides a good picture of the beam cov-
erage in addition to an E-plane pattern. In defining the ripple as such, a design goal of
2.0 dB will be enforced with the minimum gain set at 10.0 dBic in the worst-case

azimuth plane.

Another design guideline used in the array simulation was to achieve a minimum
of 8.0 dBic over the complete elevation and azimuth regions. This value was simply
used for design aid purposes since it was more readily achievable than the required
10.0 dBic. Thus, the 8.0 dBic beamwidth characteristic provided yet another picture of
the radiation characteristics obtained from each array arrangement and determined

whether a particular array configuration had the potential for further analysis.
[D] Polarization and Impedance Bandwidth

The antenna must discriminate between right and left hand circular polarization in
a switchable configuration. This is evident from Fig. 2.1 where each adjacent footprint
is oppositely polarized. This polarization scheme produces the required isolation
between the footprints. The design goal for the axial ratio, which is the measure of the
ellipticity of the received fields, is 3.0 dB. That is, the ratio of the cross- to co-polar

field components received should be no greater than 17 %.
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The impedance bandwidth of the antenna is required to be on the order of 7.5 %
to comfortably include uplink, downlink and pilot signals. What this _fgc:ans is that the
antenna should be matched to 50 Q over 7.5 % or 120 MHz of the L-Band centered
about 1.6 GHz. This matching is discussed in the section on input impedance in
Chapter 4.

[E] Physical Size and Cost Considerations

Two other design considerations inherent in the development of a suitable antenna
are the physical dimensions and expected costs of fabrication. The antenna must be
suitable for placement on all mobile vehicles from automobiles to planes. As well, the
antenna must be reasonably inexpensive to manufacture, for as mentioned earlier, the

communication link must be economically attractive to the user.
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CHAPTER 3

SINGLE ELEMENT CONFIGURATIONS

3.1 Introduction

The initial work towards finding a suitable antenna configuration for the MSAT
application involved the use of existing software to model the antenna and then to
examine the resultant far field patterns. The Numerical Electromagnetic Code (NEC)
program, which is based on the EFIE, MFIE, or a combination of the two, and the
ROT2 program, which is based on the EFIE, were the two tools used in configuring
possible single element radiators which could be later arranged in array fashion. Wire
mesh structures over an infinite ground plane were used to model the elements with
NEC, while rotationally symmetric conducting geometries over finite ground planes

were modelled with ROT?2.

This chapter describes several types of antenna geometries and presents examples
of the numerically generated far field distributions for most of them. The far field E-
plane elevation pattern and the antenna’s directivity were the only characteristics con-

sidered at this particular stage in the development.

3.2 The Slotted Cylinder

It is well documented that an axial slot on a narrow cylinder produces a broad
endfire pattern and that an array of these slots produces a directive endfire beam. Jor-
dan [10] , shows these results for a center-fed slot, 0.75 A in length ona cylinder in
free space. Based on the pattern, it was conjectured that an axially slotted cylinder

placed above a ground plane and excited at its top end would result in a beam with a
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peak off zenith. The slotted cylinder with an appropriate excitation is shown in Fig.

3.1 as it was modelled for the NEC program.

Exicitation

Source

[ Attached to the

Ground Plane

Vs .
7 Slot Wldth\\

&

Figure 3.1: The cylinder with axial slot as modelled for NEC

Since the field distribution across the slot is ¢-directed, electric currents exist
along the periphery of the slot, as well as azimuthally around the cylinder. To deter-
mine the radiated fields directly in front of the slot, the electric field distribution over

the slot can be replaced by an equivalent magnetic current source. For an equivalent

magnetic source, %— in length above a ground plane, the corresponding image will also

be % in length below the ground plane, but directed in the opposite direction.

Based on the complementary structure, the far field directly in front of the slot,
would be horizontally polarized and would have a pattern variation of the following

form,

T cosO

P(Ey) = A tan6 [1—cos( )] (3.1

This variation generates a far field peak maximum at 6 = 45 degrees with nulls at 0
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and 90 degrees. The numerically generated results are in agreement vgith this pattern
variation only for the smaller sized cylinders. The results for the largéxl sized cylinders
deviated from the predicted patterns. The slotted cylinders considered had slot widths
from 3 to 30 degrees, diameters from 0.125 A to 1.0 A and a vertical height of 0.25 A.

For cylindrical diameters less than 0.2 A, a beam peak maximum at 6= 45 degrees
was obtained. As the cylinder diameter was increased beyond 0.2 A, the beam peak
shifted towards the zenith axis and for large cylindrical diameters, i.e. D = 0.5 A, the
beam peak relocated behind the slot. This result was linked to the modelling of the
the slot itself, as nothing prevented the energy to radiate in the opposite direction (the
distance to the cylinder back wall from the slot is larger for the larger diameters).
Semi-circular and square mesh cavities were modelled in behind the slot, but the
energy in the backward direction continued to be greater than that in the forward direc-
tion. Furthermore, for the smaller cylinders, it was noted that much more energy was
radiated to the sides of the slot rather than directly in front of it. Thus, it seems that
the azimuth currents along the diameter of the cylinder are much larger than the
equivalent magnetic current source. This result is noted since it could affect the perfor-
mance of an array of these axial slots when configured around the cylinder. Several
field patterns are shown in Fig. 3.2 for a slot width of 6 degrees, a height of 0.25 A

and for various cylinder diameters.

3.3 The Cylinder as a Scatterer

A source radiating in the presence of an infinite conducting cylinder in free space
is one of the most common scattering problems studied in electromagnetics [11].
Configuring a finite cylinder above a ground plane and using horizontal dipoles and
vertical monopoles as the excitation sources complicates the analytical analysis consid-
erably. It is known, however, that this type of arrangement increases the directivity of
the far field [12]. It was on this premise that a numerical investigation was undertaken

to generate the far field patterns for this geometry.
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Figure 3.2: Patterns for Axially Slotted Cylinder of Various Diameters

3.3.1Horizontal Dipole Excitation

A horizontal %— dipole is placed in front of a cylinder of height —Z’i mounted on a

ground plane as shown in Fig. 3.3. The solid cylinder was once again modelled as a
vvvvvvvvv mesh structure when NEC was employed for the infinite ground plane analysis. The
dipole consisted of seven wire segments with the central segment excited. With ROT2,
the cylinder was generated as a rotationally symmetric conducting contour, and an
extended lip was modelled to simulate a finite ground plane. The exciting dipole
source also consisted of seven short wire radiators, but here, each segment had a

specific amplitude and phase associated with it, such that the total excitation would

simulate a cosinusoidal current distribution.
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Figure 3.3: Horizontal dipole excitation of the cylindrical scatterer

For the infinite ground plane analysis, in absence of the cylindrical scatterer, it
was found that the peak of the far field occured at 8= 0 degrees. The directivity was
high for dipole positions near the ground plane and decreased rather quickly as the

dipole was moved farther away, causing the pattern to broaden substantially.

With a cylindrical scatterer, %— long, placed in front of the excitation source, the

far field pattern directivity increased and the peak gain occured at an elevation angle of
0= 20 degrees for dipole locations near the cylinder. The fields were horizontally linear
polarized in the plane normal to the dipole. Off the normal, the fields were elliptically
polarized approaching vertical linear polarization in the plane parallel to the dipole.
The gain increase with the added scatterer was 1 dB for dipoles situated near the
ground plane and up to 2.0 dB for other positions. The distance of the dipole from the
cylinder, then, determines the peak location, where the upper bound was found to be at
0= 20 degrees, while the dipole location above the ground plane determines the value
of the peak gain. Table 1 summarizes the optimization of the dipole location for the

infinite ground plane.
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Table 1: Results for the horizontal dipole excitation of a cylinder

Distance Above | Distance From | Peak Polar
Gnd. Plane (d1) | Cylinder (d2) | Gain | Angle 6
A A (dB) | (degrees)
0.055 0.12 9.39 20.0
0.1 0.025 8.99 20.0
0.1 0.12 9.3 20.0
0.125 0.05 9.1 20.0
0.125 0.1 9.23 20.0
0.125 0.3 9.21 15.0
0.125 04 9.27 10.0
0.125 0.6 9.5 0.0
0.185 0.12 8.95 20.0

The dipole location was also optimized for a finite ground plane configuration.
Without the cylindrical scatterer, the finite ground plane had no effect on the beam
peak location, only on the field magnitude. Including the scatterer and a finite ground
plane of radius 2.0 A, the peak of the pattern shifted down to 8= 30 degrees. This was
true for dipole locations from 0.1 to 0.225 A above the ground plane, but for distances
less that 0.1 A, the beam peak shifted back up to 6= 20 degrees, as for the infinite
ground plane configuration. Figure 3.4 shows the comparison of the field patterns for
finite and infinite ground planes. The diameter of the cylinder is 1.2 A, the distance of
the source from the cylinder is 0.12 A, its distance above the ground plane is 0.1 A,

and the finite ground plane radius is 2.0 A.

It should be noted that an attempt was made to shift the beam peak to a lower
elevation angle by placing a parasitic dipole of equal length directly above the active

dipole. This simulation was performed with the infinite ground plane and NEC. The
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Figure 3.4: Field patterns for finite and infinite ground planes

due to the horizontal dipole excitation of a cylinder

results obtained showed that the beam peak did indeed shift, but towards zenith, not
towards azimuth. The other interesting result was that the gain increased by 2 dB over

the results without the added element. Table 2 lists some of these results.

3.3.2 Vertical Monopole Excitation

I . A
The second type of excitation used for the cylindrical scatterer was the 7 mono-

pole. For infinite ground plane analysis, the geometry becomes that of a %— vertical

dipole in front of a finite cylinder of the same length in free space. The geometry is

shown in Fig. 3.5.
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Table 2: Results with parasitic element above active dipole

Distance of Distance of Distance of Peak Polar
Dipoles from Active Dipole Parasitic Dipole Gain | Angle 6
Cylinder Above Grd. Plane | Above Grd. Plane
) ) ) (dB) | (degrees)
0.26 0.055 0.24 11.07 10.0
0.26 0.100 0.24 11.10 10.0
0.26 0.150 0.24 11.12 5.00
0.26 0.180 0.24 11.20 0.00

- Monopole

)

Figure 3.5: Vertical monopole excitation of a cylinder

For infinite ground plane analysis, the monopole was broken down into 5 seg-
ments. The bottom segment was excited causing a cosinusoidal current distribution. In
the absence of the scatterer, the beam peak occurs at 8= 90 degrees as expected with a
peak gain of 5.17 dB. With the scatterer in place, the directivity increases and the

beam peak remains at 6= 90 degrees. The peak gain increases by as—much as 3.3 dB
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for a dipole distance of 0.12 A from the cylinder. Table 3 summarizes the results for

various monopole locations.

- -

Table 3: Results for monopole excitation over infinite ground plane

Distance of Beam Polar
Monopole from | Peak | Angle 0
Cylinder (A) (dB) | (degrees)

0.12 8.44 90.0
0.20 8.17 90.0
0.26 7.46 90.0
0.36 5.30 90.0

For a monopole above a finite ground plane without a scatterer, distortion in the
form of a shift in beam peak towards zenith occurs. In [13], the authors present results
for a conical monopole above finite ground plane disks. In particular, for a ground
plane radius of 1.5 A, the peak of the pattern is shown to be at 8= 45 degrees. The
ROT2 program was used to verify these results. For a ground plane radius of 1.0 A, a
beam peak at 6= 40 degrees was obtained, while a radius of 1.5 A produced a beam
peak at 8= 80 degrees. Hence, the dipole must be located between 1.0 and 1.5 A away
from the ground plane edge in order to obtain a beam peak at the required 8= 60

degrees in elevation.

For a cylindrical scatterer of radius 0.6 A placed at the center of a finite ground
plane of radius 2.0 A, appropriate positions of the monopole can produce a beam peak
in the required elevation region. The directivity of the beam has increased consider-
ably for monopole positions near the cylinder and decreased as the monopole was
shifted farther away. Beam peaks at 6= 60 and 6= 65 degrees were obtained when the

monopole distance from the cylinder was increased from 0.12 to 0.25 A. Figure 3.6
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presents the far field patterns for the infinite and finite ground plane results for a
monopole placed 0.2 A in front of a cylinder of diameter 1.2 A and with a finite

ground plane radius of 2.0 A.
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Figure 3.6: Field patterns for finite and infinite ground planes

due to the vertical monopole excitation of a cylinder

3.4 Variations of a Scatterer with Monopole and Dipole Excitations

The ROT2 program was further employed for the modelling of two other rota-
tionally symmetric scatterers, namely a truncated cone and an angular corner reflector.
Both scatterers are geometric extensions of the cylindrical reflector as they are flanged
in either a positive or negative angle. This section briefly summarizes the resultant far

field distribution when vertical monopole and horizontal dipole excitations are used.
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The conical structure cross-section , as modelled with ROT2, is shown in Fig. 3.7

for both types of excitation sources. - -
o )\/ -Vertical Monopole
})ﬁ- Horizontal Dipole 4 L

- Excitation

Excitation 2

Rotationally Symmetric

Contour
Figure 3.7: The conical scatterer with horizontal dipole and

vertical monopole excitations

A conical scatterer was employed to examine the anticipated shift in the beam peak for
the horizontal dipole case. For a ground plane radius of 1.5 A, the beam peak occured
at 0= 15 degrees, a shift towards zenith by 5 degrees when compared to the cylindrical
scatterer result. The field was very broad over the entire elevation region indicating
poor directivity. The vertical monopole excitation, on the other hand, produced a beam
peak at 6= 55 degrees when the same geometry was used. The resulting field distribu-
tion was nearly identical to that of the cylindrical scatterer result, with the exception of
a shift of 5 degrees in the beam peak location. Figure 3.8 shows the field distribution
for a conical tilt of 45 degrees, a ground plane radius of 1.5 A, a horizontal distance of
0.12 A to the excitation source location, and a distance of 0.1 A for the location of the

horizontal dipole above the ground plane.
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Figure 3.8: Far field patterns for a conical reflector due to

horizontal dipole and vertical monopole excitations

The angular comner reflector was also considered since it is known that corner
reflectors increase the directivity of the far fields for both horizontal and vertical dipole
excitations. It was anticipated that, in addition to increasing the directivity, the angular
corner geometry would also cause a beam peak shift for the horizontal dipole excita-

tion. The cross-section for this geometry is shown in Fig. 3.9.

A corner angle of 45 degrees and a ground plane radius of 2.0 A was chosen for
the analysis. The beam peak for the horizontal dipole excitation did indeed shift
towards azimuth. The shift, for several dipole locations, was only 5 degrees from that
of the cylindrical scatterer, as the beam peak was found to be at 6= 25 degrees. The
monopole excitation was also simulated for comparative purposes. The beam peak
turned out to be located at 6= 50 degrees, 5 degrees less than that for the conical

scatterer. The major difference was that the field strength for the corner reflector was
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Figure 3.9: The angular corner reflector with horizontal dipole and

vertical monopole excitations

much stronger over the elevation region, as expected, indicating a better directivity.

Figure 3.10 shows the resultant far field patterns for the two excitations.
3.5 Discussion

Based on the numerical investigations, several conclusions were made regarding
the feasibility of the various antenna configurations for their use as a mobile terminal

antenna. This section briefly describes these conclusions.

First of all, a circularly polarized field of sufficiently high gain is required. None
of the geometries considered produces a circularly polarized field with a single dipole,
monopole or slot excitation alone. A combination of these excitations would have to
be employed to achieve the required result. The gain requirement, on the other hand,
would not be that difficult to achieve since most of the configurations ilave sufficiently

high gain, with the exception of the slotted cylinder. Hence, an array of the exciting
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Figure 3.10: Far field patterns for an angular corner reflector

due to horizontal dipole and vertical monopole excitations

elements should produce the required amount of gain.

The problem anticipated in the array analysis for the geometries considered is the
placement of the horizontal and vertical excitation sources when a finite ground plane
is employed. This was apparent from the peak pattern shifts for the various ground
plane radii. For the mobile configuration, the size of the ground plane may not be a
variable design parameter since it is determined by the roof size of the vehicle. Hence,

the control of the beam peak location by this variable could not be taken advantage of.

The monopole excitation for the various scatterers produces the best results in
terms of the directivity of the far fields and hence has good potential for further array
analysis. The horizontal dipole excitation on the other hand, needs to be analyzed

further, since the current configuration does not produce the required far field pattern.
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The slotted cylinder configuration also has potential for further analysis but it is antici-
pated that the array may not have the required gain. ;n

The configuration which would have the best potential for further analysis would
be that using the conical scatterer with an appropriate excitation. The term ’appropri-
ate’ is used since the horizontal dipole excitation did not produce the required beam
peak location and since the vertical monopole resultant beam peak orientation produces
a linearly polarized field whose beam peak is dependent on the ground plane size. If a
source could be placed parallel to the surface of the cone, and if this source could
radiate a circularly polarized field in a broadside direction to the conical surface, the
aforementioned problems are rectified. This premise lead to the selection of a circular

microstrip patch antenna, operating in its dominant mode, and placed on a conical sur-

face.
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CHAPTER 4

THEORETICAL ANALYSIS AND PERFORMANCE
OF THE CONICAL PATCH ANTENNA

4.1 Introduction

From the studies performed in Chapter 3, and with the knowledge of the types of
single elements previously proposed, the circular patch microstrip antenna was selected
as the array element for the mobile antenna. The decision was based on a number of
factors, some of which are not immediately obvious. The primary reason for choosing
the patch, however, is the ease with which a beam peak can be generated in the
desired elevation region. The radiation pattern of the single patch for dominant mode
excitation in combination with a conical supporting structure will produce a beam peak
at an elevation angle corresponding to the tilt of the cone. Also, unlike the other sin-
gle element types studied, which produce either a vertical or horizontal linearly polar-
ized field, the circular patch can be excited to produce a circularly polarized far field.
This, in conjunction with its simple geometry, and the fact that a simple feed network

can be used, further justifies the choice.

The first three sections of this chapter present an analysis for the single element
antenna based on an enhanced cavity model approximation. Included in this analysis
is the derivation of the far fields due to two excitation probes. Definitions for the axial
ratio, co- and cross-polar components and the directivity of the far field are presented.
Coordinate transformations are then generated for an array configuration which can
include any number of patch elements in any position. Sections five to seven present

the numerical results for the array analysis. This analysis covers two and three active
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patches for ten and twelve element configurations. Variations of the geometry are then
presented for possible superarray configurations to generate higher gaihs. The eighth
section of the chapter then discusses the feeding arrangement and syst;a;n control of the
array and the chapter concludes by presenting the theoretical and experimental calcula-

tions for the input impedance of the single element.
4.2 Enhanced Cavity Model Analysis for a Circular Patch

Many methods have been developed for the analysis of microstrip antennas. The
analysis for some of these methods is very straightforward, while for others, very com-
plex. The complexity of the techniques results from the various degrees of approxima-
tion made in the modelling of the problem. Bahl and Bhartia [14] present several of
the current methods employed. One of the simplest is the cavity model technique.
This analysis applies to cavities with ideal open circuit boundary conditions or zero
aperture wall admittance and therefore assumes an equivalent magnetic current ring as
the only radiating source. In reality, the cavity walls have a finite admittance due to
the radiated power. This effect can be modelled by an additional equivalent electric
source at the cavity aperture. By complementing the cavity model analysis with this
additional equivalent electric current source, the resultant enhanced cavity model tech-

nique predicts the far fields very accurately.

The circular patch geometry for the cavity model analysis is shown in Fig. 4.1.
The patch becomes a cylindrical cavity with electric walls on the top and bottom and
magnetic walls on the periphery. This model results from the assumption that the sub-
strate is electrically thin, i.e. h < 0.1 A, and that only TM fields are dominant in the
cavity with the electric field invariant in the z-dimension.

In the analysis, only the solution for the dominant cavity mode is considered.

Thus, an excitation source is not explicitly included since for a given excitation, only

the particular mode excited will be responsible for the majority of the radiation. Kishk
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and Shafai [15] studied the effect of the feed position on the excitation efficiency of
the dominant mode. Their results show that for any feed position, the maximum rela-
tive power of the dominant mode is always at least 24 dB greater than the next excited

mode.

Z

4 P(x,y.2)

ey

NN plowi) 1y
T/ N/
Electric Magnetic
Walls X Walls

Figure 4.1: The circular patch antenna geometry

Assuming time harmonic fields, the time variation represented by &' will be
implicit in all of the following analysis. The boundary value problem considered is

defined as follows:
(V2+k2)E, =0, O<p<a, 0<d<2r, O<z<h 4.1

subject to, AxH = 0 at p= a where,

f =4,
kdz=(02uo£o€r,
1 & ) 1 &
Vis— —(p )+ = —.
p op P " p? 802

The separation of variables technique is now employed to generate two Sturm-
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Liouville systems, one for the ¢-variable, and one for the p-variable. The Sturm-
Liouville system for the ¢-variable is periodic with symmetry about ¢$=0. The
Sturm-Liouville system for the p-variable turns out to be Bessel’s differential equation.
The general solution to the problem is then the product of the two general solutions,

namely

G D, |, Som Tom
E,(p,0,2) = [7; cos nd + —;];C— sinnd ][ N Ja(kpmpP) + N N, kymp)]
n>0,m>0 4.2)

where C,, D, S, and T, are constants and N, is a normalizing factor. Applying
regularity conditions for symmetric and bounded solutions, i.e. for ¢ =0 and p=0, the

solution for the vertical field E, becomes,

o
E, (0.0.2) = 7%-13— cosnd J (k,,p) n>0,m>0 (4.3)

where, C = a constant, and

N,= a normalizing factor for the Bessel function, where

n

Knm

The final step in the solution process to determine the eigenvalues k., involves the

2 2
NZ=[ P UlkmPPdp = Z1P~(E) ] (k]
0

application of the boundary condition,

SE
! — =0 at p=a

axﬁ=0 or -
P jop, 8p

Performing this partial derivative on (4.3) results in the following eigenvalue equation,
J (k2 =0 4.4)

Hence, the problem will have a solution at each zero m of the derivative of the Bessel
function of order n. These define the possible modes of operation of the circular

microstrip patch antenna whose relative magnitudes are determined by the excitation
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source. Equation (4.3) in conjuction with (4.4) defines a solution to the stated prob-
lem. -

As stated earlier, the far fields will be comprised of the fields due to an
equivalent magnetic source and an equivalent electric source. The equivalent magnetic

source is obtained by applying the boundary condition

M = f—(ﬁzxn) , =8, atp=a
(8]
which yields, M =M,8, = 2EJ,(kyn)cosnd &, (4.5)

here E = and C is an arbitr constant. The equivalent electric source is
Where L, 7;1\1—11 ary ¢q
obtained in a similar fashion to (4.5) but replaces the magnetic field at the patch peri-
phery. It is obtained by applying the following condition
7=2(ﬁxﬁ) ,ﬁzép, atp=a
yielding, T=1J, 4, =2H, &, and H, =y, E, at p=a such that
J, 8, = = 2y,EJn(kppp)cosnd (4.6)

where y, is the boundary wall admittance of the cavity. This quantity can be obtained
from either the far field quantities as defined by Shen [16]} or from the near field quan-
tities as defined by Bhattacharyya [17]. The expressions from the latter reference were
employed since numerical data for y, = g, + jb, was available. As given in [17], the

expression for the wall conductance for the n™ mode is

2n
= 5] o

s(no) 2,0 : _
= o, [(14cos?( > )) (sin(kr) — krcos(kr)) +

B

- kzrzsinz(%)sin(kr)] do, @.7)

.o .
where 1 = 2a sin > and k is the free space wavenumber. The susceptance, b,, for

electrically thin substrates was also obtained from [17] and is given for the n? mode
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n2

b, = weggAa(l — ——) - 4.8)
kgags

where, Aa = a4 —a=a (V(1+A)-1)

and, A=2

h a h
rea [ln(%) + er(1.41+0.268;}+3.42]

Here, a.g is the effective radius of the patch, and g is the relative dielectric constant

of the substrate.

The electric and magnetic vector potentials can now be appropriately generated
from the equivalent magnetic and electric sources, respectively. In the far field, only
transverse field components exist, that is, transverse to the radial direction of propaga-
tion. Hence, the two transverse field components are determined in terms of each of

the vector potentials by,
BJ =—jkFor  E§ = jolloAg
E§' = jk,Fo, Eg=0
where F, and Fgy are the electric vector potentials and Ag is the magnetic vector
potential. The total far fields are simply the summations of the respective components.

Appendix A presents the definitions for the vector potentials along with the derivations

of the transverse components for a general TM,,, mode excitation.

For dominant mode excitation, n=m=1, the eigenvalue equation yields a value of
kyja= 1.84118 for its argument and the expressions for the far fields, as derived in

Appendix A become
Ed 1,8,0) = £(0) & cosd 4.9)
and, E}(1.8,0) = g(®) ¢™ sing (4.10)

where
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o ik

f(8) = Ek hal,(k,a) [ NyJ;(k,asin6) sin@ + . -

r
%[ Jo(k,asin®) — J (k,asinB) ] ]

and,

i g Ik
g(0) = — jE k hal,(k;;a)

. [ Jo(k,asinB) + J,(k,asinB) ] sinb

and where o; is the phase excitation of feed #1 and m is the free space impedance.

As was discussed in the solution process of the boundary value problem, a sym-
metrical excitation was implicitly assumed at ¢=0 degrees. The far field expressions
(4.9,4.10) are superscripted with a 1 to indicate this particular excitation position. If
one were now to excite the patch at a similar position, but rotated by 90 degrees, the

new phi axis corresponds to the y-axis of the previous problem. Hence, ¢ can be
replaced by ¢ - % and the following expressions for the far fields due to the second
excitation are generated as

Ed = f(0)singe™ and, EZ = - g(6)cosp ™™

where ; is the phase excitation of feed #2. The expressions for the total fields due to

the two types of excitation sources can then be obtained from their sum as,
E$ = £(0) [cosdp & + singe/™?] 4.11)
E{ = g(6) [sing &™—cosd &7 (4.12)

By introducing a phase shift of 90 degrees between the two excitations, a circularly
polarized field results. This is explicitly shown when o, is set to 0 and o, is set to 90

degrees, yielding

E{ = f(8)e® , and E = - j g(6)e® (4.13)
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4.3 Definitions for the Axial Ratio, the Co- and CrossfPolar Fields,
and the Directivity

- -

To discuss axial ratio, the implicit time variation el® is utilized since the far field
electric and magnetic components oscillate in time phase. The polarization of an elec-
tromagnetic field is described in terms of the direction of the electric field in space,

where at some distant point, the electric field can be expressed as
E@.0,0.1) = 6/ [Eg 8 + E, 4] (4.14)

where Eq and E, are complex quantities in general. Setting Eg = Ee' + ] Ee" and
By = E¢’ +j Eq," where each primed quantity is a real function, the real part of (4.14)

is taken to obtain the expression
ﬁ(r,G,d) D =[E ‘coswt — E "sincnt]
0 0
+ [E, coswt — E, “sinct] 4, (4.15)

The above expression has the general form of Acoso. — Bsing, and can be written in

another form as
Er0.0.0) = ke ’cos(oau 0,) o + Fq, lcos(mt +8,) 4, (4.16)

where



- 135 -

Now, proceeding in a fashion as described by Elliot [18] to determine the axial
ratio, the magnitude of (4.16) is obtained and then its time derivative.is taken and set
to zero so that its extremum can be found. The resulting extremum, which are
separated by 90 degrees, define the major and minor axes of an ellipse. This resulting
locus, derived from the movement of the electric vector, is known as the polarization

ellipse. It is shown below in Fig. 4.2 along with a definition for the axial ratio.

#)

B 7 OB
A 3 0 = —
\ > dy, Axial Ratio

Figure 4.2: The Polarization Ellipse

Another definition for the axial ratio may be based on the co- and cross-polar
field components. For example, knowing that the major axis of the polarization ellipse
is the combination of the two components while the minor axis equals the difference,

the definition is revised as,

co _ [X
Axial Ratio = E"-FE 4.17)
E® + E*
where, E* is the co-polar field component, and E* is the cross-polar field component.

Whether the co-polar or cross-polar field components are right or left hand circu-
lar polarized depends on which polarization the user receives. Assuming a left hand
sense as the primary polarization, the definitions for the co- and cross-polar fields are

[5],
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0 :
B = A0 445 )
and, Ex=§%@ [y - 3] (4.18)

In terms of the transverse components of 4.16,
_ 1 8, - 0,
A(e,q))—qz[kelej ] Fq)le] ]
_ 1 0, | - 0
and, B(e’q))—Vz- [FeleJ +j %q, ‘e‘ ] (4.19)

In the experimental work that will be presented in Chapter 5, the E-plane patterns
are in rotating linear form since the test antenna received fields that were generated by
a rotating transmitting horn antenna. The tops of the peaks at any arbitrary elevation
angle, represent the major axis of the ellipse as the cross-polar components add to the
co-polar ones. Correspondingly, the bottom peak represents the minor axis of the
polarization ellipse where the cross- and co-polar components are subtracting. Hence,
the ellipticity of the fields at any elevation angle is obtained directly from these rotat-
ing linear patterns as the axial ratio (in dB) is simply the difference between the top
and bottom peaks. To generate the absolute pattern incorporating only the right or left
handed circular polarization, a gain correction factor must be added to the peak gains
of the rotating linear pattern. This correction factor was derived by Sroka [19] and is

expressed as,

1
)
10 0

Correction Factor = - 3.01 dB + 20 log (1 + 4.20)

where AR= the axial ratio(dB) at a particular elevation angle. If a perfectly circularly
polarized antenna is used, the AR=0 dB and the resulting correction factor would be
3.01 dB. This correction, in conjunction with the network and terminal losses, is used

to convert the rotating linear patterns to absolute gain patterns.
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The preceeding discussion on the axial ratio and co- and cross-polar components
of the far field is important to the design of a circularly polarized mof_gile antenna. The
satellite transmitted fields are expected to be elliptically polarized with a good axial
ratio. As the fields propagate through the ionosphere, they will experience Faraday
rotation, that is, the tilt angle of the polarization ellipse will shift. The severity of this
shift will be dependent on the ellipticity of the transmitted fields. If the circular polari-
zation is poor, the amount of power intercepted by the receiving antenna is then
dependent not only upon the efficiency at which it can extract the required polarization
sense, but also on the tilt of the received polarization ellipse. If the transmit and
receive tilts match up, maximum power will be extracted, but if they are in quadrature,
mimimum power is obtained. Assuming however, that the fields incident on the
mobile antenna have an axial ratio less than 1 dB, the amount of power lost due to
mismatched tilts will be minimal and hence neglected. The design process will only

attempt to keep the axial ratio below 3 dB.

The directivity of an antenna is defined as [18],

P.(0.0)  (The radiated power density in a particular direction)

D(®,9) = P(6,0)  (the radiated power density averaged in all directions)
4.21)
where
P(.0) = %Re{ﬁwm x ﬁ(@@)}
1 * * 1

and Eg = MH, and E, = - nEy in the far field, with 1 being the intrinsic impedance
of free space (120n Q). The total radiated power is given by,

T 2% -
Pr0,0) = —] | P(6,0)%sinbdo d6 (4.23)
00

R
4nr?




- 138 -

Eso.) [+ Fo0)[
f:f?[ke(e,mr + Eq,(e,q))ﬂsine d¢do

Thus, D(6,0) = 4rn (4.24)

For the numerical results presented in this thesis, the integrals were replaced by finite

sums with AB, = 5 degrees, and A, = 3 degrees,

D®.0) = 4n355 Fe(e@) r+ Fq)(e’q))r
) Z[ (6,0) r+ Fq, (8,0) r ]sinen A8, Ad

m=1 n=1

(4.25)

4.4 Coordinate Transformations for the Array

The expressions for the far fields obtained in Section 2 were generated with
respect to a single element’s associated coordinate system. For array analysis, particu-
larly for a symmetric ring array geometry, the contribution from each element at a dis-
tant point may be summed up and expressed in array factor form. For an arbitrary
placement of the elements, on the other hand, a method based on a transformation of
coordinates is necessary in general. This latter approach was employed in generating

the fields from a conical array of circular microstrip patch antennas.

Assuming a global coordinate system at some origin (0,0,0) with respect to
several element local coordinate systems, as shown in Fig. 4.3, the method employed

in generating the total fields can be summarized in the following four steps:

[1] The position of each local coordinate system with respect to the global coordinate
system is given in terms of a pitch-yaw-roll rotation (YVp, Wy, ¥;), and a translation
(r,0,,0 ) where

Y, = the pitch angle rotation
Y, = the yaw angle rotation

\, = the roll angle rotation
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kan BY

Figure 4.3: Global-Local Coordinate System Orientations

I, = the radial translation distance
0, = the elevation translation angle
0, = the azimuthal translation angle.
The transverse far field components with respect to each of the individual

element’s local coordinates are then generated.

[2] The transverse far field components for each individual element are converted to
the local coordinate system’s Cartesian components by using the appropriate

direction cosines,
E=Eg & +E, 4,
Then for the 1 element,
Ey, &, = Eqg (8 - &) + Eq (& - &) (4.26)
= Egcosbicosd; — E, sing

Ey 8, = Eg(8 - &) + E, (4, - 2,)
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= Eqcos0;sing; + E,cos,
E, &, = Eg(8 - &) + Ey (4 * &)

= - Ee Sinel

[3] The local Cartesian components are then converted to the global coordinate
system’s Cartesian components by an appropriate translation and by a transforma-

tion matrix of direction cosines which is denoted by

G1 Q2 O3
T= OL21 (122 a/z3 (427)
O3; O3y Oa3

and whose derivation is given in Appendix B. This transformation matrix takes
into account the pitch, yaw, and roll orientation of the individual element coordi-

nate system. For instance, for the I element,

E\=E, 4, +E, % +E, 4

z %z
with,
E, &, =E, (& o &) +E, @ -2)+E, (&, - &)
= Ex;all + Eyloclz + EZXaB
E, = Ex 00 + Ey 05y + E; 003
Ezgl + E, 031 + E, 035 + E, 093
where

Q3 = COSY,COSYycosy, — sind siny,
Oy = — COSY,COSY Siny, — sind ,cosy,

03 = sinycosy,
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Qly1 = COSYLSINY,COSY, + cosd ,siny,
Oy = — COSYsinysiny; + cosd ,cosy,
O3 = sinysiny,

0Ol3) = — sinycosy,

O3 = sinypsiny,

Q33 = COS\,IIp

[4] Finally, the transverse far field components with respect to the global coordinate
system are obtained by using the appropriate direction cosines between the Carte-

sian and spherical coordinate systems as in step 2.
Eg, = E, cosBgcosd g + Ey ,€0s0gisind o — E, ,SinBg (4.28)

E, =-E, ,Sind g + Ey ,COSd (4.29)
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4.5 Ten-Element Configuration

In the design of an antenna array, there are usually four parameters that are avail-
able for variation, namely the total number of elements, the spatial distribution, the
phase excitation and the amplitude excitation. With the exception of the amplitude
excitation, which is set to unity for all elements, the remaining three parameters will

be varied in the design process at hand.

The top and side views for the ten-patch array as well as the defining parameters

of the array are shown in Fig. 4.4.

TOP VIEW SIDE VIEW

Figure 4.4: Geometry and definition of a ten-element array

In defining the geometry, various restrictions were placed on the parameter values.
First, the patch centers were spaced by 36 degrees since the ten elements span 360
degrees. Then, the minimum allowable distance from the patch center to the ground
(0= 90 degrees) denoted by y, was set to a value corresponding to the physical radius
of the patch plus twice the substrate thickness, i.e. y= a+2h. This was done to allow

the effective radiating aperture of the patch to form above the 8= 90 degree plane so
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that its primary radiation would be in the upper sphere. As well, if a ground plane is
present, the effective radius of the patch must be kept above the ground plane by a
minimal distance. In this case, the distance was twice the substrate thickness h. The
same holds true for the distance between patch centers in azimuth. In mathematical

terms, then, we have the restrictions

cosO
@)1, —-<a + 2h (i) r2 282
siny,, .
and, (iii) cosG[Ssin\up(%i) 4.30)

where ,, 6, 1, are the pitch angle, translation angle, and translation distance respec-

tively as defined in Section 4.4. The angle ¢, is the azimuth translation angle separat-
ing the patch centers and is given in radians. For 0, = —15—C~ (36 degrees), Y, = g— 45

degrees), € = 2.52, a=0.18533 A,, and h=0.0159 A, the following restrictions must
hold

8,<77.16 degrees, and r2 0.6377 A, (4.31)

4.5.1 Two-Element Excitation

The first case considered with the 10-element configuration is with two of the ten

elements radiating. For appropriate spacings, the beam peak is expected to occur at an
. : o, . . :
azimuth angle corresponding to 5 in the horizontal plane, and at an elevation angle

corresponding to the tilt angle in the elevation plane. In the simulated results, the two
elements were centered about ¢=0 so that a beam peak would occur in this plane.
Moreover, for a circularly polarized wave, one probe of each element is excited with a
zero phase excitation, while the second probe is fed a 90 degree phase excitation.

Computer optimization of the 2 element excitation was employed in an attempt to
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generate the required far field patterns. Table 4 lists the results.

Table 4: 10-Patch 2-Element excitation results

Element Translations Coverage Area Characteristics
I, 0, Peak | Polar. Max. Azim. Worst-Case Azim. | Ripple
Ay (deg.) | Gain | Angle | Polar BW (deg.) | Polar BW (deg.) | Value
(dBic) | (deg.) from to from to (dB)
0.650 60.0 | 9.020 45.0 225 67.5 250 575 0.56
0.700 65.0 | 9.270 450 20.0 70.0 20.0 60.0 0.64
0.724 71.3 9.530 45.0 16.0 74.0 18.0 62.0 0.80
0.800 70.0 | 9.700 450 15.0 75.0 17.5 62.5 0.80
0.800 77.0 | 9.810 450 14.0 76.0 16.0 64.0 0.80
0.900 75.0 10.13 450 11.0 79.0 125 65.0 0.96
2.500 77.0 10.99 450 5.00 85.0 5.0 250 7.09

For this case and for the upcoming three-element excitation, the maximum azimuth
elevation beamwidth is the 8 dBic beamwidth in the ¢ = 0 degree plane, whereas the
worst case azimuth elevation beamwith is the 8 dBic beamwidth in the ¢= +/- 18

degree planes.

With the antenna in free space and a tilt angle of 45 degrees, the beam peak for
all orientations occured at the tilt value in the expected azimuth plane, but the required
elevation coverage was not achieved for any of the configurations. The peak gain and
coverage region increased to a certain point, as the radial translation distance was
increased. However, several undesirable characteristics resulted. Besides an increase in
the physical size of the array, the ripple value increased and the elevation 8.0 dBic
beamwidth decreased causing a shift in the scan volume further out of the required

elevation region. Moreover, none of the arrangements investigated with the 2-patch
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excitation produced a large enough gain in the specific coverage area. Hence, the two-
patch excitation optimization was abandoned and three-element exciation was then

considered.

4.5.2Three-Element Excitation

The expression (4.25) determining the directivity of the antenna was given earlier
in the chapter. This gain is considered absolute since losses are not accounted for.
Since the gains produced by the 2-patch excitation for a reasonably sized array were
not acceptable, an investigation into exciting three of the 10 elements was undertaken.
Following the same procedure as for the two-element excitation, many orientations
were simulated in the optimization process to find an arrangement which satisfied the
outset goals. Table 5 lists the results for the case when each of the three elements are

in equal phase excitation.

The results show that an increase in peak gain of up to 1.5 dBic can be obtained
with the three-element excitation over that of the two-element excitation. Moreover,
the elevation beamwidths in the best and worst-case azimuth planes increased or
remained the same. The two most noticable differences were the increase in the ripple
value, and the shift in elevation angle of the beam peak. The ripple value increase
was below the maximum limit of 2.0 dB but the value of the gain at these minimum
points was below the minimum specified value of 10.0 dBic. For radial translations
less than or equal to 0.67 A, the beam peak occured at the corresponding tilt angle.
For the greater translations, which increased the array size, the beam peak shifted up
towards zenith. This shift was 5 degrees for moderate distances and up to 15 degrees
for the larger translations. The array factor influence is therefore noticed for base radii

greater than 0.93 A

The other drawback to the larger radial translations is of course the larger array

size. The size of the array, as discussed in Chapter two, is to be minimized. A
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Table 5: 10-Patch 3-Element excitation results

Element Translations Coverage Area Characteristics
T, 6, Peak | Polar Max. Azim. Worst-Case Azim. | Ripple
(7\,0) (deg.) Gain Angle | Polar BW (deg.) Polar BW (deg.) Value
(dBic) | (deg.) from to from to (dB)

0.650 60.00 | 10.10 450 10.0 72.5 10.0 62.5 0.96
0.700 65.00 | 1046 400 7.50 80.0 7.50 62.5 1.00
0.724 77.16 | 10.82 40.0 5.00 80.0 5.00 62.5 1.10
0.800 70.00 | 11.03 40.0 250 82.5 2.50 62.5 1.16
0.825 77.16 | 11.24 40.0 0.0 82.5 0.00 62.5 1.29
0.900 7500 | 1146 40.0 0.00 85.0 0.00 60.0 148
1.560 77.00 | 12.10 30.0 -1.5 71.5 -1.5 40.0 2.36
2.000 77.00 | 10.87 25.0 -5.0 575 -5.0 25.0 297

designer’s choice after considering the average size of a vehicle’s roof, was to keep
the base radius below 1.0 A,. At the L-Band center frequency of 1.6 GHz, which
corresponds to a wavelength of A= 18.75 cm, the array base becomes 18.75 cm and
the total horizontal displacement about 40.0 cm. An optimized geometry which meets
the designer’s size criterion and part of the coverage area goals is listed in Table 5 as
the fifth entry. This geometry with its physical dimensions referenced to the L-Band

center frequency, is shown in Fig. 4.5.

The E- and H-plane patterns for this geometry are shown in Fig. 4.6. The eleva-
tion E-plane pattern shown is in the plane intersecting the center of the central patch.
The resulting far fields retain the smooth broad characteristics of the corresponding
field patterns for the single circular patch element. A peak gain of 11.24 dBic in com-

bination with a ripple of 1.29 dB still results in a gain of 9.95 dBic for the worst case
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Figure 4.5: Dimensions for the optimized 10-element 3-patch excitation array

H-plane pattern. The 5 degree shift in beam peak to 6= 40 degrees is also acceptable,
for the moment, since the position can be controlled by adjusting the tilt angle of the
conical supporting structure. Furthermore, the ellipticity of the far fields is nearly per-
fect, as is shown in Fig. 4.7. This result also reflects the single element’s characteristic.
Thus, the stated gain values can be continued to be denoted as absolute circularly

polarized since no adjustment for the ellipticity is required.

The one characteristic which was below specification is the elevation beamwidth
in the worst case azimuth planes, i.e. = +/- 18 degrees. The beam, for gains greater
than 8.0 dBic, extended only to an elevation angle of 6= 62.5 degrees. This signifies
that the coverage region for gains greater than 10 dBic is very narrow in terms of the
azimuthal coverage. The gain contour plot, shown in Fig. 4.8, supports the latter state-
ment. Without stressing the elevation peak position, the coverage for a minimum gain
of 10.0 dBic extended for 18 degrees of elevation in the worst case azimuth planes. In
the figure, this occurs between 6= 20 to 38 degrees. Even with the beam peak shifted

to a lower elevation angle, the horizontal coverage would not be met.

At this point, it should be noted again that the simulation results are those for an

array located in free space. Hence, it is fairly straightforward to adjust the tilt angle of
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Figure 4.6: Far field radiation characteristics for the optimized 10-element

3-patch excitation configuration

the cone to allow the antenna to radiate with a beam peak in an appropriate elevation
direction. With a ground plane, however, such actions may not be necessary. The
experimental results included in Chapter 5 will demonstrate this point, as the effects of
two different ground plane radii were investigated. The optimization to be done, then,
is to obtain a configuration which achieves the required 10.0 dBic for the elemental
group azimuth coverage over 25 degrees in elevation. For the 10 element
configuration, with three of them active, the group azimuth coverage would be 36

degrees. Intentionally placing the central element at ¢= O degrees and the adjacent
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Figure 4.7: Axial ratio for the selected geometry

element centers at ¢= +/- 36 degrees, the group azimuth coverage sought after is
between ¢ = +/- 18 degrees.

In an attempt to improve the coverage and possibly shift the beam peak to a
lower elevation region, while keeping the tilt of the array fixed at 8= 45 degrees, phas-

ing of the array elements was studied. The array factor for a ring of N elements is
given by Ma [20] as
$(0,0) = 31 elkmsindeos(0-0,) + jau] 4.33)
=1

where 1= radius of the ring,

L= amplitude excitation of the n™ element,

¢,, = azimuth angle location of the n* element,

and o, = phase excitation of the n element.

An introduction of a cophasal excitation between the elements, given by,

o, = — krysinf,cos(¢, — 0 ,) (4.34)

should produce a beam peak at elevation and azimuth angles of 6, and ¢,
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Figure 4.8: Gain contour plot for r= 0.825 A, and
6= 77.16 degrees

respectively. This result is for elements oriented in the same plane. The conical array,
on the other hand, has the elements positioned in different planes so that the exact
results dictated by the array factor with cophasal excitation are not to be expected in
general. However, the cophasal excitation should still produce the desired beam shift
behavior. In an attempt to increase the worst case azimuth coverage for a minimum
span in elevation of 25 degrees, the outer two elements of the three element excitation
were phased. The central patch was used as the zero phase reference while the outer
two elements were excited by appropriate phase differences. Five phase differences

were simulated in this way with the results listed in Table 6.
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Table 6: 10-Patch 3-Element excitation results with phase differences

Element Translations Coverage Area Characteristics

Ay I, 6, Peak | Polar Max. Azim. Worst-Case Azim. | Ripple
(deg.) (7»0) (deg) | Gain | Angle | Polar BW (deg.) Polar BW (deg.) Value
(dBic) | (deg.) from to from to (dB)

225 0.825 | 77.16 | 1133 450 7.50 825 7.50 65.0 1.56
450 0.825 | 77.16 | 11.36 45.0 7.50 85.0 7.50 67.5 1.58
60.0 0.825 | 77.16 | 1132 45.0 7.50 87.5 7.50 65.0 1.60
90.0 0825 | 77.16 | 11.18 50.0 12.5 875 15.0 65.0 195
135.0 | 0.825 | 77.16 | 10.94 550 17.5 87.5 17.5 62.5 2.08

The greatest improvement was shown by phasing the outer two elements with an
additional 45 degree phase shift. The gain increase was only 0.12 dBic, but the beam
peak location shifted to 6= 45 degrees and the worst case elevation beam coverage
increased to 0= 67.5 degrees. The azimuth coverage, however, did not improve as
anticipated. In fact, as the phase excitation was increased beyond 45 degrees, the
azimuth coverage area was further degraded. For A,= 45 degrees, for example, the
elevation coverage for the minimum value of 10 dBic of gain, decreased to 15 degrees
between 6= 27 and 42 degrees. The narrowing of the 10 dBic gain coverage can be
seen from Figs. 4.9 and 4.10 which depict the gain contour patterns for the 45 and 90

degree phasing of the two outer elements.

Since variations of the phase excitation for the outer elements did not produce a
broadening of the main beam over the required group azimuth coverage, the only alter-
native left is to phase the elements in a manner such that a beam could be scanned

over the required area. At the beginning of the thesis, it was made clear that a phased
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Figure 4.9: Gain contour pattern for r,= 0.825 A,

0= 77.16 degrees, and with Ay= 45 degrees

array design was to be avoided. However, the proposed phase shifting required to
make the array meet the design specifications is simple to implement as only single bit

phase shifters will be required, and the term ’electronically switchable array’ may still

be employed.

First, the tilt angle of the cone was increased to Y= 55 degrees such that with
the elements having equal phase excitation, a beam peak in the ¢= 0 degree plane
occured at 8= 50 degrees. The resulting far field patterns are similar to those given
carlier for y,= 45 degrees, but the coverage narrows. As a result of increasing the tilt
angle of the array, the spacing between the elements increases. This causes a decrease

in the elevation coverage and in the beam peak value. The resulting gain contour
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Figure 4.10: Gain contour pattern for r= 0.825 A,

6,=77.16 degrees, and with Ay =90 degrees

pattern is shown in Fig. 4.11. The figure shows that complete coverage for the
azimuth region ¢= +/- 9 degrees is achieved for elevation angles between 27 and 68
degrees. The beam must now be scanned to the left and right of the central patch in
order to achieve an azimuth coverage of ¢ = +/- 18 degrees. By switching on an addi-
tional 45 degree phase shift to the left element, while keeping the other two elements
the same, the resultant beam peak location shifts in azimuth from the ¢ =0 plane to the
¢ =9 degree plane. Similarly, exciting the right element with the additional 45 degrees
of phase excitation, causes the beam peak to shift from the ¢= 0 to the ¢ = -9 degree

plane. The gain contour patterns for the phase switching scheme mentioned are shown
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Figure 4.11: Gain contour pattern for r,= 0.825 A,, 6,= 77.16 degrees,
and y,= 55 degrees

in Figs. 4.12 and 4.13.

With this simple phase manipulation, the entire group element coverage region in
azimuth and elevation is blanketed with at least the minimum absolute gain of 10
dBic. Two such beams per three element excitation produces the equivalent omnidirec-
tional coverage for the array configuration. Figure 4.14 shows the 10 dBic contours for

each of the 20 beams now spanning the global aximuth and elevation regions.



-55.-

A A e
;E/ NAA AT Tw00ededl
R
T T o e
e MUY /A
N
5 \ \ | /
- VAR A | 1124 amic 7/
NN T [ 77
NN NN RS 27
AN NN AN 72
TN NN =y
INNNNNN N
NN ==

. B. . B .
RZIMUTH ANGLE [DEGREES)

Figure 4.12: Gain contour pattern for r=0.825 A,, 6,= 77.16 degrees, =55
degrees. amd Ay = 45 degrees to the left element



- 56 -

88 ST~ 1
T eas T~ OR R
e T RN R Y
éiffﬁ;\\Q\\\\H
T IS NN T
el AT SN ANVVRTTT
N Y
", IRNR I
“IN [\ 1124 aBic | / /1 //// 1)
NS vV
NSO T VLY
AINNNEE /ﬁ///%
s NNt A A
NN s A,
NN s A AN

. .0 3.0 6.0 B
RZIMUTH ANGLE IDEGREES)

Figure 4.13: Gain contour pattern for r=0.825 A, 6,=77.16 degrees, Yp=55
degrees, and Ay= 45 degrees to the right element



®.180.D

Figure 4.14: Global azimuth coverage for the optimized 10-element, 3-patch

excitation configuration

Table 7 lists the required phasing for each of the two array element feeds, required to
produce a beam peak in a particular azimuth plane. The element numbers indicated in
the table are the same as was shown in Fig. 4.4. The availability of a 0, 45, 90, and
135 degree relative phase excitation is thus required for each probe. Whether the 0 or
90 degree phase inputs, for example, are fed to probes 1 and 2, or 2 and 1, determines
the sense of polarization, since the electric vector will be delayed in either the counter
clockwise or clockwise sense. A simple feed network for this particular case will be

presented in Section 4.8.
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Table 7: The required phase switching scheme for omnidirectional coverage

Azimuth Element No. and Phase Per Probe
Beam pk. | no. 1 no. 2 no. 3 no. 4 no. 5 no. 6 no. 7 no. 8 no. 9 no. 10
(deg.)

9 0,90 0,90 off off off off off off off 45,135
27 0,90 0,90 45,135 off off off off off off off
45 45,135 0,90 0,90 off off off off off off off
63 off 0,90 0,90 45,135 off off off off off off
81 off 45,135 0,90 0,90 off off off off off off
9 off off 0,90 0,90 45,135 off off off off off
117 off off 45,135 0,90 0,90 off off off off off
135 off off off 0,90 0,90 45,135 off off off off
153 off off off 45,135 0,90 0,90 off off off off
171 off off off off 0,90 0,90 45,135 off off off
189 off off off off 45,135 0,90 0,90 off off off

207 off off off off off 0,90 0,90 45,135 off off
225 off off off off off 45,135 0,90 0,90 off off
243 off off off off off off 0,90 0,90 45,135 off
261 off off off off off off 45,135 0,90 0,90 off
279 off off off off off off off 0,90 0,90 45,135
297 off off off off off off off 45,135 0,90 0,90
315 45,135 off off off off off off off 0,90 0,90
333 0,90 off off off off off off off 45,135 0,90
351 0,90 45,135 off off off off off off off 0,90
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4.6 Twelve-Element Configuration

The top and side views for a 12-patch array arrangement are given in Fig. 4.15

along with the defining parameters.

TOP VIEW SIDE VIEW

e roase—

Figure 4.15: Twelve-Element Array Configuration with Defining Parameters

The 12-element configuration has its elements spaced by 30 degrees. The increase in
the number of elements increases the number of scanning beams by two over the 10-
element case. Hence, the element group scan area is decreased by a total of 6 degrees
from ¢ = 36 to 30 degrees suggesting that complete azimuth coverage may be obtained
without any phase switching between elements. The same restrictions on element

orientation are imposed for the 12-patch array as for the 10-patch array, with ¢, now
given by —g— or 30 degrees. The resulting numerical values for the translation parameter
restrictions are

() r=08294 A, and (i) 6,<79.33 degrees. (4.34)
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4.6.1 Two-Element Excitation

In this section, the results for two active elements are presented. The elements
are separted by ¢,= 30 degrees, and are centered about ¢ = 0 degrees so that a beam
peak occurs in this same plane. Here, the worst-case azimuth planes correspond to
those planes intersecting the patch centers at ¢ = +/- 15.0 degrees. The results for the

various spatial orientations are listed in Table 8.

Table 8: 12-Patch 2-Element excitation results

Element Translations Coverage Area Characteristics
I; 0, Peak | Polar Max. Azim. Worst-Case Azim. | Ripple
A (deg) | Gain | Angle | Polar BW (deg.) | Polar BW (deg) | Value
(dBic) | (deg.) from to from to (dB)
0.83 65.00 | 925 45.0 20.0 70.0 20.0 62.0 043
0.85 7933 | 9.50 45.0 18.0 720 20.0 65.0 048
0.90 75.00 | 9.61 450 15.0 75.0 200 65.0 0.51
1.00 79.00 | 9.96 45.0 15.0 76.0 150 65.0 0.58
1.25 7733 | 10.67 45.0 10.0 80.0 10.0 70.0 0.80
1.50 79.00 | 11.14 45.0 5.0 85.0 5.0 70.0 1.06
2.00 79.00 | 11.20 450 5.0 85.0 5.0 60.0 1.78

In comparison with the 10-element 2-patch excitation results, the peak gains for
the current geometry are smaller by an average of 0.5 dBic. The elevation beamwidth
in the maximum gain azimuth plane is also smaller in coverage by about 10 degrees,
but that in the worst-case azimuth plane is better for most cases. In the horizontal

plane, a broader beam was produced, and as expected, the corresponding ripple value
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was smaller by 0.4 dB on average.

Increasing the elements’ radial and elevation translations increased the peak gain
since both translations increase the spacing between the elements. At distances greater
than approximately 1.75 A,, however, sidelobe beams formed causing radiation of
energy into unwanted regions. Moreover, the larger translations decreased the azimuth
coverage area, and narrowed the elevation pattern with a modest increase in peak gain.
An arrangement was found which produced a pattern covering the horizontal azimuth
plane from ¢= -15 to 15 degrees for 22.5 degrees of elevation. The translations for
this geometry are defined by a radial distance of 1.5 A, and an elevation angle of 79
degrees. This spaces the patch edges by 7 cm in azimuth, and locates them 3.5 cm
above the horizontal ground corresponding to 6= 90 degrees. The gain contour plot
for a 45 degree tilt angle is shown in Fig. 4.16. The 10 dBic coverage was quite
broad and almost satisfied the 25 degrees of elevation required in the ¢ = +/- 15 degree
worst case azimuth planes. The coverage must, however, be shifted to the required
elevation regions, between 0= 40 and 65 degrees. To do this, the tilt angle of the cone

would have to be increased to = 62 degrees.

The two drawbacks associated with this configuration are the array size and the
corresponding large cone angle. The radius of the base of the array, again referring to
the L-Band center frequency, is approximately 32 cm. In comparison with the 10-
element configuration, which has a base radius of 18.75 cm, the former is almost twice
as large making it undesirable. Furthermore, the tilt angle necessary to cover the
elevation angles between 8= 40 and 65 degrees is too large since the larger angle will

further degrade the elevation coverage.

4.6.2 Three-Element Excitation

Since improvements in the field coverage were obtained with the 2-element exci-

tation of the 12-element array, similar results were anticipated for the 3-patch
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Figure 4.16: Gain contour plot for r= 1.5 A, 6,= 79.0 degrees

excitation. As in Section 4.5, the 3-elements were centered about the ¢= 0 degree
plane and the cone angle was set to 0= 45 degrees. The results from the computer

optimization, when each of the elements were phased equally, are listed in Table 9.

The expected changes by exciting the additional element include an increase in
peak gain by 1.5 dBic and an increase in elevation beamwidth in the maximum gain
azimuth plane. Other differences include an increase in ripple value by about 0.5 dB
and a shift in beam peak towards zenith. This shift in beam peak is as much as 15
degrees for the larger translation cases. Hence, the variations in performance follow

suit with the 10-element 3-patch excitation.



- 63 -

Table 9: 12-Patch 3-Element excitation results

Element Translations Coverage Area Characteristics
I, 6, Peak | Polar Max. Azim. Worst-Case Azim. | Ripple
(7\,0) (deg.) Gain Angle | Polar BW (deg.) Polar BW (deg.) Value
(dBic) | (deg.) from to from to (dB)
0.83 65.00 | 1049 450 7.50 80.0 7.50 70.0 0.75
0.85 7933 | 1084 450 5.00 82.5 5.00 70.0 0.88
0.90 7500 | 10.97 450 2.50 82.5 2.50 70.0 094
1.00 79.00 | 11.36 40.0 0.00 85.0 0.00 70.0 0.97
1.25 7933 | 1197 40.0 -5.0 87.5 -5.0 65.0 143
1.50 79.33 | 1235 40.0 -1.5 87.5 -1.5 57.5 2.01
2.50 7933 | 11.06 30.0 -5.0 65.0 -5.0 275 3.36

It is apparent from Table 9 that the optimized patch translations for the 2-element
excitation are no longer optimal for the 3-element excitation. The geometry which does
meet the required criterion is listed as entry 4 in Table 9. The translation parameters
are smaller, i.e. r,= 1.0 &,, and 6= 79.0 degrees, which correspond to a base radius of
1.17 A, or 21.94 cm at the L-Band center frequency of 1.6 GHz. Figure 4.17 presents
the far field E- and H-plane patterns for this newly optimized geometry. The ellipti-
city of the fields is shown by the axial ratio plot of Fig. 4.18.

With this geometry, the peak gain is 11.36 dBic at an elevation angle of 40.0
degrees. These results are very comparable to the 10-element 3-patch excitation results.
The overall performance, however, is slightly better as the worst case azimuth cover-
age is broader, the peak gain higher by 0.12 dBic and the ripple value smaller by 0.3

dB. But again, these improvements are at the expense of a larger structure. In this
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Figure 4.17:Far field characteristics for the optimized 12-element 3-patch excitation

case, the additional horizontal displacement is about 6.5 cm and the vertical height is

0.35 cm larger.

The gain contour plot, given in Fig. 4.19, shows that the fields broaden consider-
ably, especially in comparison to the 2-element excitation. The elevation coverage is
extended to 35 degrees over the 30 degrees of the group azimuth coverage. However,
in order to shift the coverage between 6= 40 and 65 degrees, it is once again necessary
to increase the cone angle to Y= 62 degrees, thereby degrading the elevation cover-
age. Since the larger tilt angle is not desired, the elements can be phased in the same

way as the 10-element array of Section 4.5.2.
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Figure 4.18: Axial Ratio for the optimized 12-element 3-patch excitation

By adjusting the tilt angle of the conical support to y,= 55 degrees, a beam peak
at 0= 50 degrees is obtained with azimuth coverage satisfied for elevation angles
between 0= 25 to 50 degrees. Proceeding in the same fashion as that presented for the
10-element 3-patch excitation optimization, two beams covering the entire group
azimuth and global elevation coverage are obtained when the left and right elements
are each phased by an additional 45 degrees of phase excitation. In this case, a shift
of 6 degrees in azimuth occurs, as the beam peak relocates to ¢= 6 degrees for left
element phasing, and to ¢= -6 degrees for right element phasing. The gain contour

plots for these two cases are shown in Figs. 4.20 and 4.21.

Moreover, the switching control of the phase excitation is the same as that
presented in Table 7, Section 4.5.2. The difference is that the two beam peaks are now
separated by 12 degrees for each set of three radiating elements. Hence, the first two
beam peaks are at +/- 6 degrees, the second set at 36 and 24 degrees and so on. The
global azimuth coverage for all 24 beams spanning the horizontal plane are shown in

Fig. 4.22.
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Figure 4.21: Gain contour plot for r= 1.0 A, 8,= 79 degrees, Yp=55
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Figure 4.22: Global azimuth coverage for the optimized 12-element

3-patch excitation configuration
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4.7 Possible Superarray Configurations

The numerically optimized array configurations presented in the last two sections
had peak gains on the order of 11.3 dBic. If higher gains were required over the eleva-
tion region, additional elements must be optimally added to the array. The word
’optimal’ is used since it would be beneficial to find an arrangement which would not
degrade the smooth broadside directed pattern associated with the previously presented
array configurations. If degradation does occur, complex phasing of the elements will
undoubtedly result if the coverage over the entire azimuth and elevation regions is to
be realized. This section presents two possible superarray configurations and the result-
ing field patterns. All elements are phased equally and no attempt is made to optimize
the patterns by phasing the elements since this becomes another design problem. The

intent of this section is to show the additional gain generated with the added elements.

The addition of elements to the truncated cone geometry is not a simple one if
the size of the array is to be minimized, but two superarray configurations were con-
ceived possible with only a slight increase in array size. The first possibility has the
elements placed on the top of the truncated cone with the corresponding pitch angles
set to zero. This is shown in Fig. 4.23a. The second possible geometry is to place the
additional elements along another conical support on top of the existing array as shown

in Fig. 4.23b.

The additional elements must have the same restrictions imposed on them as for
the original array of elements, but now, the added elements influence the size of the
overall array. New restrictions must therefore be implemented. Denoting the transla-
tions for the second array of elements with a subscript 2, and the original element
translations with a 1, the following new parameter restrictions must be abided by in

the design process,

@ 1, = VIt — (@+2h)cosy, J2 + [(a+2h)(2siny, + siny, )]2
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(@) Yp1=45,¥p=0 (b) Yp1= 45, Ypp= 225

Figure 4.23: Two possible superarry geometries

@ 6 ! Iy — (a+2h)cosyy,
i) B;, = tan

(a+2h)(2sin\ypl + Sianz)

(iii) 1, = Vit + (a+2h)cosy, 12 + [2(a+2h)siny,, 12

Iy + (at2Zh)cosyy,

(iv) 6y, = tan” (4.35)

2(at+2h)siny,,

where, 12 (a + 2h)[ 1 + cotan %[— ]. For the 10-element configuration and the first

possible superarray geometry mentioned corresponding to Fig. 4.23a, ¢ = 36 degrees,
W, = 0 degrees, y, = 45 degrees, and (a + 2h)= 0.21713 A,,. With r;= 0.89, the follow-
ing translations were set: (i) r,= 0.74 A, (ii) 6,= 65.5 degrees, (iii) r,= 1.09 A,, and
(iv) 8, = 73.6 degrees.

Ten additional elements were placed in a ring fashion on the truncated cone of

the original array of elements. Three of the original array elements, those centered

about ¢= 0 degrees, were excited, and then one, two and three of the additional



-T2 -

elements were also excited. Table 10 lists some of the coverage area characteristics
obtained, and Fig. 4.24 presents the gain contour plot for the situation when one of the
additional elements is excited along with the original three. In lieu of tabulating the
E-plane 8.0 dBic elevation beamwidth, which becomes distorted, the undistorted H-

plane 8.0 dBic beamwidth is presented in Table 10.

Table 10: Results for the first superarray configuration

Addition of Elements Coverage Area Characteristics
Total Location | Pk.Gain | PolarAng. | Az.Angle | H-Plane Az. Ripple
Number O (deg.) (dBic) (deg.) (deg.) BW.(deg.) Value(dB)
1 0 12.78 30.0 6.00 56.00 1.28
2 -18,18 13.00 20.0 6.00 72.00 0.64
3 -36,0,36 13.56 15.0 9.00 90.00 0.34

An increase of 1.58 dBic is obtained with the additional excitation of one patch,
and the beam shifts to 0=30.0 degrees, and ¢ = 6 degrees. Two beam peaks exist, in
fact, as the second is generated at =50 degrees and ¢= -3 degrees and has a peak
value of 12.04 dBic. The field pattern in the H-plane is fairly broad as noted from the
ripple value, but the E-plane field is distorted between the elevation angles of 40 and
55 degrees. Thus, the addition of a single element degrades the smooth broadside pat-
terns associated with the single element and the previously presented array
configurations, and it is anticipated that a complex phasing scheme will be necessary
to scan the beams over the entire region of interest.

The results with the excitation of one and two additional patches did not rectify

the distorted beam patterns. The H-plane patterns broadened considerably, and the E-

plane patterns continued to show the distortion between the elevation angles of 6= 40
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Figure 4.24: Gain contour pattern for the first superarray configuration

with one added active element

and 55 degrees. The main beam peak shifted up, in fact, towards the zenith axis. As
well, the peak gains of the resultant fields did not increase as greatly as did the addi-
tional excitation of one element. Peak gains of 13.0 and 13.56 dBic were generated. A

larger gain will undoubtedly result when the elements are phased properly.

For the second possible super array configuration, the pitch angle for the addi-
tional elements was set to WY,= 22.5 degrees, half the value of the pitch angle of the
original elements. This changes the translation vector to, (i) r,= 0.792 A, and (ii) 6,=
60.25 degrees. The translations for the original elements remain the same. Three of the

original array elements are once again excited and the addition of one, two and three
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of the added elements with every one fed with 0 and 90 degrees of phase excitation is
simulated. Table 11 lists the results. The gain contour plot for one additional active

element is similar to that of the previous geometry, but has different peak locations.

Table 11: Results for the second superarray configuration

Addition of Elements Coverage Area Characteristics
Total Location | Pk.Gain | Polar Ang. | Az.Angle | H-Plane Az. Ripple
Number ¢ (deg.) (dBic) (deg.) (deg.) BW.(deg.) Value(dB)
1 0 13.12 350 3.00 36.00 5.12
2 -18,18 13.45 350 3.00 32.00 6.95
3 -36,0,36 13.92 30.0 3.00 36.00 5.92

With the additional tilted elements, it was hoped that the field patterns would
broaden out and mimick the corresponding individual element patterns. For the second
pitch or tilt of 22.5 degrees, such was not the case. Two beam peaks form again, one
in the ¢= 3 and one in the ¢ = -3 degree planes. The elevation angle location of the
beam peaks is 35 degrees for the former and 50 degrees for the latter. Hence, degrada-
tion in the field patterns is once again present. In this case, the H-plane patterns are
narrower but the E-plane patterns continue to show distortion for the elevation angles
between 0= 40 and 55 degrees. The gain increase for one additional elment is 1.9
dBic, and the relative increases with the addition of two and three patches is 2.2 and
2.7 dBic respectively. Optimization in the form of phasing the elements to radiate
over the required regions will definitely be necessary. If the gain increases mentioned
are not cancelled by additional losses in the feed network design, such superarray
configurations may be feasible. Otherwise, the superarray geometries presented here

must be modified in some way until the field patterns and gain values are acceptable.
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4.8 Proposed Feeding Arrangement and Beam Positioning Control

This section describes the antenna feed network and beam positioning control
from a system approach that would be required for the 10-element array arrangement.
In the descriptions, the restrictions and components which should be incorporated into
the design are mentioned, although these may be changed or substituted in the final

design.

First of all, several considerations must be kept in mind in designing the feed net-
work. The feed line structure must be such that each element is fed equal signal power
when transmitting. This implicitly requires that no imbalances in feed line impedance
be present to distort the power distribution. The feed line lengths to each element
should also be of equal length such that no unwanted differential phase shifts are
obtained. Finally, the feed network must be as simple as possible in order to minimize

the network losses.

For the particular numerically optimized 10-element array, several other con-
siderations must also be taken into account. Since each patch is fed with two probes, 2
feed lines per element are required. In addition, each feed must have 0, 45, 90, and
135 degrees of phase excitation available to it so that both right and left hand circular
polarizations may be generated. Finally, the feed network must incorporate a satellite

detection scheme in order to position the beam peak in the required direction.

A block diagram of the proposed feed network and satellite detection scheme is
shown in Fig. 4.25. The actual antenna feed network begins with a duplexor. This
component is comprised of two bandpass filters covering the uplink and downlink fre-
quency bands as well as the pilot signal frequency. The duplexor allows for the simul-
taneous transmission and reception of a signal. The ouptut of the duplexor is then fed
into a two-way power divider whose outputs are fed into the first of two polarization
switches. This polarization switch yields a zero or 90 degree phase excitation to each

line. Thus, only a single control line needs to be generated for this switch.
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Figure 4.25: A feed network and beam positioning control system

The two outputs of the polarization switch are then fed into two five-way power
dividers. Each output of the dividers is then split into two again so that 10 feed lines
are available from each power divider. Each of these 10 lines is then fed into a second
polarization switch which is present at the input to each of the 10 elements. This
second switch should have three states. When it is on, zero and 45 degrees of relative

phase excitation should be available, and when it is off, it should dissipate any energy
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incident upon it. By constructing it in this way, the switching control of the element to
be excited is accomplished, and further, by the appropriate switching of the two polari-

zation switches, all the required phase excitations are generated for each of the feeds.

The remaining task in the feed line design is to construct them and the second
polarization switch in a balanced and even manner as described earlier in this section.
With the circular symmetry present, a multi-layer structure would be very beneficial
and convenient. Such a space conserving scheme has been suggested by Abouzahra
[21] for a particular planar array. Moreover, the 5-way dividers used in the system
design may be based on the type constructed by Yau et al [22]. They based their
design on a tapered transmission line scheme and obtained a mismatch loss of 0.09 dB

and an insertion loss of 0.2 dB over a broad frequency range from 2 to 18 GHz.

On the other side of the duplexor, the receive and transmit circuitry are broken
into two separate but interconnected blocks. Only the receive block is expanded here
to show that it includes a pre amp with a very low noise figure, a directional coupler,
and the appropriate blocks that process the pilot signal to determine the direction of
the maximum signal and to determine the appropriate elements to be excited with the
proper phases. The proposed beam switching scheme is to excite a fourth element on
either side of the primary active three elements whenever the received signal falls
below a set threshold. In this way, a comparison can be made between the two direc-
tions, and the appropriate switching can be performed to direct the beam in the direc-

tion of the higher signal level.

The scheme described is a first order system design and much improvement is
possible. It does, however, perform the required tasks with a fairly straightforward

control.
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49 Single Element Input Impedance:
Theoretical and Experimental

The input or driving point impedance of an antenna is that seen by the source and

is defined as,

_ Complex Terminal Voltage
Complex Terminal Current

= Rin + i Xin

in

For the circular patch microstrip antenna, the cavity model is used to evaluate this
driving point impedance. As shown by Bahl and Bhartia [14], the cavity can be
modelled by passive network elements, which, when referenced to the probe location,
give an approximate value for the input impedance of the antenna. This basic model,
with the addition of two other components to model the probe reactances and feed
connector length, will be presented in this section. A profile of the typical element
used in the experimental work is shown in Fig. 4.26. Note that only one of the two

probes is visible in this view.

SUBSTRATE

Figure 4.26: A profile of the circular microstrip patch antenna

To begin, the ideal cavity formed by the two electric and two magnetic walls, is

replaced by a parallel resonant L-C circuit referenced to the probe location. Then,
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some additional compensating components must be added to account for the actual
leaky cavity walls which have an admittance. Based on the expressions for the aperture
admittance given in section 4.2, the compensating components are modelled as a resis-
tor R, in parallel with a capacitor C,. Since this R-C impedance is located at the aper-
ture wall, it must be referenced back to the probe. The transition between the probe
and the aperture is of the form of a radial waveguide. Thus, this section is modelled as
an ideal transformer with a step down coefficient n, which causes the wall impedances

to be stepped down in value by n2.

Furthermore, the small section of probe located within the cavity presents some
reactance. Based on an expression for the reactance of a probe in a homogeneous
parallel plate waveguide [23], this reactance is modelled by an inductor. Since two
such probes exist in the cavity, the mutual impedance presented by the second probe is
taken into account by doubling the value of the inductor. Finally, in the experimental
recording of the input impedance of the patch element, the reference plane was set at
the output of the probe connector. Thus, all recorded impedances are referenced at
this point. To account for this in the simulation, the short length of probe from the
connector input to the base of the substrate is modelled as a short length of transmis-
sion line. The length was measured to be 7.0 mm for a characteristic impedance of
Z,= 50 Q. The equivalent circuit with all the elements is shown in Fig. 4.27. Figure

4.28 shows all the elements when referenced to the probe location.

Before the values for each of the elements are given, the general symbolic expres-
sion for the equivalent input impedance will be derived. This derivation will be in
three steps. Firstly, the equivalent admittance seen at the terminals denoted by 3-3 is

simply the sum of the four elemental admittances, namely,

v, =L+ 1 4 1

Xy Xe n®Xe, R,

n’R, — 0?LR,( n’C + C,) + joL
or, qu((n) = 3 (4.36)
joLn“R,
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Figure 4.27: Equivalent circuit representation for the circular patch antenna
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Figure 4.28: Equivalent circuit parameters referenced to the probe location

The impedance at the terminals denoted by 2-2 is then obtained as,

Zinz = Rinz + Jﬂ)sz

h R o’L’n’R, (4.37)
where, R;,. = .
™27 R2(n? — LG,y + 0L
Ln?R2 (n? - w?LC,,)
and, X, =L+ = = (4.38)

R2 (0% — 0LCyy)” + WL?
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In the above expressions, Ceq = n’C + C,. Finally, the total impedance at terminals 1-
1, the output of the SMA female connector, can be obtained by using the expression

for referencing impedances along transmission lines [24] namely,

Zin, + jZtanPl

i = 4.
Zn =20\ 74 Z; tanl @.3)

where,  B= the wave number along the transmission line,
Z,= the characteristic impedance = 50.0 Q,
and 1 = the length of the transmission line = 7.0 mm.
The result is, Zi, = Ry, + joX,,
Rin,Z2(1 + tan®pl)

where, R, = (4.40)
™| 22 - 27 X tanBl + (X, 2 + Ry, ?) tan?Bl

ZoXin, ~ (Xinz2 + Rmf-Zoz ) tanf3l — XinzZotanzBl

(4.41)
72 - 2Z X tanl + (X, 2 + Ryp, ) tan’fl

and, X, =7,

The values for the equivalent network elements will now be presented. Starting
with the aperture impedance, the expression for the wall conductance, g,, was com-
puted as the ratio of the fields at the aperture. To consider it as a circuit element, we
use the fact that the radiated power from the antenna in terms of the conductance, is
[16],

1
P, = - mha(E, | p-o?8=G. VE W) (4.42)

where V, = E,h is the voltage across the cavity gap. Hence,

_ 2h

1
R, = —
8 G, mag,

Q) (4.43)

Note that the exact expression for the aperture capacitance is not required at this point

since it will be incorporated into the cavity capacitance to produce the equivalent
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capacitance Ceq. The transformer step coefficient, n, can be derived from the Green’s
function representation of the fields within the cavity, and is simply given as the ratio
of the p-variable eigenfunctions at the probe location to the physical patch location as

[25]

5 Jkmpo)
2o

= (4.44)
I (kyma)

As mentioned earlier, the expression for the probe reactance is that for a probe in
a homogeneous parallel plate waveguide and is given as,

T uoh 4c

Lp o ln((s)Y\/E—,d)

Q) (4.45)

where, Y= 1.781 and d is the probe diameter. Since the mutal inductance of the other
probe is also included, Lp= 2.0><Lp'. Finally, to determine the values for the inductance
L and capacitance C,q of the parallel resonant circuit, the quality factor of the cavity
as well as the theoretical resonant frequency must be known. The theoretical resonant
frequency is easily obtained from the eigenvalue equation of the boundary value prob-

lem solved earlier,

1.84118c rad
w. =

4.46
e, Csec) (440

The quality factor is defined as,
Q=0 — (4.47)

where, W= energy stored within the cavity, and
Pr=P, + Py + P,
P,= the total power radiated,
P4= the dielectric losses, and
P_= the conductor losses.

The expressions for Wy and Py for dominant mode excitation are given by Bahl and
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Bhartia [14]. Once values for Q and , are generated, the values for L and Cq are,

C.=—2 and L= Ra (4.48)
eq woRa O‘)OQ .

Thus, all component values are known and the input impedance as a function of fre-
quency can be generated.
For the numerical and experimental results, the following patch characteristics

were employed:

g=2.52,

h= 1.59 mm,

d= 1.25 mm,

a= 1.65 cm,

8= loss tangent of the dielectric = 0.002
1
O™ 5.7X107 ( -s_—z—r;]")

and —p—°—= 0.5,
a

where p, is the probe position. Note that this particular probe location is not ideal for

50 Q operation. An input impedance of 50 € occurs when —%‘l= 0.2. The formerly

mentioned value had to be used, however, to allow enough working space in behind

the element so that feed cables could be easily connected and disconnected to and
from the probes.

The results for the theoretical input impedance are shown in Fig. 4.29 in a rec-
tangular plot. There are two resonant points, one at 2.99 GHz and one at 3.25 GHz.
The former corresponds to the sought after theoretical resonant frequency of 3.0 GHz.
The latter corresponds to a point at which the reactance of the probes cancels the reac-
tance of the patch impedance. Hence, the latter resonance is artificially created by the
inclusion of the two probes. Note that resonance is defined here as that point at which

the reactance is zero.
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Figure 4.29: Theoretical input impedance vs frequency for the patch antenna

The experimental input impedance was measured for the elements for two distinct
patch-plus-substrate dimensions. The two dimensions are shown below in Fig. 4.30.
The first geometry was that used in the initial array configuration while the second
smaller dimensions were used for later tests for which the patch-plus-substrate had to
be cut. Figures 4.31 and 4.32 present the normalized input impedances in Smith Chart

representation for the two patch-plus-substrate dimensions.

The experimental input impedance given by Figs. 4.31 and 4.32 is representative
of each element in the array for each probe. It is immediately apparent that the input
impedance of the smaller patch-plus-substrate is larger in and around the first resonant
frequency. For example, at 3.03 GHz, the resistance for the smaller configuration is

400 Q, while that for the larger dimensions is 300 . The results in and around the
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Figure 4.30: Two patch-plus-substrate dimensions used in the experimental work

artificially created resonant frequency are nearly identical for the two. The theoretical
impedance, when normalized to the 50 © system, and shown as the dotted curve in
both figures, is very accurate in its prediction. The model holds true more so for the
smaller patch plus substrate dimensions than that for the larger dimensions. Moreover,
the predicted resonant frequencies are nearly identical to the experimentally observed

ones.

In discussing the mismatch loss at the antenna terminals, it was necessary to
obtain the return loss of the antenna elements. Since the probe position could not be
placed at that point for 50 Q at resonance, the mismatch loss at the antenna terminals
was expected to be large. However, if the same mismatch loss could be obtained for
each of the elements in the array, the size of the value would be indeterminant. Such
was the case for the 3 elements used in the experimental work. Figure 4.33 shows the

return loss per probe for each of the three patches.

As seen from Fig. 4.33, the largest return loss occurs at the artificially created
resonant frequency of 3.22 GHz. Consequently, since this is the frequency at which the
antenna is best matched, all upcoming experimental patterns in Chapter 5 will treat this

as the center frequency of operation for the antenna. The expression for the mismatch
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IMPEDANCE OR ADMITTANCE COORDINATES

Figure 4.31: Input Impedance for the larger patch-plus-substrate geometry

loss in terms of the reflection cooefficient of the antenna, I'f, is

1

S S (4.49)
1- 2

Ly = 10 LOG

and the reflection cooefficient magnitude in terms of the return loss value (LR) is,

ILR|)

. (___..
It P=10 10 (4.50)

From the experimental results, the return loss values for the three elements varied

between 5.0 and 6.0 dB. On average then, the return loss is approximately 5.5 dB per
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IMPEDANCE OR ADMITTANCE COORDINATES
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Figure 4.32: Input Impedance for the smaller patch-plus-substrate geometry

element which corresponds to a mismatch loss of 1.44 dB. This value will be taken

into account later when the experimental absolute gain of the antenna is calculated.

Finally, the frequency bandwidth of the antenna may be obtained from the return
loss measurements. It is apparent from the curves that the antenna’s return loss value
of 5.5 dB is approximately constant over a 75 MHz bandwidth, from 3.175 GHz to
3.25 GHz. This corresponds to a 2.3 % bandwidth. This low value was expected,
since the major drawback of the microstrip antenna is its narrow frequency bandwidth.

However, methods do exist which can increase the bandwidth. One in particular is to




- 88 -

RIGHT PATCH

ol S AR R OO IS A

— 4 | S, [ S

] | _ N I o
JE R A S

e | o

T o Tl i e
o4 e | o
TR i A RlGHT FEED

f .

e

=10 dB | 323 642

=20 dE S R B o _ B l o

i
_ e
! i

l —LEFT_PATCH

| :
I 3
. [RUU IS S, - ,i U . i a

c.0a8 |~

~20.0d8 | j

Figure 4.33: Return Loss curves for the three array elements

place a parasitic element above the active one. Hori et al [26] built a 6-element spheri-

cal array in such a fashion and found the resultant bandwidth to be 8.0 %.
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CHAPTER S

EXPERIMENTAL PERFORMANCE OF A TEN-ELEMENT
CONICAL PATCH ANTENNA

5.1 Introduction

Based on the results of Chapter 4, a prototype antenna array was constructed and
its radiation characteristics were explored using the antenna measurement system in the
University of Manitoba’s anechoic chamber. Various array arrangements were studied
during the experimental work in order to determine their effect on the radiation pat-

terns.

In the following section, observations from experiments performed with a single
element above a ground plane are presented. The work was done prior to the array
testing so as to acquire some knowledge of the ground plane effects on the individual
element’s far field distribution and ellipticity. The remainder of the chapter focuses on
a 10-element, 3-patch excitation array. Its construction and feed system are discussed
and the observed radiation characteristics are presented for three different element

dimensions.

5.2 Observations from a Single Element Above a Ground Plane

The first step in the experimental work was to examine the radiation patterns of a
single circular microstrip patch antenna above a large ground plane. The patch was
printed on an oak substrate with a copper backplane. Figure 5.1 shows two views of

the element used in the tests along with dimensional information.



TOP VIEW SIDE VIEW

0.46 ey

PRINTED
PATCH

Figure 5.1: The single element used for the first tests

A non-metallic supporting brace was secured in the center of a large ground
plane. The patch was then mounted on this brace with the feed cables protruding from
behind the element. The size of the ground plane used was approximately 40 x 60 cm,
so that the distance from the element-edge to the ground plane edge was about 25 cm
or 2.7 A at 3.2 GHz. The element feed system included a 90 degree hybrid necessary
to produce the phase difference required to generate a circularly polarized far field.
Although many experimental results were obtained for various tilt angles and patch-
edge to ground plane distances, only the ground plane effect on the feed orientation
and beam peak position is presented. These particular cases are mentioned since they

are the ones incorporated into the array construction.

Two different feed orientations were examined in the testing. These are shown in
Figs. 5.2a and 5.2b. Since the local field distribution for a single feed patch in the
dominant mode is of the form, E, = E, cos(B—fy), it is apparent that for feed #1, the
local fields are minimum at ¢ = 90 and 270 degrees. Similarly, for feed #2, the fields

are minimum at ¢ = 0 and 180 degrees. Consequently, the equivalent magnetic currents
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Figure 5.2: Feed orientations above the ground plane

are minimum at the same respective locations. The arrows with symbols M, and M,
shown in Fig. 5.2 represent these magnetic currents. Note that the same analysis holds
true for the equivalent electric currents. With the equivalent currents as defined above,
the images for the vertical current components of feed #1 are in the opposite direction
whereas the images for the horizontal current components of feed #2 are in the same
directions. Hence, problems in the ellipticity of the far fields are anticipated since the
effect of the image currents of the two feeds will not be equal over the elevation
region. In an attempt to rectify this problem, the feeds were rotated by 45 degrees to
the orientation shown in Fig. 5.2b. Here, the fields produced by each feed are equally
affected by the ground plane, so the ellipticity of the far field is expected to be better.

From the experimental observations, the ellipticity of the fields produced by the
rotated feed configuration was in every case as good or better than the corresponding
fields from the unrotated feed configuration. Patch-edge to ground plane distances
were set from d= 1.5 cm to d=8.0 cm for the two feed orientations, where d is the dis-

tance from the patch-edge to ground plane. For the larger distances, the effects of the
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ground plane and feed orientation were not as noticeable as for the smaller distances.
For d=8.0 c¢m, for example, a beam peak near 6= 45 degrees was observed and the rip-
ple in the rotating linear pattern had peak to peak oscillations of 2 dB up to 6= 50
degrees, after which the oscillations grew in size up to 6 dB. For d=1.5 cm, on the
other hand, the beam peak relocated to 6= 52 degrees and oscillations were now 3-4
dB up to 8= 45 degrees after which they grew in value to around 5 to 6 dB. This
beam peak shift of 12 degrees is the second key result that was observed and taken
into consideration for the tests performed with the array, as a 45 degree tilt was used
in all the experimental work. Figure 5.3 shows the E-plane pattern for d=1.5 cm with

the rotated feeds.
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Figure 5.3: E-plane pattern for d= 1.5 cm with rotated feeds

To obtain some insight into the causes for the poor ellipticity over some of the
elevation regions and for the beam peak shift, two linearly polarized tests were per-
formed for the element with the unrotated feed configuration. The first test had the

transmitting horn set to radiate a vertically polarized wave while in the second test, a
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horizontally polarized wave was transmitted. Both the amplitude and the phase of the
resultant fields were recorded. Figure 5.4 shows the resultant field amplitudes and Fig.

5.5 the resultant phases.

0.0 4 . < — -+ +
TE ¢ iy

T TR

\

1=
[

J
N

FEED H1

-3.3
-14.7 /\
Nl [ FEEDH 2

-20.9
-24.60 -67.5¢ -45.6¢ -22.50 ©.00 22.58 45.00 67.50 90

AZIMUTH DIR PLOT WO: B

Figure 5.4: Amplitude pattern for the vertically and horizontally

illuminated single patch element with 45 degree tilt

The transmitted vertically polarized wave corresponds to the E-plane pattern due to
feed #1 while the transmitted horizontally polarized wave corresponds to the E-plane
pattern due to feed #2. As can be seen from a comparison of the amplitudes, the fields
due to feed #1 oscillate throughout the entire elevation region and the beam peak
occurs at 6= 70 degrees. On the other hand, the fields due to feed #2 are smooth with
a beam peak at 6= 50 degrees. These results support the argument given earlier for
the effects of the ground plane on the equivalent currents due to the two feeds. Simi-
larly, the phase distribution for the E-plane of feed #1 is not as uniform as that
obtained for feed #2. Consistency in the phase for the two feed locations is present

only between 6= -45 to 40 degrees, but even in this region, there is a discrepancy of
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Figure 5.5: Phase pattern for the vertically and horizontally

illuminated single patch element with 45 degree tilt

180 degrees between the two values. Due to these observed differences in amplitude
and phase, the resulting ellipticity is therefore poor. The beam peak shift is more
difficult to understand, but is apparently a result of the combination of the patch-edge
to ground plane distance and the ground plane size. This effect will be further explored

with the array experiments.

The beam peak elevation for a single element can thus be positioned in three
ways. The first method is by setting a particular patch-edge to ground plane distance.
The second is by the use of a finite ground plane. The last method is by varying the
tilt angle of the conical support. In addition to positioning the peak elevation, however,
each method causes a degradation in the ellipticity of the far fields, particularly for the
last case mentioned. These observations can now be incorporated into the array con-

struction and testing.



- 95 .

5.3 Construction of the Array and The Feed System

To reduce experimental complexity and since only 3 of the 10 array elements are
radiating at one particular time, only 5 of the array elements were constructed and
tested. Also, only the middle three were fitted with feed probes, as the outer element
on either side of the three active ones act as parasitic elements and are included to
account for any coupling or scattering that may be introduced. Figure 5.6 shows a

photo of the constructed array.

Figure 5.6: Photo of the constructed array

Two ground plane sizes were incorporated into the construction: the normal ground
plane had a radius of 15 cm and with an extended 5 cm ring, the extended ground
plane had a radius of 20 cm. The added ring extension was shorted to the fixed ground
plane using copper tape. Copper tape was also used to short the back planes of indivi-

dual elements to the ground plane. As well, for some of the tests, a metallic cap, as
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shown in the photo, was placed on the top of the conical support and shorted with
copper tape to the element back planes. For other tests, the cap was replaced by

absorbing material.

The antenna dimensions were initially referenced to the S-band center frequency
of 3.0 GHz where A= 10 cm. All experiments were performed using frequencies
between 2.0 and 4.0 GHz since this was the operating bandwidth of the test equipment
being used. The actual dimensions of the array at 1.6 GHz would be approximately 2
times greater. Hence, the outer ground plane radius of 20 cm or 2 A at 3.0 GHz, would
be about 40 cm at 1.6 GHz. The resulting ground plane diameter is then 80 cm which

is a good approximation to a car top which has an area, on average, of 1 m?,

As mentioned earlier, the tilt angle for the array was set to 45 degrees for each
test and supporting brackets were no longer employed as they were too awkward to
use. Thus, the 45 degree tilt was obtained by cutting the sides of the element to
appropriate angles, such that when the elements were brought together, the array had
the required tilt. To consider other tilts, it would have been necessary to cut the sides
of the elements at some other angle. Furthermore, the feed probes connected to the
elements were rotated the 45 degrees required to minimize the ground plane effect on
the ellipticity of the fields. Three different array configurations were used in the exper-
iments, these being obtained by varying the size of the element’s backplane. Conse-
quently, the height of the element’s patch-center above the ground plane was varied.
Each time the tests for one particular element configuration were completed, the ele-
ment backplanes were cut. In this way, no repeat experiments could be performed on

the earlier used array configurations.

The feed network used for the experimental work is shown in Fig. 5.7. The feed
network consisted of a Mini-Circuits ZA3PD 3-way power divider, three ARRA Inc.
4164-90 90 degree hybrids, three 50  matched loads and nine coaxial cables of the
same lengths. The cables were assumed to have losses on the order of 0.1 dB, the

insertion loss of the power splitter was specified as a maximum of 1.0 dB, and the
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Figure 5.7: Feed network used in the experimental array work

hybrids were specified to have an insertion loss of 0.25 dB with a VSWR of 1.25,
which translates to a 0.11 dB mismatch loss. Adding up all the losses results in a total
feed network loss per feed probe of 1.56 dB. Adding in the feed probe mismatch loss
of 1.44 dB at 3.2 GHz, the total losses add up to 3.0 dB.

The losses were checked by performing various measurements on the components
at 3.2 GHz. Table 12 lists the insertion losses and phase shifts (referenced to a short
circiuit) of the nine cables to verify that they were indeed similar. The total loss for
each probe from the power source input to the output of the cable which connects to
the feed probe, was then recorded. Two of the three ports were match terminated and
ideal 2 and 3-way power splits were assumed through the hybrids and the power
divider respectively. The measurement was then made at one cable from the hybrid
output while the other port and cable were connected to the antenna feed connector.
The setup is shown in Fig. 5.8. The 2- and 3-way power splits account for 7.77 dB of
the power loss through the network, so that the total insertion loss is obtained by sub-

tracting this value from the recorded measurement. Table 13 lists the insertion losses



-98 -

Table 12: Cable measurement results

Cable Phase Insertion
# Shift (deg.) | Loss (dB)
1 115 0.218
2 117 0218
3 117 0.218
4 117 0.250
S 117 0.250
6 117 0.250
7 117 0.250
8 113 0.250
9 113 0.250

measured for each of the feeds.

Table 13: Insertion loss measurements

Feed Measured | Insertion

Branch Loss (dB) | Loss (dB)
Port 1-cable 4 9.75 1.98
Port 1-cable 5 9.75 1.98
Port 2-cable 6 9.38 1.61
Port 2-cable 7 9.38 1.61
Port 3-cable 8 9.63 1.86
Port 3-cable 9 9.63 1.86
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The measured losses are seen to be slightly larger than the assumed loss of 1.56 dB.
Taking an average of the readings for each port, a total network loss of 1.82 dB will
be assumed in the conversion of true gain to absolute gain. Adding in the 1.44 dB
antenna probe mismatch loss, the total losses for each feed of each element are 3.26

dB.
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Figure 5.8: Insertion loss measurement setup for the feed network

5.4 Experimental Performance of the Array

Unlike the experiments performed with the single element, the experiments with
the array were calibrated for true gain. This calibration involved the use of a standard
gain horn (10 dB) whose power levels were stored and later automatically used in the
gain by comparison technique to determine the true gain of the test antenna. Since the
received power levels were referenced at the output of the source cable, and since the

horn was matched at the test frequencies employed, the absolute gain of the test
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antenna is obtained by adding on the network and mismatch losses inherent in the
feeding arrangement along with a polarization gain or loss, as described in section 4.3.
A +/- 0.5 dB accuracy is assumed for the recorded measurements. This number is
obtained by assuming losses through the receiving and transmitting circuitry and losses

due to cable leakages.

In the following subsections, the experimental results for three different patch-
center to ground plane distances are presented. The ground plane effects on the axial
ratio and the field distribution are presented, and based on the procedure for calculat-
ing absolute gains mentioned in Section 4.3, the absolute gains from the experimental
rotating linear patterns are generated and compared with the numerically generated

ones.

5.4.1Patch-center to Ground Plane Distance d= 3.6 cm

The dimensions for the first element geometry are shown in Fig. 5.9.

'
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Figure 5.9: Dimensions for element with d=3.6 cm

For these dimensions, the distance from the patch-edge to the ground plane is 1.95 cm.

Five such elements were joined together using copper tape and were centered on a
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finite ground plane. The centers were spaced by 36 degrees with a base radius of 11.08

cm. The geometry of the array is shown in Fig. 5.10 from a top and side view.

TOP VIEW SIDE VIEW

A%sl

Wil

Y |

Figure 5.10: Array dimensions for d=3.6 cm

At 3.2 GHz, the distance from the array edge to the edge of the normal ground plane
is 0.418 A, and with the extension, this distance increases to 0.952 A. At 3.0 GHz, the
corresponding distances are 0.392 A and 0.892 A. Both these test frequencies and the
respective distances in terms of their wavelengths are given since a difference in the

field ellipticities was observed at the two different frequencies.

The result observed between the patterns recorded at 3.0 GHz and 3.2 throughout
all the experimental work was the discrepancy in the ellipticity of the fields. An excel-
lent example of this discrepancy is shown by the rotating linear patterns of Fig. 5.11.
These are the patterns associated with the central element of the array when active in
the array environment. For the pattern at 3.0 GHz, the axial ratio is poor between 0

and 30 degrees where its value is 5 dB or more, and the value is less than 2 dB
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Figure 5.11: E-Plane pattern for the central element in the

array environment at 3.0 (a) and 3.2 GHz (b)

between 0= 40 and 80 degrees. In fact, the fields at the beam peak are nearly perfectly
circularly polarized as no peak to peak swings in the pattern are observed. The 3.2
GHz pattern, on the other hand, shows a considerable increase in the ellipticity. The
axial ratio is less than 3 dB between O and 30 degrees, and then degrades between 40
and 60 degrees. The difference in peak gains between the two patterns is, as mentioned
before, the result of the better impedance match at 3.2 GHz. Hence, if the input
impedance of the antenna elements were matched to 50 Q at 3.0 GHz, the larger gain
should occur at this latter frequency and the axial ratio should remain as good. The
total gain would thus be as large or larger. Note that the difference in observed axial

ratios at the two frequencies were not always as drastic as presented by the results of
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Fig. 5.11. A further example of this effect will be given in the next section for the pat-

terns due to three active elements.

In the array setup, with all three of the elements active, the extended ground
plane was used and absorbing material filled the conical volume space. For one of the
tests, the element backplanes were not shorted to the ground plane, while in a second

test they were. Figure 5.12 shows the principal E-plane patterns for these two cases.
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Figure 5.12 E-plane patterns for d=3.6 cm with extended ground plane

and absorbing material for shorted (a) and unshorted (b) element backplanes

The rotating linear pattern beam peak occured at 6= 55 degrees for both of the tests.
This is the same elevation angle as that observed from the single element tests. The

shorted patch test produced a peak gain of 7.0 dB while the test without the shorted
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elements produced a peak gain of 7.4 dB. The additional gain increase for the

unshorted case is due to an improvement in the axial ratio of the received fields.

The absolute gain for the unshorted element case was determined from the results
generated over the region from 6= -90 degrees to 100 degrees. The radiation pattern is
shown in Fig. 5.13 plotted with the numerically generated E-plane pattern. For a base
radius of 1.182 A, and a patch-center to ground plane radius of 0.384 A at 3.2 GHz,
the translation distance and angle as defined in Chapter 4, are 0.95 A and 73.4 degrees
respectively. The peak gain for the theoretical plot is 11.585 dBic or 1.28 dBic
smaller than that for the experimental results of the unshorted case which was 12.89
dBic. The comparison of the radiation patterns for the experimental and numerically
generated results show nearly identical behaviour with the only major difference
between the patterns being the beam peak location. For the numerically generated
results, a beam peak at 8= 40 degrees is obtained whereas the beam peak for the

experimental results is at 6= 55 degrees.

5.4.2Patch-Center to Ground Plane Distance d=2.5 cm

The dimensions for the second element geometry used in the array are shown in
Fig. 5.14. Initially, the patch-center to backplane-edge distances were 3.0 cm to the top
and bottom edges. After running several tests, the bottom edge was cut to produce a
patch-center to ground plane distance of 2.5 cm. Here the patch-edge to ground plane
distance is only 0.85 cm or 0.091 A at 3.2 GHz. The top portion of the array element
was intentionally kept larger than the corresponding bottom portion to see if improve-
ments in the axial ratio could be obtained over the corresponding results from the ele-
ment with equal patch-center to backplane-edge distances. The base radius of the
array for this case is 7.7 cm or 0.821 A at 3.2 GHz. One of the tests run for this array
geometry included the addition of a metallic cap which was shorted to the top portion

of the element backplanes, while another test had absorber filling in place of the cap.
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Figure 5.13: Comparison of absolute gains for the experimental and

numerical results for d= 3.6 cm

Moreover, in all tests performed, the bottoms of the element backplanes shorted to the

ground plane.

With the fixed ground plane, tests with and without the metallic cap were per-
formed. The beam peaks for both cases were situated at approximately 6= 48 degrees.
The beam peak shift in this case, with the normal sized ground plane, is three degrees
larger than the tilt angle set on the array. Another noteworthy difference was in the
ellipticity of the fields. Slightly larger oscillations were observed for the configuration
which included the metallic cap. There was no difference in the peak gain. The ellipti-

city discrepancy was more apparent for the tests run with the extended ground plane.
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Figure 5.14: Second array element dimensions with d=2.5 cm

These results will be discussed next, but before, the difference in the ellipticities at 3.0
and 3.2 GHz are presented. Figure 5.15 shows the patterns for the absorber filled cone
with the normal ground plane at the two frequencies. Here, three elements are actively
receiving energy. It is noted that the discrepancy between the two patterns is not as
severe as that observed in the previous section for a single active patch. However, the
peak to peak swings from 6= 50 degrees to 70 degrees are certainly smaller at 3.0
GHz, than those at 3.2 GHz.

With the extended ring added to the normal ground plane, patterns were once
again recorded with and without the metallic cap shorting the tops of the elements.
The resulting E-plane patterns are shown in Fig. 5.16 for the two cases. The two pat-
terns are very similar in form, as the peak gains are equal and are located at the same
elevation angle of 6= 50 degrees. Hence, the extended ground plane shifts the beam an
additional two degrees in comparison to the results observed without the extension.
The major difference in the patterns is once more in the axial ratios. The axial ratio
with the absorber is noticeably better up to 6= 50 degrees. After this angle, however,
its value is nearly the same as that for the results with the metallic cap. The axial ratio
in the elevation regions from 30 to 50 degrees continues to be very poor for both

cases. Since the axial ratio over the band of elevation angles mentioned is not
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Figure 5.15: E-plane patterns at 3.0 (a) and 3.2 GHz (b) for d=2.5 cm

and the normal fixed ground plane

improved with the current element dimensions, the additional length for the top portion

of the element backplane is not helpful, and is therefore not required.

The experimental plot of Fig. 5.16b is converted to an absolute gain pattern by
adding in the mismatch and network losses as well the polarization gain or loss. The
resulting pattern is shown along with the numerically generated results in Fig. 5.17.
The radial translation distance for a base radius of 0.821 A is 0.66 A, at 3.2 GHz with
a 73.4 degree translation angle. The peak gain for the numerically generated plot is
10.58 dBic and is located at 6= 40 degrees. The peak gain for the experimental pat-

tern is 11.89 dBic and is located at 6= 55 degrees. The discrepancy between the two
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Figure 5.16: E-plane patterns for d=2.5 cm with (a) and without (b) the

metallic cap over the extended ground plane

peak gains is 1.3 dBic, which is approximately the same as that for the comparison in
the previous section. In fact, the overall patterns are again very similar for all elevation

angles, with the exception of the observed beam peak shift and the formation of a

sidelobe at 6= 20 degrees.

5.4.3Patch-Edge to Ground Plane Distance d=2.0 cm

The final element geometry used in the experiments is shown in Fig. 5.18. Here,

the distance between the patch center to ground is 2.0 cm, making the distance from
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the edge of the patch to ground 0.35 cm. This is in keeping with the restriction of a
minimum distance from the patch center to ground plane of a + 2h, where a is the
patch radius and h is the thickness of the substrate. The elements were once again
spaced azimuthally by 36 degrees and at a base radius of 7.7 cm. The translation dis-
tance to the center of the patch from the origin of the global coordinate system is

therefore 0.687 A at 3.2 GHz and the translation angle is 77.3 degrees.

The experiments performed with this last element geometry were, in fact, of the
greatest interest. This is so since the element size corresponds to that with the
minimum allowable distance from the patch-edge to the ground plane. Translating the
dimensions to those at the midband frequency of 1.6 GHz, the base radius of the array
would be 154 cm and the height only 5.85 cm. This would make a very compact

mobile antenna if it had the necessary required field characteristics.

The first two tests performed with this array configuration used both the finite and
extended ground planes with the metallic cap shorted to the element backplanes. Fig-
ure 5.19 shows the two resulting patterns at 3.2 GHz. In the comparison of the two
patterns, three differences were noted. First, the peak gain of the extended ground
plane was 0.5 dB greater than that for the normal sized ground plane. In performing
the two experiments, the only alteration made to the geometry of the array after
recording the data for the normal ground plane, was the addition of the extended ring.
Hence, the supplementary gain picked up can be considered as a ground plane gain.
Secondly, the location of the beam peak shifted. With the normal ground plane, the
peak of the rotating linear pattern occured at 6= 46 degrees, whereas with the exten-
sion, the peak occured at 8= 52 degrees. In the current configuration, the distance
between the base of the array and the ground plane edge is 0.78 A for the normal
ground plane case and 1.3 A for the extended ground plane case. In Section 5.3.1,
where the comparable distances from the base of the array to the ground plane edges
were 0.418 A and 0.952 A, a shift in the beam peak was not noticed. In fact, the beam

peak for both cases was already located at 6= 55 degrees. Moreover, in the previous
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Figure 5.19: E-plane pattern for d=2.0 cm with the metallic cap (a) and with

and without (b) the ground plane extension

element configuration, tested in 5.3.2, only a slight shift was noted between the two
peaks with and without the extended ground plane. Refering back to Figs. 5.15b and
5.16b, beam peaks at 8= 48 and 50 degrees occured for the normal and extended

ground plane sizes. Hence, the addition of the extended ground plane ring becomes
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more of a factor for the smaller patch-edge to ground plane distances. This was

expected since a similar result was observed in the single element experiments.

The third effect observed was that of a degradation in the ellipticity of the fields.
With the normal ground plane, axial ratios 2 8 dB occured between 6= 8 and 40
degrees, beyond which they leveled off to 4.5 dB. With the addition of the extended
ground plane ring, the band of poor ellipticity noted split into two separate bands, the
first band occurring between 8= -12 and 0 degrees and the second occurring between
8= 30 to 54 degrees. Beyond 54 degrees, the axial ratio leveled off to 5 dB. Thus, the
band of poor ellipticity protrudes farther into the lower elevation region where the
axial ratio is to be kept below 3 dB. This effect will have to be compensated somehow
if the array configuration is to be used. Chapter 6 includes some recommendations for

futher experiments which may correct the band of poor ellipticity.

When polarization gains and losses, as well as the network and mismatch losses
are accounted for, the absolute gain patterns for the normal and extended ground plane
sizes are shown in Fig. 5.20 along with the numerically generated absolute gain pat-
tern. The peak gains for the experimental results are 11.39 and 11.37 dBic for the
normal and extended ground plane results, respectively. The increase in peak gain of
0.5 dB of the rotating linear pattern for the extended ground plane configuration results
is no longer observed here. Hence, the increase in the ellipticity neutralizes the
increase in peak gain and causes further degradation to the pattern. This is noted by
the formation of two side lobes, one at 8= 20 degrees, and the second at 6= -20
degrees. As well, the absolute beam peak location is shifted to 0= 60 degrees, an addi-
tional shift of 5 degrees in comparison to the previously shown absolute gain patterns.
The pattern for the normal ground plane is more consistent with the numerically gen-
erated one, but still deviates slightly between 8= 0 and 30 degrees. The beam peak
occurs at the familiar location of 6= 55 degrees. The numerically generated peak gain

is 10.32 dBic so that the discrepancy is on the order of 1.05 dBic.
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Figure 5.20: Absolute gain patterns for the experimental and numerical

results with d=2.0 cm with and without the extended ground plane

To observe the effects of the metallic cap for the present element dimensions, the
cap was replaced by absorbing material. The recorded E-plane rotating linear pattern is
shown in Fig. 5.21. The two bands of poor ellipticity are once again observed in the
results but the peak to peak swings are somewhat smaller. Overall improvements of
1.5 to 2.0 dB were noted for the results with the absorber filled cone. However, the
peak gain of the rotating linear pattern decreased by 0.34 dB from 7.94 for the metallic
cap case to 7.6 dB for the absorber case. The beam peak remained at 6= 50 degrees.
The pattern, after conversion to absolute gain form, is shown in Fig. 5.22 along with
the numerically generated one. The resulting absolute beam peak gain reoccurred at
8= 55 degrees. This result shows the influence of the metallic cap on the ellipticity.

In fact, the absolute gain with the absorber was 11.43 dBic, 0.04 dBic greater than the
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Figure 5.21: E-plane pattern for d=2.0 cm with absorber

over the extended ground plane

corresponding result from the pattern with the metallic cap.

The final test performed with the current array configuration involved the addition
of a 40 degree phase excitation to the elements left and right of the center element.
This additional phase shift was obtained by making the feed cables from ports 1 and 3
of the 3-way power divider shown in Fig. 5.7, longer than that from port 2 by approxi-
mately 1.0 cm. At 3.2 GHz, this length corresponds to 0.107 A which produces a phase
of 0.67 radians or 38.4 degrees. The resulting rotating linear E-plane pattern is shown
in Fig. 5.23. The peak gain of the recorded pattern is 7.84 dB at approximately 6= 52
degrees. This gain is slightly smaller than that for the test without the additional phase

shift, but only by 0.1 dB. The location of the peak gain is also at the same value. The
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Figure 5.22: Absolute gain patterns for experimental and numerical results

for d=2.0 cm with the absorber over the extended ground plane

big improvement observed over the results of Fig. 5.19, however, is in the ellipticity of
the fields. The two elevation bands where the axial ratio was very poor is still
observed for the present case, but the peak to peak swings are smaller by about 5 dB.
For example, between 6= 30 and 40 degrees, the axial ratio achieves a maximum of 9
dB whereas in the previous test, the maximum value was 14 dB. For regions beyond

50 degrees, the axial ratio is on the order of 4 dB.

The numerically generated absolute gain pattern for the additional 40 degrees of
phase excitation to the two outer elements is shown plotted in Fig. 5.24 along with the
converted experimental absolute gain pattern. The numerically generated pattern
achieves a peak gain of 10.44 dBic at an elevation angle of 45 degrees. The experi-

mental pattern’s peak gain is 12.07 dBic, this occuring at 6= 60 degrees. The gain
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Figure 5.23: Patterns for d=2.0 cm with the metallic disc over the extended

ground plane with A, = 45 degrees to the left and right elements

discrepancy of 1.62 dBic is slightly greater than the previous comparisons. The
increase is partially linked to the improved axial ratio of the fields since the polariza-

tion correction factor increases by about 0.7 dB.
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CHAPTER 6

DISCUSSION AND RECOMMENDATIONS

6.1 Discussion on the Numerical and Experimental Results

The numerically optimized ten- and twelve-element array configurations produce
the required 10 dBic of absolute gain coverage over the elevation regions from 6= 40
to 65 degrees with the conical tilt set to y,= 55 degrees. Complete azimuth coverage
is obtained by phasing each of the outer two elements with an additional 45 degrees
relative to the central element, thus producing two beams per three active elements. In
this way, 20 beams result for the 10 element case, and 24 for the 12 element
configuration. Single beam azimuth coverage over the 25 degrees of elevation could
not be obtained from any of the configurations simulated, although the 12-element two
and three patch excitations had fairly broad radiation patterns which nearly satisfied the

requirements.

In comparing the two particular optimized array geometries, the peak gains are
approximately the same at 11.36 dBic, and are located at ©= 50 degrees. The
differences lie in the large array size and broader field characteristics associated with
the twelve-element array. At the center L-band frequency of 1.6 GHz, the dimensions
for the base radius and array height are 18.525 cm and 6.88 cm respectively. The
corresponding lengths for the 12-element array are 21.975 cm and 7.2 cm. The ten-
element array was, perhaps, stressed more in the work since it required two less ele-
ments and less space. Hence, the feed network presented in section 4.8 was directed
towards the 10-patch array, although a similar arrangement is possible for the 12-
element configuration.

From the initial experimental work studying the ground plane effects on the feed

orientation and patch-edge to ground plane distance, two key observations were noted.

The first was the influence on the ellipticity of the fields due to the feed placement
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over the ground plane. In order to generate an equal ground plane effect on the fields
produced by each feed, the feeds were rotated by 45 degrees as was shown in Section
4.3, Fig. 5.2b. The other result observed from the single element experiments was the
beam peak shift due to the smaller patch-edge to ground plane distances. A 12 degree
beam peak shift was observed for d=1.5 cm when the conical tilt was set at 45
degrees. Hence, the required shift to the lower elevation angles can be obtained by
utilizing an appropriate patch-edge to ground plane distance. The conical tilt may thus

be set to a fixed value of y,= 45 degrees.

In the array experiments, three different patch-center to ground plane distances
were tested. These lengths, after subtracting off the physical patch radius of 1.65 cm,
translate to patch-edge to ground plane distances of 1.95 c¢m, 0.85 cm, and 0.35 cm.
The ellipticity of the fields associated with each configuration showed a strong depen-
dence on the ground plane size. In each case, the extended ground plane caused larger
peak to peak swings in the rotating linear patterns indicating larger axial ratios. More-
over, as the patch-edge was brought closer to the ground plane, the resulting ellipticity
for the same ground plane extension also became poorer. This is shown in a com-
parison of the rotating linear patterns of Figs. 5.17b and 5.22. The former corresponds

to the geometry with the 0.85 cm distance, and the latter for the 0.35 cm distance.

In addition to the ellipticity degradation, a beam peak shift is also characteristic
of the smaller patch-edge to ground plane distances. For the very first configuration
tested, the beam peak of the rotating linear pattern was located at 8= 55 degrees. This
value was associated with the extended and normal ground plane sizes. For the
smaller patch-edge to ground plane distances, the beam peaks with and without the
extended ground planes were different. The extended ground plane caused shifts of 2
and 6 degrees in the beam peak location for the second and third array configurations
respectively. The patterns of Fig. 5.20 show the 6 degree shift very explicitly for the

results with and without the ground plane extension.
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Finally, the influence of the ground plane is also observed in the peak gain of the
rotating linear patterns. For the third array configuration with a patch-edge to ground
plane distance of 0.35 cm, a 0.5 dB gain increase was observed with the addition of
the extended ring. This increase in the gain, however, was neutralized by the degrada-
tion in the ellipticity of the fields. This effect was apparent from the absolute gain pat-
terns which showed peak gains of 11.37 and 11.39 dBic with and without the extended

ground plane ring.

6.2 Recommendations for Future Analysis and Experimentation

In the numerical work, the array was modelled in free space and only dominant
mode operation was assumed for the array elements. Although the results between the
numerical and experimental work were similar, it would be beneficial to incorporate a
ground plane in future analysis. The ground plane effects could then be included into
the array design prior to any experimental tests. As well, a more complex method of
analyzing the single element could be used in the solution process. The added com-
plexity would ensure that all element modes, no matter how weak in comparison to the
dominant mode excitation, would be included in the solution of the local and the far

fields.

The first two recommendations for future experimental work would be to match
the elements of the array to 50 Q at the resonant frequency, and to build in a parasitic
element above the active one. The first recommendation will undoubtedly improve the
axial ratio of the fields, since a difference in the ellipticity was noted at the two
resonant frequencies. Moreover, by matching the elements, a better mismatch loss
should be obtained since the return loss would be in the neighborhood of -20 dB. The
second recommendation will result in an increase in the frequency bandwidth of the
antenna. This will enable the array to operate over the required uplink and downlink

frequency bands.
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Furthermore, with the last array configuration presented, the array should be
suspended above the ground plane by various distances. Effects on the poor ellipticity
bands could be studied in terms of the element distances above the ground plane. As
well the beam peak location and its value could also be observed, and by not shorting
the elements to the ground plane, the effects of the ground plane currents could also be
observed. Furthermore, a test should be run with the array elements not shorted
together. This too would give the designer some information of the influence of the

backplane currents on the array’s radiation characteristics.

A test using the the elements of the first array configuration should also be run.
For this test, the elements should be shorted to the normal sized ground plane. An
RF-choke could then be attached to the portion of the ground plane protruding beyond
the base of the array. The purpose of the choke would be to dissipate the surface
currents formed on the extension. The resulting structure could then be placed on top
of a larger ground plane and the effects of the isolation between the array and the

ground plane could be observed.

Finally, the 45 degrees of additional phase excitation should be utilized in the
experimental work and experiments should be run for several ¢ -cut planes to identify
the plane with the beam peak. In this way, the true coverage region could also be

found and compared to that generated numerically.
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APPENDIX A

Generation of the Far Field Expressions Based on
The Electric and Magnetic Vector Potentials

Using Fig. 4.1 of Chapter 4 as the associated coordinate system, the electric vector

potential can be defined as [1],

Boxy.2) = | uOMe" JER-2) 33’ (A.1)
S 4nR
and the magnetic vector potential as [1],
Rx,y,2) = | uOMe‘ R0 gg” (A2)
S 4R
where, R = \/(x—x')z + (y-y)? + (z-2)?
=1 — (x sinBcosd + y'sinBsind + z cosB)
=r- r'(sinesine'cos(q;—(p Y + cosBecosh)
and q is the phase excitation of the it feed. For the circular patch antenna,
r=a
8 =90
dS' =ado dz
Mxy.2) = -f:Ez(a,cb " = My (A3)
(A4)

= — sind M, d} + cosd My}

and, J(x,y.z) = - 2y,E,(a,¢ h)d}
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The Cartesian components can be translated to the spherical coordinate system by

using the appropriate direction cosines,
?e(r,e,cp) = cosecosq)?x + cos@sind)?y

?q, @.6,0)=— sin¢?x + cos(b?y

and, Ay(r,0,0) = — sinbA, (A.5)
where,
Hor . o op —jR—0t) s’
F10,0) = - —/ sing Me )ds (A.6)
4n g
2n
= - Cl_f sing ‘cosnd ‘e™ldg
0
where, L = asinBcos(¢—¢ )
E, i
and, C; = Eln(knma)hae Folgiou
Similarly,
2n
F,r0,0) = Cf coso cosng e*"do’ (A7)
0
2n
and, Xz(r,G,Q)) = - yauoCJ cosnd el do’ (A.8)
0
Therfore,

2n
Fo(r,0,0) = Cycos0 f [ — cosdsind + sind sing ] cosng &m0 =) 44 °
0

2n
= Cycos® | sin(@ — ¢ cosng ‘0o ~ )44 (A.9)
0
Lettingu=0¢ — ¢ ", du = - d¢, one obtains,

2
?e(r,e,(b) = — C,cos8 I sinucosn(¢ —u)gfesinbeosu g, (A.10)
0
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Replacing cosn(¢ —u) by cosn¢ cosnu + sinn¢ sinnu,

2n

Fo(r.0,0) = — C;cos8 [cosn(bf cosnusinue’® gy
0

2n
+ sinnq>j sinnusinue*5"0s 4y (A.11)

0
The first integral has a null value due to the multiplication of an odd and even func-

tion. In the second integral, sinnusinu = —;—(cos(n—l)u — cos(n+1)u) is inserted to

obtain,

C 2“ - .
?9(1',9,({)) = - —il—sinnq) d Cos(n_l)uelkoasmecosudu
0

2n
— | cos(n+1yuekessmOeosiyy | (A.12)
0
Now, one uses the fact that the integral representation of a Bessel function is given as,

n

T
1) = ln—I e*<0%8c0sn0 do (A.13)
0

to obtain the final form,
Fg(1,0,0) = — CycosBsind T T (koasin®d) + I (kgasin®)] (A.14)
The other two vector potential components are obtained in a similar fashion,
F, 1.8,0) = — Cicosnd ni™*[ J,_;(koasin®) — J,1(kyasind)] (A.15)
and,
Ro(T,8,0) = — 2C;my,cosné i* J,(k,asind) sind (A.16)

The far field components are transverse to the radial direction of propagation and are

represented in terms of the vector potentials as,

Eo(1,0,0) = j( @HoAp — koFp )
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= Cymcosnd ™! [ — 20 gy I, (k,asin®)sin®
+ k(T (koasin®) — J;,_;(ksasin®))]
and,
E, (1.0,0) = jk Fe

= — k C,cos0sinn¢ mj,[ I, 1(kosin®) + J;11(k,asin®)]

(A.17)

(A.18)
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APPENDIX B

The Derivation of the Coordinate Transformation Matrix
due to a Pitch-Yaw-Roll Movement

The axes of the elements are rotated by a pitch-yaw-roll (y, , W, ¥,) with
respect to the global coordinate system, and then they are translated by a vector T
(r,, 6, , ¢, to the required local origin. The global coordinate system coordinates and
symbols will be subscripted with a gl. The rotated coordinate system will be super-

scripted with primes. Figure B.1 shows the completely rotated system.

o Yg;

3
¥

\
&

Figure B.1: The rotated local coordinate system
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From Fig. B.1, three unit vectors were added, &, , &, , and &;. These are defined

in terms of the global unit vectors as,

&, = cosyy & + sinyy &, (B.1)
é, = cosy, &, — siny, &, (B.2)
&; = —siny, &, + cosy, &, (B.3)

Note that the unit vectors &; and &; are in the X, — 0 — Y, planes. The unit vector €,
is located in the X — 0 — Y plane ( a plane tilted 8 degrees and pivoted on the Y,
axis). The rotated coordinate system’s unit vectors can now be expressed in terms of
these three unit vectors which in turn expresses them in terms of the global

coordinate’s unit vectors.

ol
azqt
, cosy, = ax -
For &,: €, €z
€os(30-y,). ax’
& A
! f > Ayt
90- ¥
% A
o a i
Axgt < €

é'x = cosy,&, + siny,é; (B.4)



For é'y:
&, = - siny, &, + cosy, & (B.5)
' A
For 4, e
A
az’
| \/
A
| Aysh
!
g #2,
a4, = cosy,, &, + siny,, € (B.6)

Substituting expressions B.1-B.3 into B.4-B.5, the unit vectors associated with the

rotated coordinate system in terms of the global coordinate system are,

&y = oy, + 08, — O34, (B.7)
By =y + 0y + Ol (B.S8)
8, = Opaf + O3ty + Oggl, (B.9)

The direction cosines denoted by a; are given by

0] = COSYLCOSY,COsY, — Sinyysiny,
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O = —COSYCOSYysiny, — siny,cosyy
013 = SINY,COSYy
0y = COSYSINy cosy, + COSV, siny,
Oy = —coswpsin\uysinw, + cosy,cosy,
Op3 = sinysiny,
031 = —siny,cosyy
O3y = Simysinyy
033 = COSY,
To be certain the the direction cosines are orthogonal, it is easily shown that the
det(o;) = 1, ie.

11 %12 43
p Oy Op3 | =1
O3; O3y O33



