E o

i~

LKC

TK
5102.5
.C673e
#2000~
0038
c.2

Communications Centre de recherches
Research Centre  sur les communications

Canada Canada
An Agency of Un organisme
Industry Canada d’'industrie Canada

Compact Dielectric-
Loaded Patch Antennas
For L-Band Mobile
Satellite Applications

by Sara M. Stout

Advanced Antenna Technology

'.

CRC Report No. CRC-RP-2000-003

January 27, 2000

anada

cC

Al



T
S0 S5

C&1%e
i 1@6@

\
0
Q
(s

nn
O
g»

Compact Dielectric-Loaded
Patch Antennas For L-Band
Mobile Satellite Applications

By Sara M. Stout

Advanced Antenna Technology

Industry Canada
Library - Queen

AU 22 2012

Industrie Canada
Bibliothéque - Queen

CRC Report No. CRC-RP-2000-003
January 27, 2000



Abstract

In this work, a novel dielectric-loaded patch antenna is presented as a technique to
miniaturize a microstrip antenna while maintaining a fairly wide impedance bandwidth. It
consists of an aperture-coupled microstrip patch suspended above a ground plane and
loaded with high permittivity dielectric pieces. The dielectric loading enhances the cou-
pling from the aperture and perturbs the fields beneath the patch. Its resonant frequency is
reduced therefore resulting in a smaller patch at lower frequencies. This configuration
was developed at L-band frequencies for use in mobile satcom applications.

A detailed characterization of a linearly polarized prototype was performed and
the effect of varying the dimensions, permittivity, and location of the dielectric load
pieces was investigated. Experimental results revealed that frequency reductions on the
order of 30% compared to the conventional patch antenna could be achieved with imped-
ance bandwidths greater than 8%. A circularly polarized prototype was also developed
and the effect of loading on the quality of the CP was investigated. Testing this structure
revealed that frequency reductions on the order of 35% were possible with impedance
bandwidths just under 8%.

This investigation demonstrates the potential for the dielectric-loaded patch an-

tenna as a suitable candidate for mobile satcom applications.
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CHAPTER 1: Introduction

1.1 Target Application and Current Challenges

1.1.1 Overview

Since the launch of INTELSAT I, nearly 35 years ago, the world has witnessed an
explosive growth in the area of satellite communications (satcom). As technological in-
novations progressed, the global satcom market eXpanded and it is now capable of pro-
viding access to all types of information from virtually anywhere on the planet.

Many of the proposed satellite systems today, such as ICO and Ellipso, are fo-
cused on personal mobile communications, where individuals will be able to access a S;clt-
ellite with a very small handset. The system targeted for this research work, however, is
more related to vehicle satcom applications where the mobile terminals are mounted on
cars, trucks, ships, airplanes, or trains. These applications most commonly involve geo-
stationary satellites, as used in the MSAT and INMARSAT systems, and are aimed at

improving the navigation, tracking, and safety of the vehicles.

1.1.2 Vehicle Antenna Design Challenges

The vehicle-mounted antenna constitutes one of the weakest links in mobile sat-
com systems and is therefore an area of considerable research. These antennas, operating
at L-band frequencies (between 1.5 and 1.6 GHz), must meet stringent mechanical and
electrical specifications.

The mechanical requirements are straight-forward; the antenna must not disturb

the aesthetics or the aerodynamics of the vehicle which forces it to be very low-profile,



have a compact size, and be light-weight. Electrically, the most difficult task is to com-
bine circular polarization with a wide impedance bandwidth and low-angle beam cover-
age. Achieving the mechanical and electrical requirements simultaneously is particglarly
difficult since a number of the electrical parameters are dependent on the physical dimen-
sions of the antenna. Electrical performance is thus often sacrificed to make the antennas
smaller.

There are several possible candidates for vehicle antennas including the quadrifi-
lar helix, the crossed-drooping dipole, and the microstrip patch. The helix and the dipole
both have excellent electrical performance but are far too tall to be mounted on a vehicle.

The microstrip patch antenna, although it satisfies the low profile requirement in its con-

ventional form, suffers from a poor bandwidth and tends to be quite large at L-band fre-

quencies.

1.1.3 Motivation for Dielectric-Loaded Patch Structure

Microstrip patch antennas offer a number of attractive advantages over the previ-
ously mentioned candidates. They are the lightest-weight, the lowest-profile, and can be
easily conformed to different surfaces. Manufacturing is relatively simple and integration
with other printed circuits makes them low-cost. For these reasons, many researchers
have tried to develop innovative ways to both reduce the size of the microstrip patch as
well as increase the bandwidth.

The most common method of miniaturization has been by shorting the patch in
the plane where the electric fields are minimum. This was successful at reducing the
patch dimensions by about half but obtaining circular polarization was quite difficult

since the orthogonal mode cannot exist on the shorted boundary. The research carried out




in this thesis was focused on dielectric-loading the patch antenna to achieve miniaturiza-
tion in such a way that circular polarization would still be possible and the impedance

bandwidth would meet the satcom requirement.

The idea was to decrease the resonant size of the patch by strategically loading the

4 patch cavity with small pieces of dielectric material. The resulting dielectric-loaded patch

structure overcomes both the dimension and bandwidth problems of the conventional
patch antenna and, as such, is a viable candidate for mounting on a vehicle in mobile sat-

com applications.

1.2 Thesis Objective

The overall objective of this thesis was to investigate dielectric-loading as a tech-
nique to miniaturize a microstrip patch antenna and hence make it a more suitable alter-
native to helices and crossed dipoles for mobile satcom applications.

A detailed characterization of a linearly polarized dielectric-loaded patch antenna
was to be performed to determine the effects of each physical parameter in the structure.
Emphasis was to be placed on observing how the frequency reduction, matching ability,
and bandwidth could be controlled and used to enhance the antenna’s performance. De-
sign guidelines were to be developed from the trend information and tested to assess their
practicality.

In order to ensure that this antenna would be viable for mobile satcom applica-
tions, the effect of dielectric-loading on the quality of the circular polarization was also to

be evaluated, though not investigated in detail.




1.3  Thesis Organization

The thesis is organized in the following manner. The second chapter briefly out-
lines the important background information leading into a detailed discussion of the mo-
tivation for the development of this novel antenna. Mobile satcom applications are re-
viewed as well as the current antenna candidates under consideration. This chapter con-
cludes by introducing the dielectric-loading concept.

The third chapter presents the theory behind the dielectric-loaded patch antenna.
Microstrip patch radiation mechanisms are reviewed and the cavity model is presented in
significant detail. Current methods of achieving patch miniaturization are outlined fol-
lowed by a description of perturbation theory and how it relates to dielectric-loading.

The fourth chapter encompasses the main body of the work in this thesis. It de-
scribes, in detail, the experimental characterization of the dielectric-loaded structure.
Details on how the prototype was designed and fabricated are outlined and the measure-
ment methodology is presented as well as the observed trends. This chapter concludes
with a comparison between some of the simulated and measured results.

The fifth chapter begins with the development of a set of guidelines for designing
a linearly polarized dielectric-loaded patch. Using these guidelines, a prototype antenna
was developed and measured. The results of this design aré presented and the validity of
the guidelines is discussed. The remaining half of the chapter focuses entirely on the cir-

cular polarization investigation.

. _




CHAPTER 2: Background

2.1 Introduction

This chapter will provide an introduction to mobile satellite communications and
outline some of the major challenges and technical difficulties in the development of ve-
hicle antennas. After a review of the satellite services in operation today, the discussion
will focus on the antennas currently under consideration for the'se systems with a detailed
examination of their advantages and disadvantages. Finélly, the dielectric-loaded patch
antenna structure will be revealed and presented as a future candidate for mobile satcom

applications.

2.2  Current Mobile Satellite Communication Services

Mobile satellite services relay communications through satellites to and from mo-
bile vehicles such as cars, trucks, ships, and airplanes. Unlike cellular telephone technol-
ogy, where a user moves through cells, mobile satellite services rely on satellites over-
head of a user. The satellite thus functions as a “cellular tower” in the sky where, in the
case of geostationary Earth orbiters (GEOs), at least three satellites are required to pro-

vide coverage over the entire planet, excluding the polar regions. The goal of these sys-

tems is to have communication capability for anyone at anytime and from anywhere with |

any kind of information.
The concept of mobile satellite services is not new. Ships, airplanes and trucks

have relied on GEOs to provide these services for years. With the rapid growth of wire-



less communications, many new avenues are opening for mobile satellite applications.
The following are some examples of applications currently under consideration [1]:

¢ On-board navigation systems for vehicles,

e Embedded GPS systems (GPS in other systems such as cell phones),

e Air traffic management systems [2],

* Global tracking services [3].

The three current satellite contenders for these types of applications are MSAT,
INMARSAT, and Iridium. MSAT is the North American geostationary mobile satellite
system that began providing the United States and Canada with an unprecedented range
of innovative mobile services in 1995. This satellite is dedicated to providing service for
mobile telephone, radio, facsimile, paging, position location, and data communications
for users on land, at sea, and in the air. Communications between mobile users and the
satellites are accomplished at L-band frequencies while terrestrial feeder stations use
Ku-band frequencies to communicate.

INMARSAT, originally known as the International Maritime Satellite Organiza-
tion, is now a group in control of an international mobile satellite communication system
[4]. The INMARSAT system bécame operational in 1981 and, with its nine geostationary
satellites, it now provides mobile communications world-wide. INMARSAT’s primary
interests have been in providing services in the area of maritime safety including the dis-
tress call for ships at sea. The communications link between the mobile terminal and the
satellite is at L-band frequencies.

The Iridium system, designed by Motorola, is one of the newer commercial satel-

lite systems launched in 1997. It comprises a constellation of 66 low-Earth-orbit satellites




and uses L-band frequencies to provide global communications services through portable

“handsets. The Iridium phones and pagers are intended to work anywhere in the world by

communicating with both terrestrial wireless networks as well as the satellites in orbit.

2.3 Current Antenna Candidates for Mobile Satcom

2.3.1 Vehicle Antenna Requirements

In implementing mobile satellite communications, the vehicle antenna is one of
the ﬁost_ important technologies to consider. The system requirements for these antennas
can be élassiﬁed as follows [5,6]:

e Mechanical characteristics,
e Electrical characteristics,

e Propagation and environmental conditions.

2.3.1.1 Mechanical Characteristics

The mechanical requirements for vehicle antennas vary depending on the actual
vehicle under consideration but, in general, they must be'compact and light-weight. The
mechanical strength of the installation is also an important factor and should be consid-
ered cérefully in the design and evaiuatiqn of such antennas.

Although antennas intendéd for ships are subject to a harsh sea environment, they
have far less stringent installation requirements than antennas intended for aircraft or
cars. Ships generally have ample space to install relatively large antennas and aerody-
namics is not a major concern. In the case of cars, however, the antennas must be low-
profile and light-weight in order to disturb neither the aesthetics nor the aerodynamics of

the car. Antennas designed for aircraft must satisfy more stringent standards than most



other vehicles due to the severe conditions they encounter and the need to minimize air

drag.

2.3.1.2 Electrical Characteristics

The electrical characteristics of vehicle antennas are restricted by the mechanical

requirements. A compact antenna implies that its gain will be low since the gain of an
antenna is theoretically determined by its physical dimensions. Also, a more compact
antenna will have a wider radiation pattern beamwidth. This means that the antenna is
susceptible to interference from undesired signals.

To meet the mechanical requirements of being compact and light-weight, the ve-
hicle antenna’s electrical weaknesses must be compensated by having a large antenna
with high power located on the satellite. The electrical requirements for vehicle antennas
are thus determined primarily by the capability of the antenna on the satellite in orbit. A
high gain satellite with a large effective isotropically radiated power (EIRP) and good
receiver sensitivity would permit the fabrication of compact and light-weight antennas in
mobile terminals.

MSAT, as well as INMARSAT-C (third generation), both provide higher satellite
capability than older systems thus allowing for the design of relatively compact vehicle
antennas. Since the characteristics of these two systems are similar, each demands similar
requirements for vehicle antennas. These specifications are outlined in Table 2.1 [6].

L-band frequencies are used in almost all present systems for the communication
link between the satellite and the mobile terminal on earth. Since the signal is transmitted

at'1.6 GHz and received at 1.5 GHz, an 8% impedance bandwidth is required to cover




both bands. This is a difficult specification to meet with most compact antennas and is an’

area of significant research.

Specification MSAT/INMARSAT-C
Frequency L-band
Impedance Bandwidth 8%
Gain 12-15 dBi (voice/high-speed data)

0-4 dBi (low-speed data)

Elevation Coverage

0-90 degrees (tracking required for high gain case) "

Azimuth Coverage

Polarization

0-360 degrees (tracking required for high gain case)

RHCP

Axial Ratio

<5 dB

Table 2.1: Mobile Terminal Antenna Specifications

The required antenna gain is determined by a link budget which takes into ac-

count the satellite capability and the required channel quality. The channel quality is rep-

resented mathematically as the carrier-to-noise power density ratio (C/N,) and depends

on the receiving capability and EIRP of both the satellite and the mobile terminal.

Depending on the satellite system, different levels of gain are required ranging

from 24 dBi in high gain systems to less than 4 dBi in low gain systems. There are no ex-

act definitions to differentiate between low, medium, and high gains, but present and up-

coming L-band mobile satcom systems will have gains classified as shown in Table 2.2.

Gain Antenna Typical Typical Antenna Typical Service
Class Gain (dBi) (el. = elements)
High Directional 20-24 Dish (1 m) Voice/high-speed data
High Directional 17-20 Dish (0.8 m) Ship (INMARSAT-A,B)
Medium | Semi-directional 8-16 Short Backfire (0.4 m) | Voice/high-speed data
(only in azimuth) Phased array (20 el.) Aircraft INMARSAT)
Medium | Semi-directional 4-8 Array (2-4 €l.) Ship (INMARSAT-M)
(only in azimuth) Helix, patch Landmobile
Low Omnidirectional 0-4 Quadrifilar Low-speed data
‘ Drooping dipole Ship INMARSAT-C)
Patch Landmobile

Table 2.2: Classification of L-band Antennas [5]
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Since the satellites in these systems are in a geostationary orbit, they appear to
have a stationary location in the sky with respect to the mobile user. In northern and
southern 1atitudes, the satellite will appear at low elevation angles requiring that the vehi-
cle antennas provide adequate gain at these angles. In order to avoid tracking, low gain
antennas with hemispherical pattern coverage are required. Higher gain antennas, for im-
proved link margins, have narrower beam patterns and therefore require tracking capa-
bilities.

To avoid polarization tracking, mobile satellite communication systems use cir-
cularly poiarized waves. The reason for this becomes clear by considering briefly a line-
arly polarized system. If both the satellite and the mobile vehicle terminal were linearly
polarized, either vertically or horizontally, the vehicle antenna would have to keep the
exact same polarization as the antenna on the satellite. If the direction of the eiec-
tric-fields generated by the vehicle antenna rotate by 90 degrees with respect to the po-
larization of the satellite, then the mobile will not receive any signals from the satellite.
Using circularly polarized antennas avoids this problem for the most part but polarization
mismatch loss must be taken into account. To keep the mismatch loss below 0.5 dB, the
axial ratio of vehicle antennas must be kept under 5 dB in all directions.

Other factors to consider include the ratio of system gain to system noise tem-
perature (G/Tj, which determines the level of the weakest signal that can be received, and
the antenna’s EIRP, defined as the sum of the antenna gain and output power of the high
power amplifier. However, since this thesis is focused on the antenna and not the entire

system, these two parameters were not included in the investigation.
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2.3.1.3 Propagation and Environmental Considerations

The location of the vehicle antenna is important in mobile satellite communica-
tion systems. Having line-of-sight capability and avoiding signal degradation through the
propagation environment are both serious considerations that must be accounted for in
any vehicle antenna design.

Maritime applications, for example, suffer from sea reflections and blocking
caused by superstructures such as masts and other antennas. In aeronautical applications,
fading caused by the fuselage was found to be more significant than even the sea reflec-
tion fading. Land mobile applications, on the other hand, are limited by shadowing and
blocking effects caused by trees, buildings, and the shape of the terrain. Research is thus

currently being conducted in these areas and is focused on methods of minimizing the

effects [7,8].

2.3.2 Current Omnidirectional Antenna Candidates

High performance vehicle antennas are needed to provide the required satellite
communications link. If the vehicle antenna has a high gain then it has to track the satel-
lite following both the vehicular and orbital motions. This is both difficult and expensive.
On the other hand, if the vehicle antenna has low gain it will inevitably have less per-
formance such as radiation power and receiving capability. This limits the overall com-
munications link.

A significant amount of research over the last decade has been concentrated on
the development of low gain omnidirectional antennas with improved capability and bet-
ter performance [4, 5, 6, 9, 10]. The purpose of developing these antennas is to provide

users with solutions that are simple, reliable, and low-cost. As discussed in section
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2.3.1.2, these types of antennas provide gains from O to 4 dBi and do not require satellite
tracking capability. There are four basic antenna types in the omnidirectional family
which have been considered as possible candidates for vehicle antennas:

e Quadrifilar helix,

e Crossed-drooping dipole,

e Microstrip patch antenna,

e Dielectric resonator antenna (DRA).

2.3.2.1 Quadrifilar Helix

The quadrifilar helix antenna [11] is composed of four identical helices wound,
equally spaced, on a cylindrical surface as illustrated in Figure 2.1. The helices are fed
with signals that have equal amplitude but are 0, 90, 180, and 270 degrees in relative
phase. Generally, for mobile satcom applications, the quadrifilar helix stands about
40 cm high and provides a minimum gain of —4 dBi and a 3-dB maximum axial ratio

over continental United States, from zenith to the horizon [12].

Figure 2.1: Quadrifilar Helix (from [12])
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The quadrifilar helix builds on the benefits of the unifilar helix which inherently
generates circularly polarized waves without an external feed network and has a wide
impedance bandwidth due to its travelling-wave mode of operation. The quadrifilar helix
is more advantageous since it has an even larger impedance bandwidth and the axial
mode of operation occurs at a lower frequency. The main disadvantages of the quadrifi-
lar helix, however, are that the feed network requires extra complexity and that the

ground plane must be larger.

2.3.2.2 Crossed-Drooping Dipole

The crossed-drooping dipole antenna is well suited to land mobile satellite appli-
cations where the required angular coverage is narrow in elevation and is almost constant
in azimuth. The crossed-dipole configuration consists of two half-wave dipoles which
are set in a cross formation geometrically orthogonal to one another as shown in Figure
2.2(a). Since a single dipole antenna radiates linearly polarized waves, two crossed-

dipole antennas, fed in phase quadrature, are used to generate circularly polarized waves.

y
Cross-dipole

<

(a) (b) (©
Figure 2.2: (a) Crossed Dipole, (b) Patterns, (c) Crossed-Drooping Dipole (from [1,6])
The radiation pattern of the crossed-dipole, shown in Figure 2.2(b), is nearly om-

nidirectional in the horizontal plane. The maximum gain of this structure is at boresight
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(z-axis) but can be optimized to have higher gains at lower elevations by bending the di-
poles toward the ground as shown in Figure 2.2(c). This also helps to increase the circu-
lar polarization at low elevations. The distance between the ground plane and the dipoles
affects the pattern shape of the overall antenna. By adjusting this height and the bending
angle of the dipoles, the designer has control over both the gain and elevation patterns.
Generally, for mobile satcom applications, the dipole stands about 15 cm above the
ground and achieves a minimum gain of 4 dBi and a maximum axial ratio of 6 dB over

continental United States, between zenith and the horizon [12].

2.3.2.3 Microstrip Patch Antenna:

Microstrip antennas are also being considered for mobile satellite communication
systems. This type of antenna, as shown in Figure 2.3, consists of a metallic patch, most

commonly square or circular, supported by a dielectric substrate over a ground plane.

Patch

o _—— Substrate
I'd

L

/ Ground

V w Plane

Figure 2.3: Microstrip Patch Antenna

The main advantage of microstrip antennas is that they are very low-profile and
light-weight as compared to the helix and dipole discussed above. These antennas can be
designed to produce a wide-broadside beam (like the dipole) or an omnidirectional beam

depending on the mode of excitation.
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In order to produce circular polarization, the patch antenna is generally excited at
two points orthogonal to each other and fed with signals equal in amplitude and 90 de-
grees out of phase. A typical circular microstrip antenna used in satcom -applications will
stand about 1 cm above the ground and achieve a minimum gain of 3.5 dBi and a maxi-
mum axial ratio of 4 dB ovér continental United States, between zenith and the horizon
[12].

Simple microstrip patch antennas have relatively narrow impedance bandwidths
(2-3%) and are thus not operational over both the transmit and receive bands of mobile
satellite systems. Many attempts have been made to increase the bandwidth of these an-
tennas. Three ways that have been successful are increasing the dielectric thickness, de-

creasing the dielectric constant, and stacking one patch above the other. Using a thick-air

dielectric substrate of about 7 mm in height will yield an impedance bandwidth close to

8%. However, the dimensions of such an antenna at L-band frequencies are
L=W=80 mm, which is fairly large. Another problem with this bandwidth enhancement
technique is that probe-coupling is required to feed the patch on the thick-air substrate.
The probe tends to radiate under these conditions which leads to high cross-polarization
levels and a degradation in the circular polarization.

Signiﬁcant size reductions have been accomplished by strategically placing
shorting posts [13,14] and using high dielectric constant substrates [15]. However, these
methods tend to make the impedance bandwidth even smaller and do not lend well to
generating circular polarization. Researchers have proposed many ways to reduce the
size of the patch and still maintain the required impedance bandwidths. Suggestions

range from an annularring loaded, shorted-patch antenna [16, 17] to dielectric-
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resonator-loaded patch configurations [18] in which a dielectric resonator is strategically
placed on top of a patch. Other configurations have also been suggested but, to date, a
compact microstrip patch antenna that meets all of the required electrical specifications

has not been achieved.

2.3.2.4 Dielectric Resonator Antenna (DRA):

Dielectric resonator antennas [19] are relatively new alternatives to the conven-
tional technologies described above. As illustrated in Figure 2.4, they are open resonant
radiating structures fabricated from low-loss dielectric materials (tan & = 0.0001 to
0.002) which are formed into any one of a number of shapes including rectangular, cir-

cular disk, ring, cross, triangular, or hemispherical.

2d<i->
1%/

Figure 2.4: Rectangular Dielectric Resonator Antenna
The resonant frequency of the DRA is determined from its size, aspect ratio, and
the relative permittivity of the dielectric material. DRAs are free from conduction losses
since they are non-metallic, thus yielding higher radiation efficiencies. Another advan-
tage is that they have inherently wide impedance bandwidths (5-15%) which can be
achieved without exciting surface waves.
DRAs offer more flexibility than microstrip patches in that a wide range of rela-

tive permittivities can be selected to optimize their size. At L-band frequencies, however,
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a permittivity of about 10 is required to achieve an impedance bandwidth of 8%. This
forces the DRA dimensions to be on the order of 2a=50 mm, 2d=50 mm, b=32 mm [20]

which is clearly not as low-profile as the microstrip patch dimensions detailed above.

- The height can be reduced to some degree but that comes at the expense of much larger

width and transverse dimensions. The DRA calculations and associated design equations

leading to the values above are outlined in Appendix 1.

2.4 Novel Antenna for Low Gain Applications

Since satellite tracking is both undesirable and expensive, the design focus of re-
cent years has been directed primarily towards low gain omnidirectional antennas. As
outlined above, the design of these structures is an interesting challenge at L-band fre-
quencies and current candidates do not satisfy simultaneously all of the system require-
ments. |

The quadrifilar helix ;clnd the érossed-drooping dipole meet most of the electrical
parameters but are far too high in profile. DRAs can also satisfy the electrical specifica-
tions but they too are .excessively high and large at L-band frequencies. Microstrip patch
conﬁgurations; on the other hand, are the only antennas that meet the low-profile fe—
quirement. They are also the lightest-weight of all the proposed candidates and are easily
fabricated and used with monolithic microwave integrated circuit (MMIC) technology.
To achieve the required impedance bandwidth of 8% they require thick substrates with
low dielectric constants. This forces both the transverse dimensions and the height of the
patch to be larger and leads to radiation probléms when fed with a probe.

Given the many advantages of the microstrip patch, much research has been de-

voted to developing creative ways to both reduce the dimensions and widen the band-
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width of the patch. The work of this thesis focused on one such innovative patch minia-
turization method, that being dielectric-loading.

Preliminary investigations on the novel dielectric-loaded patch antenna have pro-
duced results of particular interest. The structure is effectively a rﬁiniaturized microstrip
patch antenna which overcomes the dimension and bandwidth problems of the current
candidates. Miniaturization is accomplished by placing pieces of dielectric in strategic

locations underneath a patch that is fed via aperture-coupling, as illustrated in Figure 2.5.

Patch Substrate

Patch

Slot Load Piece ———————— Side Load Pieces

Microstrip
Slot
Substrate
Ground Plane
Microstrip Line e o

Figure 2.5: The Dielectric-Loaded Patch Antenna Basic Configuration
In this way, the fields between the patch and the ground plane are perturbed and
the operating frequency of the patch antenna is lowered, thus enabling a smaller patch
size to be used at lower frequencies. This novel antenna makes use of the low-profile and
light-weight advantages of microstrip antennas and is theoretically capable of good cir-

cular polarization performance.
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CHAPTER 3: Theory

3.1 Introduction

The intent of this chapter is to examine the theoretical background information
required for the design and analysis of the dielectric-loaded patch antenna described at
the end of the second chapter. Since this novel structure builds on the advantages of mi-
crostrip antenna technology, a detailed presentation of microstrip patch theory will be
presented with an emphasis on the cavity model as outlined by Balanis [21] and Bahl &
Bhartia [22].

Current methods of achieving patch miniaturization will then be presented with an
6utline of their advantages and disadvantages. Finally, cavity perturbation theory will be
described followed by an explanation of how it can be used to achieve a frequency re-
duction and hence a miniaturized microstrip patch.

It is important to realize that, due to the complexity of the structures under con-
sideration, the theory presented in the following sections is approximate and dependent
on several underlying assumptions. The insight gained in this pfoces‘s, however, is valu-

able and serves to better comprehend the problem.

3.2 Microstrip Patch Antenna Theory

Although the concept of microstrip radiators was first proposed as early as 1953
by Deschamps [23], it was not until the early 1970s that practical fnicrostn'p antennas
were designed and implemented by Howell [24] and Munson [25]. Since then, theoretical
models, photoetching techniques, and good low loss dielectric materials have been devel-

oped and the microstrip patch antenna has now reached an age of maturity. There are
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many well tried techniques that can be relied upon and there are few mysteries lef"t to dis-
cover about its behavior.

The topic of microstrip antennas is not static as the quest for more innovative de-
signs coupled with reliable manufacturing methods is very much alive. The driving forces
behind the active research is the thirst for lower-cost, lighter-weight, and more compact

structures.

3.2.1 Microstrip Patch Antenna Basics

3.2.1.1 General Structure

A microstrip antenna consists of a very thin (thickness<<,, the free space wave-
length) metallic strip (patch) placed a small fraction of a wavelength (h<<A,) above a
ground plane, as shown in Figure 3.1. The strip and the ground plane are separated by a

low loss insulating material, the dielectric substrate, and the radiating patch element is

usually photo-etched.
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Figure 3.1: Microstrip Patch Structure (a) 3D, (b) Side, (c) Top views (from [22])
(Note that the arrows indicate the direction and magnitude of the electric fields.)

Although patches can take on many shapes such as square, rectangular, triangular,
and circular, only the square patch will be discussed in the remaining part of this work.
The square shape was chosen since it was well suited to the available dielectric-load
pieces, as will become obvious in Chapter 4. The microstrip antenna is very low in pro-
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file and, as such, can be used in applications where small size, light-weight, low cost,
ease of installation, and high performance are required.

The dielectric substrate of the microstrip patch provides a stable support for the
conductor strip and fulfills an electrical function by concentrating the electromagnetic
fields beneath the patch. The degree of field concentration depends on the type of sub-
strate since dielectric constants can vary in the range of 1< E;< 12. Generally, it is more
desirable in radiation problems to have limited field concentration so low pérmittivity
substrates would be preferred. However, microstrip transmission-lines require a higher
level of field concentration and therefore would perform better on substrates with higher
permittivities. The microstrip antenna and the microstrip transmission-line have opposing
requirements and, when used together on the same substrate, a compromise in the per-
formance of both is necessary.

Thick substrates with dielectric constants in the lower end of the range provide
good antenna efﬁcienc.y with larger bandwidth but result in larger patch dimensions. The

patch dimensions can be reduced by increasing the substrate permittivity but surface

waves can become significant.

3.2.1.2 Surface Waves

Surface waves propagate along an interface between two different media and es-
sentially deteriorate the microstrip antenna’s performance. The surface waves that dif-
fract off the edges of the microstrip structure contribute to increasing both side lobe and
cross-polarization levels. Since they use up part of the signal’s energy, they lead to a de-

creased antenna efficiency. Surface waves should therefore be suppressed wherever pos-

sible.
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Due to its structure, consisting of a dielectric substrate together with a ground
plane, the microstrip patch antenna can support dielectric slab-type modes with zero cut-
off frequencies [26]. This means that, at any frequency of operation and at any disconti-
nujty in the conducting strip of a microstrip line, such as an open circuit termination, the
substrate surface waves will be launched.

The surface wave power typically decays at a rate slower than that of the space
wave (radiated) since its phase velocity is less than that of the surrounding medium. The
slow decay rate leads to phasing issues with the space waves when the surface waves are
diffracted from the edges of the substrate, therefore contributing to increased
cross-polarization levels and unwanted side lobes. Substrates that are thick with very high
relative permittivities will support a higher number of surface waves that have a much

lower speed of propagation than the space waves and will seriously affect the antenna’s

performance.

3.2.1.3 Basic Radiation Mechanism

The basic radiation mechanism of the microstrip patch antenna is best understood
by considering the structure in Figure 3.1. Assuming that there is no variation of the
electric fields along the width and thickness of the structure, the electric fields along the
remaining dimension of the radiator are as indicated in Figure 3.1(b). This dimension is
the patch length and, for efficient radiation, it should be about a half-wavelength long
such that the fields are fringing at the open-circuited edges of the patch.

By resolving the fringing fields into normal and tangential components with re-
spect to the ground plane, it becomes clear that the normal components will be out of

phase with each other due to the half-wave dimension of the patch length and thus cancel
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in the far field. The tangential components (those parallel to the ground plane) will be in
phase with one another and thus combine in the far field to give a maximum radiated

field normal to the surface of the patch. This principle is approximately illustrated in Fig-

ure 3.2.
A
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Figure 3.2: Components of the Fringing Fields (a) Tangential, (b) Normal

The microstrip patch can therefore be represented as two slots, spaced a half
wavelength apart (Figure 3.1(c)) and excited in phase, such that radiation is broadside
into the half space above the ground plahe. The patch antenna can also be designed to
have an end-fire radiation pattern where the pattern maximum is in the plane of the patch.
The direction of the pattern maximum is dictated by the mode of excitation or field con-

figuration beneath the patch.

3.2.2 Microstrip Patch Models

3.2.2.1 Overview

The electromagnetic (EM) fields of the microstrip structure are determined by

solving Maxwell’s equations subject to the appropriate boundary conditions. Though mi-
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crostrip patches appear to be simple structures, the determination of the EM fields is
made difficult by the following three complexities:
e The fields extend over different propagation media (air and dielectric),
each having different properties.
e Different boundary conditions apply at different points on the surface due
to the patch conductor being in one area and not in others.
e The dimensions of the structure are finite so that the edge effects caused
by the surface waves cannot be neglected.

It is these complexities that make the microstrip antenna nearly impossible to
solve analytically. Many simplified models were developed to ease the analysis and com-
prehension of the microstrip antenna behavior, each with underlying assumptions. Most
of these models are only partially successful in predicting microstrip antenna perform-
ance and require considerable calculations [22].

Both the transmission-line and cavity models were used extensively in this work.
The transmission-line model leads to adequate results for most design purposes and, al-
though it is only applicable to rectangular or square patch geometries, it provides a set of
useful design equations. The cavity model is not as simple as the transmission-line model
but it provides more insight into the fields and radiation capability of the microstrip an-
tenna. The cavity model will be described in significant detail. The transmission-line
model will then be outlined, based on the interpretation of Balanis [21], and typical de-

sign equations will be presented.
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3.2.2.2 Cavity Model Basics

3.2.2.2.1 Background

It was found that the fields within the dielectric of a microstrip antenna can be
more accurately determined by treating the region as a cavity bounded by electric walls
on the top and bottom and magnetic walls on the sides. The cavity model hinges on the
basic assumption that the substrate thickness is much smaller than a wavelength so that
the field variations along the height (x-directed as illustrated in Figure 3.3) will be con-
sidered constant. This assumption implies that the electric fields are nearly normal to the
surface of the patch since the fields along the edges of the patch will be very small. The
fields existing in the cavity are thus transverse magnetic (TM) to x, having only the E,,

Hy, and H, components.
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Figure 3.3: Microstrip Antenna Coordinate System
In this way, the fields in the antenna are assumed to be the same as those of a
cavity and thus can be evaluated in a more simple manner. However, there is a problem
with modeling the antenna as a cavity in that a lossless cavity does not radiate. The cavity
model implies that the input impedance will be purely reactive and that it will not radiate

any power. The model must therefore be modified to account for the radiating ability of

et Substrate
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the antenna by including a loss component in the form of an effective loss tangent. This

loss tangent is related to the quality factor of the antenna (Q) by the following equation:

S,=1/0 (31

3.2.2.2.2 Field Configurations

Considering only the TM* modes within the cavity and assuming that the dielectric mate-
rial comprising the substrate of the microstrip antenna does not extend past the edges of
the patch, the vector potential approach [27] can be used to derive the field configura-
tions. These resulting field equations are as follows where Anpp is a constant and ki, ky,

k., are the wavenumbers in the x, y, z directions respectively.

—_7 2 —_— 2
E, = J_(c]f)ﬂ% 4, cos(k x)cos(k, y) cos(k,z)
E __—j(k.\‘k}’)A in(f in( !
= W np SIN(E X)) sIn(k , y) cos(k, z)
E, =— i,(ﬂkEk) Ay sin(k ) c0s(k, y) sin(k, 2) (3-2)
H =0

y

H, =— s A, cos(k, x)cos(k,y)sin(k, z)
u

k,
H,=-*4,,, cos(k,x)sin(k,y)cos(k,z)

z mnp

Friniging fields were not taken into account in this cavity model. Their effect can
be included when determining the resonant frequency of the cavity as will be done in

Section 3.2.2.5 with the transmission-line model.
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3.2.2.3 Equivalent Current Densities

Based on the cavity model, the four side walls of the truncated patch substrate can
be thought of as slots or narrow apertures through Which radiation occurs. Using
Huygens’ field equivalence principle [27], these slots can be represented by an equivalent
electric current density (Js) and an equivalent magnetic current density (Ms) which are

related to the electric and magnetic fields at the slots by:

J. =nxH, '
(3-3)

A

M =—-—nxE,

Similarly, the patch can be represented by an equivalent current density, J; on the
top surface, and J,, on the bottom surface. When the ratio /W is small, J; is much smaller
than J, and so it can be set to zero. Also the tangential magnetic fields along the edges of
the patch are ideally zero thus leading to having the side walls represented by magnetic
walls. With these tangential magnetic fields very small, Js will also be very small such
that it too can be set to zero. M; will therefore be the only remaining current density on
the sides of the patch cavity.

Thus far, it has been assumed that the patch has been sitting on a ground plane.
Using image theory [27] the presence of the ground plane can be accounted for by effec-
tively doubling the magnetic current density such that Mg now radiates into an un-

bounded free space and is represented by:

M, =-2nxE, © (3-4)
Since this equivalent magnetic current density is along all sides of the cavity,

there are a total of four slots on the patch antenna. Based on the equivalence principle
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[27], each slot radiates the same fields as a magnetic dipole having a current density de-
fined by (3-4).

As illustrated in Figure 3.4, the current densities on slots #1 and #2 on the two
walls separated by length L are both of the same magnitude and phase. They form a two
element array of magnetic dipoles with a separation of L equal to about a half wavelength
from each other. In the far field, these two sources will add in a direction normal to the

patch and form a broadside pattern in the principal E-plane.
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Figure 3.4: Radiating Slots on the Microstrip Patch
Different from slots #1 and #2, slots #3 and #4 each consist of two magnetic cur-
rent densities that are of the same magnitude but are opposite in direction. The fields ra-
diated from one side (say the left) of each slot will be canceled in the far field H-plane by
the fields radiated from the other side (say the right) of the same slot. Also, since the slots
on opposite walls are 180 degrees out of phase with each other, their radiation will cancel
in the E-plane as well. It is for this reason that slots #3 and #4 are considered to be

non-radiating. Figure 3.5 illustrates the typical E-plane and H-plane patterns.
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Figure 3.5: Typical E and H Plane Radiation Patterns (from [21])

3.2.2.4 Radiated Fields and Patterns

Although the slots #3 and #4 in Figure 3.5 are considered non-radiating, they do
radiate away from the principal planes. This field intensity is very small, however, com-
pared to the fields radiafed by slots #1 and #2 so their effect will be neglected in this
analysis. The total radiated field from the ﬁicrosh’ip patch antenna is therefore the sum of |
the fields generated by the two elements in the array of magnetic dipoles representing the
radiating slots. An array factor can be used for this calculation since the two slots are
considered to be identical.

The phi (¢) component of the electric fields (Ey) radiated by each slot in the far
field, using the equivalent current dénsity as in (3-4) and assuming that the radial and
azimuthal components of the electric field (Er and Eg respectively) are approximately

zero, is defined as follows [21]:

t hWE. e sm( ko sin 6 cos @) sin(M cos®)
E,=—j—~"=2° _|sing k}f 2 (3-5)
w ‘ °—sin O cos ¢ cosé

[

From array theory, the array factor (AF) for two magnetic dipoles separated by a

distance L in the y direction can be written as [21]:

AF =2 cos( k;L sin @sin ¢J (3-6)
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To include the effects of fringing, an effective length can be used in (3-6) instead of the

physical length as discussed in section 3.2.2.5. The total electric field of the array is ob-

tained by multiplying (3-5) and (3-6) which yields the following equation for small val-

ues of h (koh<<1):

ARE oo sin( "? cosﬁj KL
E,=—j—" | sing— = cosl “sinOsing | (3-7)
r cosf 2

From (3-7), E4 can be determined in both the E and H planes by setting 6 equal to
90 degrees, and ¢ equal to O degrees respectively. Plotting the resulting expressions will
lead to the patterns shown previously in Figure 3.5. It should be noted that the cavity

model does not take into account either the edge effects or the position of the feed.

3.2.2.5 Transmission-Line Model and Patch Design Equations

3.2.2.5.1 Model Basics

The transmission-line model is based on the microstrip antenna being represented
as an array of two radiating slots each having a width (W) and a height (h) and the two
being separated by a distance (L). The electric field in the slots is assumed to be constant
and is characterized by the equivalent conductance of an open parallel plate waveguide.

The two slots are connected by a section of low characteristic impedance trans-
mission-line one half guided wavelength long. For a square patch, ‘the transmission-line
equivalent model is depicted in Figure 3.6. B; and B, represent the susceptance of slots

#1 and #2 respectively while G; and G; represent the associated conductances.
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Figure 3.6: (a) Square Microstrip Patch and (b) Equivalent Transmission-line Model

The equivalent admittance of slot #1 is:
Y, =G, + jB, (3-8)

where, for a slot of finite width and assuming base metric units, the equations for G, and

By are [21]:
w |
G, = [1———(/« h)’ } for h/A, < 0.1 (3-9)
1204, 24
B = i [1-0.636In(k,4)] for h/A,< 0.1 (3-10)
12024, °

(7]

Since slot #2 is identical to slot #1, the two admittances are the same. An ap-

proximate value of G, can be found by using the field expressions derived in the cavity

model [21]:
1 (wY
G =—|— | forW<<A, (3-11)
90| 4,
G, - L7 for W>>L, (3-12)
120\ 4,
3.2.2.5.2 Input Resistance
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The resonant input resistance of the patch (Riy), as derived in [21] and neglecting
mutual coupling effects, is obtained by transferring the admittance of slot #2 from the
output terminals to the input terminals using standard transmission-line transformation
equations. It is then given by:

R =L
2G

n

(3-13)

1
The resonant input resistance can be changed by altering the width of the patch or
by using an inset feed recessed a certain distance from slot #1. This method can be used

to obtain a better match between a microstrip feedline and the patch antenna [21].

3.2.2.5.3 Design Equations that Account for Fringing

Because the dimensions of the patch are finite, the fields at the edges of the patch
undergo fringing. The amount of fringing is a function of the dimensions of the patch and
the height of the substrate. The effect of the fringing is to make the patch appear to be
electn'cally longer than its physical dimensions. Accounting for the fringing is accom-
plished b<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>