QINGYUAN WANG

Broadband microstrip circuits, antennas, and antenna
arrays for mobile satellite communications

These
présentée
a la Faculté des études supérieures
de I’Université Laval
pour I’obtention
du grade de Philosophia Doctor (Ph. D.)

Département de génie électrique
et de génie informatique
FACULTE DES SCIENCES ET DE GENIE
UNIVERSITE LAVAL
QUEBEC
AVRIL 2000

© Qingyuan Wang, 2600



i+l

National Library

of Canada du Canada

Acquisitions and Acquisitions et

Bibliographic Services

395 Wellington Street
Ottawa ON K1A ON4

Canada Canada

The author has granted a non-
exclusive licence allowing the
National Library of Canada to
reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author’s
permission.

Bibliothéque nationale

services bibliographiques

395, rue Wellington
Ottawa ON K1A ON4

Your file Votra référence

Our file Notre réldérence

L’auteur a accordé une licence non
exclusive permettant a la
Bibliothéque nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de cette thése sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L’auteur conserve la propriété du
droit d’auteur qui protége cette thése.
Ni la theése ni des extraits substantiels
de celle-ci ne doivent étre imprimés
ou autrement reproduits sans son
autorisation.

0-612-56848-2

Canadi



Acknowledgment

I would like to express my deep gratitude to Professor Michel Lecours, for giving me the
opportunity of studying here, for the excellent project on the design of the electroni-
cally-scanned antenna arrays, for his guidance in each step of my design work, for his patience
shown in the revision of this thesis, and finally, for his encouragement and recommendation in

my job hunt.

Thanks to Professor Gilles-Y Delisle for his supervision over my course work. Thanks to Dr.
Marcel Pelletier for his work on the configuration of the antenna array and his many sugges-
tions. The suggestions from Mr. Claude Vergnolle were very important in my attempt to design
microstrip switches, beam controllers and solid state amplifiers. I thank Dr. Martin Smith for
his suggestions on the design of dual-band patch antennas with circular polarization. I thank
Mr. Gilles Bisson for assembling most of my microstrip circuits and antenna arrays. Also

thanks to Mr. Mario Le Blanc for his suggestions in the solid state amplifier design.

My thanks also to the many colleagues at the different design stages of the mobile satellite
antenna array project: Pierre Lahaie, Tudor Breahna, Nathalie Robitaille, and Martin Lefebvre.

I also would like to thank Laval University for providing me a free and tolerant academic envi-
ronment, in which I can concentrate in my study and design work and take some time visiting

the sceneries around the beautiful Quebec City.

We also gratefully acknowledge the financial support of Davicom Technology Inc., the NSERC
Technological Partnership Program, and the Nortel Global External Research Program.



Circuits microrubans a large bande, antennes et anten-
nes-réseau pour communications mobiles par satellite

Sommaire

Les antennes 4 balayage mécanique pour communications mobiles par satellite de type géosta-
tionnaire couvrent typiquement des angles d’élévation allant jusqu’a 60 degrés. Cette limita-
tion de couverture rend I’antenne peu utile dans plusieurs régions terrestres. Cette limitation
peut €tre €liminée par une antenne-réseau a balayage électronique couvrant des angles d’éléva-
tion jusqu’a 90 degrés. De telles antennes-réseau possédent également des avantages sur les
antennes a balayage mécanique comme des durées d’acquisition et de pousuite plus courtes et
une consommation de puissance CC moindre. Puisque 1’antenne ne comporte pas de piéces
mobiles, sa robustesse inhérente est également accrue. Cette thése porte sur la conception et la
réalisation d’une telle antenne-réseau globale, y inclus les techniques de conception large
bande, les commutateurs & configuration radiale, le contrdle des faisceaux d’antenne et les

antennes-plaque a couplage électromagnétique.

Dans les parties théoriques de la thése, on développe plusieurs techniques pour la conception
de circuits et d’antennes micro-rubans, on établit des critéres pour le design d’un commutateur
radial a large bande, on propose un concept novateur de réseau de formation de faisceaux, de
méme qu’un circuit diviseur de puissance simple, qui est utilisé pour le design d’une
antenne-plaque a polarisation circulaire. Des simulations sur ordinateur sont faites pour vérifier
les techniques et concepts et pour accélérer le design de circuits prototypes en utilisant HP-
EEsof Series IV, MMICAD et Ensemble 4.02. Finalement les techniques et concepts sont

implantés et testes.
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Circuits microrubans a large bande, antennes et
antennes-réseau pour communications mobiles par satellite

Résumé

Les antennes a balayage mécanique pour communications mobiles par satellite de type géosta-
tionnaire couvrent typiquement des angles d’élévation allant jusqu’a 60 degrés. Cette limita-
tion de couverture rend 1’antenne peu utile dans plusieurs régions terrestres. Cette limitation
peut étre éliminée par une antenne-réseau a balayage électronique couvrant des angles d’éléva-
tion jusqu’a 90 degrés. De telles antennes-réseau possédent également des avantages sur les
antennes a balayage mécanique comme des durées d’acquisition et de pousuite plus courtes et
une consommation de puissance CC moindre. Puisque I’antenne ne comporte pas de piéces
mobiles, sa robustesse inhérente est €galement accrue. Cette thése porte sur la conception et la
réalisation d’une telle antenne-réseau globale, y inclus les techniques de conception large
bande, les commutateurs a configuration radiale, le contrle des faisceaux d’antenne et les

antennes a double plaque a couplage électromagnétique.

Dans les parties théoriques de la thése, on développe plusieurs techniques pour la conception
de circuits et d’antennes micro-rubans, on établit des critéres pour le design d’un commutateur
radial a large bande, on propose un concept novateur de réseau de formation de faisceaux, de
méme qu’un circuit diviseur de puissance simple, qui est utilis€ pour le design d’une
antenne-plaque a polarisation circulaire. Des simulations sur ordinateur sont faites pour vérifier
les techniques et concepts et pour accélérer le design de circuits prototypes en utilisant HP-
EEsof Series IV, MMICAD et Ensemble 4.02. Finalement les techniques et concepts sont

implantés et testés.

Cette thése comporte sept chapitres. Au chapitre 1, on introduit les satellites géostationnaires
pour communications mobiles par satellite et les exigences pour les antennes et anten-

nes-réseau. On présente un certain nombre d’exemples de réalisations.

Au chapitre 2, on dérive une matrice de transfert simple pour une ligne de transmission quart



d’onde, qui sert a développer et optimiser plusieurs techniques, soit un transformateur quart
d’onde a deux segments, un stub paralléle ouvert de demi-longueur d’onde et un stub compo-

site. Une technique de design basée sur trois points de mesure est aussi étudiée.

On étudie au chapitre 3 le design de commutateurs sur circuit microruban. On adopte une con-
figuration simple de commutateur pour obtenir une perte d’insertion faible et un cofit modéré.
En vue de montrer les facteurs qui limitent la largeur de bande, on dérive une expression pour
le Q d’un commutateur radial composé de lignes de transmission idéales et on 1’utilise pour

établir des critéres pour la conception d’un commutateur a large bande.

Au chapitre 4, on introduit le concept d’un contréleur de faisceau M/N pour fournir un signal
commandé en phase dans M canaux activés sur les N canaux disponibles, avec une répartition
de puissance mieux équilibrée par rapport a la configuration utilisée précédemment. Le proces-

sus du design d’un contrdleur de faisceau 3/8 basé sur ce concept est introduit.

Nous présentons au chapitre 5 une méthode pour le design d’une antenne-plaque double avec
couplage électromagnétique pour polarisation circulaire. Nous dérivons d’abord un facteur de
mésadaptation de polarisation en fonction du rapport axial d’une onde électromagnétique inci-
dente et d’une antenne réceptrice. Nous proposons ensuite un circuit simple pour fournir des
signaux contrdlés en phase et de puissance équilibrée aux deux alimentations de I’antenne pla-
que. Troisi¢mement, en supposant que la puissance a chaque port d’alimentation de I’antenne
est spécifiée, nous dérivons des expressions pour montrer 1’effet sur le rapport axial de la diffé-

rence de phase entre les champs électriques orthogonaux rayonnés par ’antenne.

Au chapitre 6, nous présentons la configuration d’un prototype d’antenne-réseau a balayage
€électronique a couverture quasi-hémisphérique ou encore "globale", composé d’un contrdleur
de faisceau, de 8 antennes a double plaque sur les 8 facettes d’un c6ne octogonal tronqué, et

d’une antenne sur le dessus.

Le chapitre 7 présente quelques discussions et conclusions.



Broadband microstrip circuits, antennas, and antenna
arrays for mobile satellite communications

Abstract

A typical mechanically-scanned antenna for geostationary satellite mobile communications
covers elevation angles up to 60 degrees. This coverage limitation renders the antenna of little
use in many areas of the earth. This limitation can be relieved by an electronically-scanned
antenna array which covers elevation angles up to 90 degrees. Such an array also has advantages
over a mechanically-scanned antenna such as faster satellite acquisition and tracking and lower
DC power consumption. Because there is no moving component involved, it is inherently more
robust as well. The design and test of such a global array is addressed in this thesis, together
with the concepts and implementations of broadband design techniques, radial switches, beam

controllers, and electromagnetically-coupled patch antennas.

Each step of the work is carried out under the guidance of microwave circuit theories. In the
theoretical work, several techniques for broadband microstrip circuit and antenna design are
developed, criteria for broadband radial switch design are established, the concept of a novel

beam-forming network, called beam controller, is proposed, and a simple power dividing
circuit, which is useful in the design of patch antennas with circular polarization, is also
proposed. Computer simulations with HP-EEsof Series IV, MMICAD Version 2 and Ensemble
4.02 are used to verify the techniques and concepts and to expedite the design of circuit
prototypes. Finally, the techniques and concepts are implemented according to the simulations

and tested.



Broadband microstrip circuits, antennas, and antenna
arrays for mobile satellite communications

Summary

A typical mechanically-scanned antenna for geostationary satellite mobile communications
covers elevation angles up to 60 degrees. This coverage limitation renders the antenna of little
use in many areas of the earth. This limitation can be relieved by an electronically-scanned
antenna array which covers elevation angles up to 90 degrees. Such an array also has advantages
over a mechanically-scanned antenna such as faster satellite acquisition and tracking and lower
DC power consumption. Because there is no moving component involved, it is inherently more
robust as well. The design and test of such a global array is addressed in this thesis, together
with the concepts and implementations of broadband design techniques, radial switches, beam

controllers, and electromagnetically-coupled stacked patch antennas.

Each step of the work is carried out under the guidance of microwave circuit theories. In the
theoretical work, several techniques for broadband microstrip circuits and antennas design are
developed, criteria for broadband radial switch design are established, the concept of a novel
beam-forming network, called beam controller, is proposed, and a simple power dividing
circuit, which is useful in the design of patch antennas with circular polarization, is also
proposed. Computer simulations with HP-EEsof Series IV, Ensemble 4.02, and MMICAD
Version 2 are used to verify the techniques and concepts and to expedite the design of circuit
prototypes. Finally, the techniques and concepts are implemented according to the simulations

and tested.

This thesis is composed of seven chapters. In Chapter 1, geo-stationary satellites for mobile
satellite communications and the requirements on antennas and antenna arrays are introduced.

A number of implementations in this field are also reviewed.

In chapter 2, a simple transferring matrix of a quarter-wavelength transmission line is derived.



Several techniques which arise from such a matrix, are proposed: an optimized two-stage
quarter-wavelength transformer, an optimized shunt half-wavelength open stub, and a

compound half-wavelength open stub. A three-point compromise technique is also addressed.

In Chapter 3, the design of microstrip switches is studied. A simple switching circuit is chosen
to form the switches for lower cost and lower insertion loss. In order to show the factors limiting
the bandwidth, the Q-factor of a radial switch composed of ideal transmission lines is derived

and used to establish criteria for wide bandwidth switch design.

In Chapter 4, the concept of a M/N-channel radial beam controller is introduced to deliver
phase-controlled power into M activated channels out of a total of N channels, with a
power-delivering balance improved over what could be achieved by the previously suggested
configuration. The process of the design of a 3/8-channel beam controller based on the above

concept is presented.

In Chapter 5, we present a method for electronically-coupled circular polarization stacked patch
antenna design. First we derive the polarization mismatch factor as a function of axial ratio of
an incident electromagnetic wave and that of a receiving antenna. Second, we propose a simple
circuit which is capable of delivering balanced phase-controlled power into the two feeds of a
dual-feed patch antenna. Third, assuming the power fed into each port of the dual-feed antenna
is specified, we derive formulae to show the effect on the axial ratio of the phase difference

between the orthogonal electrical fields radiated from the antenna.

In Chapter 6, we present the configuration of a global electronically-scanned array prototype. It
is composed of a beam controller, 8 patch antennas on the 8 facets of a truncated octagonal cone,

and of a patch antenna on the top.

In Chapter 7 are some discussions and conclusions.
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CHAPTER

Introduction

1.1 Mobile satellite communications

Wherever we are, satellite communications are advancing rapidly towards providing us with
links such as telephone, fax and data, to other people at any other location, with an affordable
per-minute cost. In the past three decades, hundreds of satellites have already been launched for

global, regional and domestic satellite communications[1].

Satellites can be classified as Geostationary Earth Orbit (GEQ), Medium Earth Orbit (MEO),
and Low Earth Orbit (LEO) systems, according to their altitude above the earth. Each system
has its own advantages and disadvantages, depending on the user's particular purpose. Because
of their high latitude, a global coverage can be provided by as little as 3 GEO satellites. As for
a LEO system, several tens to a few hundred satellites are required for a similar coverage. Also
because the satellites in a GEO system appear stationary to the Earth, no tracking ability is nec-
essary for station antennas and antennas on board for gateway links. Although GEO satellites,

which are located 35,700 km above the Equator, are expensive to launch, and have an unpleas-



ant 0.37 second of transmission delay, it is anticipated that GEO systems will continue to be of

major importance in the satellite communication markets in the following years.

While new global and regional GEO systems are continuing to be planned, the commercial use
of GEO satellites for mobile communications is already available through several systems, such
as Inmarsat, MSAT, and OPTUS. The first two systems use a relative bandwidth of 8.5% around
a center frequency of 1.593 GHz for mobile-satellite links (1.5250 GHz ~ 1.5590 GHz for down-
link from Satellite to Mobile users and 1.6265 GHz ~ 1.6605 GHz for uplinks from Mobile users
to Satellite). The last system uses a relative bandwidth of 7.2% around a center frequency of
1.603 GHz for mobile satellite links (1.5450 GHz to 1.5590 GHz for downlink and 1.6465 GHz
to 1.6605 GHz for uplink). Because of the different requirements on the bandwidth and eleva-
tion coverages, a mobile satellite antenna array for the first two systems will be technically more

challenging than that for the third system.

1.2 Requirements on mobile satellite antennas and antenna arrays

The requirements on the mobile satellite antenna terminals are several folds: in the horizontal
plane, any mobile terminal must have satellite tracking ability and should cover horizontal an-
gles from O to 360 degrees. The requirement on the elevation angular coverage depends on the
particular area in which the terminal is to be used. For instance, in the Australian OPTUS sys-
tem, elevation angular coverage from 30° to 70° is enough, while for land mobile users in
North America by Inmarsat or MSAT systems, elevation angular coverage from 20° to 70° is
required. The highest requirement on the elevation angular coverage is put by the inter-conti-
nental voyagers, who may need to cross the Equator frequently. For them, a global terminal
which covers elevation angles from 20° to 90° is required. Although there is no direct require-
ment on the axial ratio of the antenna, the compound gain, defined as the gain of the terminal
antenna reduced by the polarization mismatch factor between the terminal antenna and the in-
cident wave from the satellite, should be comparable to 7 dB over the operation band. The return
loss of the antennas is usually required to be lower than -10 dB. In order to stand the vibrations
of the car caused by bad road conditions or of the ship because of strong wind on the sea, the

antenna should be mechanically robust. In order to be able to be mounted on top of a vehicle the



antenna should also be compact and light-weight. The antenna should also be low profile to min-
imize resistance to the wind should the vehicle be fast moving. The last requirement and also
one of the most important one for a commercial product is that the antenna should be low cost

so that a Jarge enough market can be built up.

1.3  International efforts in the development of mobile satellite antennas
and antenna arrays

In the past several years, because of their technical simplicity, mechanically-steered antennas
have been designed and mobile satellite communication systems with such antennas are avail-
able on the market[2,3]. New designs are also continuing to be reported [4,5]. Such an antenna
system typically uses an antenna such as a helical antenna or a microstrip patch array with a sin-
gle broad beam. The beam is tilted downward from the vertical direction for better coverage in
the lower elevation angles, with relatively wide beam width in elevation and narrower beam in
azimuth (fan beam). A step motor is generally used to rotate the beam around the vertical axis,
allowing any horizontal angle to be covered. Mitsubishi and Westinghouse antennas [3,4] are
the most popular in this category. A Mitsubishi MSAT antenna, which uses a helical antenna as
the radiation element, covers elevation angles from 15° to 60° with a minimum gain of about
8 dB. A mechanically-scanned antenna was tested by Charles D. McCarrick [5] which used a
microstrip array. The antenna had a minimum gain of about 9.0 dB and covered elevation angles
from 25° to 60°. Measured axial ratios of 4.5 to 5.7 dB, were reported. The antenna was de-
signed to cover relatively high elevation angles only and the poor coverage at lower elevation
angles was because the planar patch antenna array was not tilted but rather located in the hori-
zontal plane. A tilted, mechanically-scanned antenna has been developed by JPL [6] for L-band
mobile applications. The antenna consisted of a linear array of four square microstrip patches
tilted with respect to the ground plane to provide elevation angle coverage from 20 to 60 degrees

with a minimum gain of 10 dB. The antenna was 50.8 cm in diameter and 22.9 cm in height.

An electronically-scanned array has several advantages over a mechanically steered one such as
faster acquisition and tracking, lower DC power consumption. Because there are no moving

parts in the system, it will also be more robust and more reliable as well. Because of these ad-



vantages, in the past ten years, considerable effort has been devoted to the design of this kind of

arrays for mobile satellite communications.

R. Milne at CRC [7] designed a kind of linearly-polarized adaptive array antenna. The antenna
was composed of a quarter-wavelength monopole with two to five concentric rings of parasitic
elements mounted on a ground plane. The gain of an antenna with five concentric rings varies
between 12 and 14 dB in the receiving band from 1.53 GHz to 1.56 GHz, and between 9 and
13.5 dB in the transmitting band from 1.63 GHz to 1.66 GHz. Considering the polarization mis-
match factor of 3 dB between circular and linear polarization, a compound gain higher than 6
dB can be achieved over the whole band: A power-handling-capacity as high as 100 W was re-

ported. The antenna was 91 cm in diameter and about 5 cm in height.

Circular polarization using this concept has also been obtained at CRC by adding a polarizer
(lens) to the linearly polarized array[8]. Maximum return loss is -11 dB. The most current data
[9] for CRC’s adaptive antenna indicated a gain of 6.0 to 10 dB, an elevation angular coverage

from O to 90 degrees with a diameter of 35.6 cm and a height of 5.7 cm.

A six-element switched-element spherical array was reported in 1987 by Hori[10]. The antenna
comprised a radiator section, a switching circuit and a controller. The radiation section was com-
posed of 6 circularly-polarized elements. The gain was higher than 5.4 dB for elevation angles

from 20 to 60 degrees. The array was 40 cm in diameter and 20 cm in height.

Another 14-channel switched-beam antenna for Australian Mobilesat was also reported by M.
E. Bialkowski et al in 1996, [11]. The antenna worked in a 7.2% bandwidth with overall return
loss lower than -10 dB. The antenna element was a cavity-enclosed dual-patch electromagneti-
cally-coupled microstrip antenna. 3 adjacent channels were switched on to form a beam. No
phase shifter was used in the array and a total of 14 beams can be formed by turning on each
group of 3 adjacent channels. Satellite tracking was made possible by turning on the beam clos-

est to the direction of the satellite.

A phased array was also reported in 1999 for the Australian Mobilesat by M. E. Bialkowski and

N. C. Karmakar [12]. Compared with a switched-beam array, no switch was used in this phased



array. The scanning of the beam was made possible by different combinations of the phase
shifters’ states. The antenna was a multi-layer planar structure which was composed of 12 an-
tenna elements and with a 3-bit phase shifter inserted before each element. The cost of the array
was considerably lowered down from an earlier phased-array [13] by the use of cheap diodes.
The antenna element was a dual-feed aperture-coupled patch antenna in which two substrates
were spaced by a thick layer of foam for increased bandwidth. The gain of the antenna was 8.8
dB covering elevation angles from 30° to 70° for a relative bandwidth of about 7.2%. The axial
ratio measured in any direction of interest was lower than 6 dB. The overall return loss was low-

er than -18 dB and the antenna was 46 cm in diameter and 4 cm in height.

Classified between a mechanically-scanned antenna and a electronically-scanned array, a
semi-electronically-scanned array was designed by J. Aurinsalo [14] from the Technical Re-
search Center of Finland (VTT). The array used 12 one-turn antenna (OTA’s), which were in-
stalled on the facets of a 12-side truncated cone. In the array two elements radiated
simultaneously. The tilt angle of the elements could be adjusted mechanically to point at eleva-
tion angles of 20, 30 and 40 degrees. By doing this, elevation angles from 10° up to from 50°
were well covered with a gain of about 11 dB. The antenna was 42 cm in diameter and 20.5 cm

in height. Cross-polar levels better than -20 dB were reported.

1.4  Challenges in economical electronically-scanned antenna array design

Although an electronically-scanned antenna array for mobile satellite communications is very
attractive and considerable progress has already been made in this field, such antennas appear
to be prototypes rather than fully commercial products. As for a global antenna or antenna array,
which means an antenna with hemispheric coverage, no mechanically-scanned antenna or elec-
tronically-scanned array product is available in the market yet. Technical difficulties and high

cost are two main reasons for the delay in the emergence of such commercial products.

For a commercially motivated development, it is important to lower down the price and to
achieve good performance. Printed circuits are light-weight, robust, highly reproducible and low

cost, especially when the manufacturing process is automated. In order to achieve low cost, al-



most all structures other than microstrip switches, phase shifters and patch antennas should be
excluded from consideration. However, microstrip antennas are inherently characterized by nar-
row bandwidth and low radiation efficiency. The requirement of a relative bandwidth of 8.5%
(7.2% for OPUS) for the whole system is a stringent one. To meet it, the bandwidth of the
switches, phase shifters and antenna elements, should be considerably wider and care must also

be taken to deal with the interaction between them when they are integrated together.

1.5 Objective and plan of the present work

The motivation of the work presented in this thesis is to explore the possibility of developing a
global electronically-scanned antenna array which covers elevation angles from 20° to 90° at
the lowest possible cost and with the electrical parameters meeting the performance require-
ments. In order to do so, efforts are devoted to the development of various techniques, sub-cir-

cuits and patch antennas, which can be used in the integration of such an array.
This thesis is composed of seven chapters.

After this introductory chapter, in chapter 2, a simple transferring matrix of a quarter-wave-
length transmission line is derived. Several techniques which arise from such a matrix, are pro-
posed: the optimized two-stage quarter-wavelength transformer, the optimized shunt
half-wavelength open stub, and the compound ﬁalf—wavelength open stub. A three point com-

promise technique is also addressed.

In Chapter 3, the design of microstrip switches is studied. A simple switching circuit is chosen
to form the switches for lower cost and lower insertion loss. In order to show the factors limiting
the bandwidth, the Q-factor of a radial switch composed of ideal transmission lines is derived
and used to establish criteria for wide bandwidth switch design. From a sample switch imple-
mentation, the measured insertion loss is found to be lower than 0.50 dB, the reflection lower
than -13.76 dB, and the isolation better than 28.45 dB, for the whole band from 1.525 GHz to

1.661 GHz. The measured power handling capacity from such an switch is also estimated.



In Chapter 4, the concept of a M/N-channel radial beam controller is introduced to deliver
phase-controlled power into M activated channels out of a total of N channels, with a power-de-
livering balance improved over what could be achieved by a previously suggested configuration
composed of separate switch and phase shifters. The process of the design of a 3/8-channel
beam controller based on the above concept is presented. A tuning circuit using two compound
half-wavelength open stubs is designed to increase the bandwidth. Four features of the beam
controller are worth mentioning, namely low cost, good power-delivering balance, good isola-
tion of the deactivated channels and phase difference flexibility. The measured results from a
sample beam controller showed a return loss lower than -14.92 dB, an overall insertion loss low-
er than 2.08 dB, a power-delivering balance better than 0.92 dB, and an isolation better than
28.53 dB for the operation band from 1.525 GHz through 1.661 GHz. The phase differences
were 103, 107, 114, 121, and 124 degrees, at 1.525, 1.559, 1.593, 1.627, and 1.661 GHz, respec-
tively.

In Chapter 5, we present a method for economical circularly-polarized electromagnetically-cou-
pled stacked patch antenna design. First we derive the polarization mismatch factor as a function
of axial ratio of an incident electromagnetic wave and that of a receiving antenna. Second, we
propose a simple circuit which is capable of delivering balanced phase-controlled power into the
two feeds of a dual-feed patch antenna. Third, assuming the power fed into each port to the du-
al-feed antenna is specified, we derive formulae to show the effect on the axial ratio of the phase
difference between the orthogonal electrical fields radiated from the antenna. A step-by-step
method for electromagnetically-coupled patch antenna design based on simulations follows.
Measured results from a sample antenna are: gains from 8.10 dB to 9.36 dB and axial ratios from
2.41 dB to 4.41 dB in the boresight direction for frequencies from 1.525 GHz to 1.661 GHz. The

return losses are lower than -19.52 dB.

In Chapter 6, we present the configuration of a global electronically-scanned array prototype. It
is composed of a beam controller, 8 patch antennas on the 8 facets of a truncated octagonal cone,
and of a patch antenna on the top. It covers elevation angles from 8z = 20° to 8; = 90° with
a gain higher than 4.6 dB and a measured return loss lower than -14.5 dB in the receiving and

transmitting bands.



In Chapter 7 are some discussions and conclusions.

1.6  Configuration of an electronically-scanned antenna array

Patch antennas __ __ Phase shifters

3 S~ /
Switch ~ — — — — “Switching circuit

Figure 1.1 An N-channel electronically-scanned antenna array.

The present research project has been realized in the frame work of a team effort to develop an
N-channel electronically-scanned antenna array[15-23]. The original configuration of the array,
as shown in Figure 1.1, was proposed for an elevation coverage from 20° to 60° . Itis composed
of a total of N-channels joined together in parallel at the center of the panel. Each channel is
again composed of a switching circuit[24] in series with a 1-bit phase shifter and a patch anten-
na. Each channel can be activated or deactivated by its switching circuit. In operation, 3 adjacent
channels will be activated simultaneously. The 1-bit phase shifter can be on its "1" state with a
larger electrical length in degrees or on its "0" state with a smaller electrical length. For each 3
activated channels, 3 beams, i.e the 110, the 010 and the 011 beams, which point in three differ-
ent adjacent directions can be formed by assuming different combinations of the phase shifters.
A total of 3N beams can be formed horizontally in this way. The array acquires the direction of

the satellite by pointing the beam towards each of the total 3N directions and comparing the re-



ceived pilot signal from the satellite. The beam which receives the highest signal level will be
used for communications. This process will be repeated every several tenth of a second and an-
other beam will be used should the relative orientation of the satellite be changed because of the

movement of the vehicle.

With the evolution of the project, two modifications to the configuration of the array have been
made. First, a beam controller was proposed to replace the N-channel switch and a phase shifter
in each channel. Second, a top patch antenna was added, making the array a global one which

covers elevation angles from 20° to 90°.

1.7 Methodology used in the work

To avoid a time-consuming and costly try-and-error process, each step of the work was carried
out under the guidance of microwave circuit theories. Theoretical work has been useful in the
establishment of criteria for broadband radial switch design. Also because of the theoretical
work, several techniques for broadband microwave circuits and antennas design were devel-
oped. These techniques were very helpful in our battle for improved bandwidth of the microstrip
circuits and patch antennas to meet the bandwidth requirement on the whole array. Theoretical
work has also been relied on to show the principal limitation of a technical avenue which was
generally adopted by other groups, namely a central switch leading to separate phase shifters
and antenna units. Consequently, the concept of a beam controller, where transmission-type
phase shifters also function as switch, was proposed and implemented. Such a beam-forming
network with low insertion loss, low return loss, high isolation and good power delivering bal-

ance, has proved crucial for the design of the global antenna array.

1.8 Contributions of the thesis

1. Several techniques for broadband microwave circuit and patch antenna design are established.
A simple transferring matrix is derived and its applications lead to the concepts of an optimized

two-stage quarter-wavelength transformer, an optimized shunt half-wavelength open stub, and



a compound half-wavelength open stub, which are useful in broadband circuit and antenna de-

sign. A three-point compromise technique for broadband matching is also proposed.

2. A simple switching circuit which can be used to form a microwave switch is proposed. For-
mulae are derived to show the limitations on the bandwidth and insertion loss of a microwave
switch and broadband switch design criteria are established. An economical broadband micros-
trip switch with low insertion loss and good cross-channel isolation is designed under the guid-

ance of the criteria.

3. Formulae are derived to show the difficuities in the design of the switch, phase shifter, and
patch antenna for a beam-forming network with good power-delivering balance. The concept of
a beam controller is proposed to solve the problem. A beam controller which has low insertion
loss, increased bandwidth, good cross-channel isolation, with improved power delivering bal-

ance, is designed and tested.

4. Formulae are derived to show the dependence of the polarization mismatch factor on the axial
ratio of a patch antenna. Formulae are also derived to show the dependence of the axial ratio of
a double-feed patch antenna on the phase difference of the orthogonal electric fields. Using the
software Ensemble, economical broadband electromagnetically-coupled patch antennas with

enough bandwidth and relatively high gains were designed.

5.Based on the above work, an economical electronically-scanned patch antenna array covering

elevation angles from 20° to 90° with a minimum gain of 4.6 dB was designed and tested.
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1.9 History of the mobile satellite antenna array project

The circuit design concepts and implementations described in the following chapters constitute
our contribution. We would like to state how these are linked to the whole mobile satellite an-

tenna array project.

The basic impulse for an Msat/Inmarsat electronic steering antenna was given in 1995 by Dav-
icom Technologies and its president R. Daviault, as a part of the company’s business plan. A
research proposal was then formulated by Professors Lecours and Delisle and Dr. Pelletier and
submitted to NSERC’s Technological Partnership Program which approved it at the end of
1996. The project started, first on a modest scale, at the beginning of 1997 with Dr. Pelletier be-
ing the main architect behind the antenna array configuration. P. Lahaie as design engineer was
globally responsible for the project and especially the design of the reflection type phase
shifters, with a resulting publication [15]. T. Breahna was designing and testing stacked patch
antennas and performing different tests on the antenna, which were reported in his M.Sc. thesis
[18]. G. Bisson and Y. Chalifour were the technicians attached to the project for its whole dura-

tion.

I joined the project in early November 1997 and started, with initial suggestions from C.
Vergnolle, the design of the central switch for the first antenna array prototype: the design of
that switch eventually led to a conference paper [20] and a Journal paper [21] and is reported in
chapters 2 and 3 of this thesis. Work proceeded at an intense rate by the whole team during 1998:
this first antenna array prototype was successfully implemented by the team, now including M.

Lefebvre of Davicom, and the results reported by the team in a conference paper [19].

T. Breahna and P. Lahaie then left the project at the end of 1998 and work continued by Dr. Pel-
letier and M. Lefebvre on different tests and implementation aspects, in particular the design and
implementation of a satellite pilot signal detection circuit for the antenna controller. N. Robi-

taille, who had joined the project in 1998 as an M.Sc. student, was responsible for designing and

10al



implementing an antenna array controller, which was, during the first part of the year 2000, in-

serted in a micro-controller circuit with the assistance of S. Tremblay and J.M. Beaulieu.

Following my work with the switch of the first prototype, and following on an initial suggestion
by C. Vergnolle, I proposed and developed the novel concept of the beam controller reported in
Chapter 4 of this thesis, in which switches are used to produce a switching system which also

acts as a phase shifting system.

I suggested then to complete this second antenna array prototype by designing air dielectric
stacked patch antennas: this led to the optimization of the feed circuit and tuning stub designs

for circular polarization (Chapter 5).

Finally, under the impulse of Professor Lecours, I designed and implemented the upper antenna

and the switch circuit to achieve semi-hemisperic coverage, as reported in Chapter 6.

10a2



CHAPTER

2

Techniques for broadband microstrip circuits and patch
antenna design®

2.1 Introduction

The transferring matrix of a transmission line is [25]

cosfl JZysin Bl

2.1

jisinﬁl cosPl
Zy

where / is the length of the transmission line, Z, its characteristic impedance, and B its wave-

number,

_onf —
B = —c— eeﬂ"' 2.2)

* Some of the content of this chapter has been accepted for publication in the IEEE Transactions on
Microwave Theory and Techniques [21].

11



Here f is the frequency of the wave and €, fF the effective dielectric constant of the transmission
line and ¢ the speed of light in free space. For a low-dispersion transmission line, such as a mi-

crostrip, €, fF S be assumed to be constant over a relatively wide bandwidth.

For a quarter-wavelength transmission line,

A
=8 =__C 2.3)
4 4 /seﬁfo

where f, is the center frequency. At a frequency Af away from f 0r We have
Bl = wr(1 +Af/f)/2 and

cosPl = cos(g +12EJAC_f) = —%?i = —%x (2.4)
0 0
and
: - Q1 E Eéi = T—tg =
sinBl = sm(2 +2f0) COS(ZfO) 1. (2.5)

Equations (2.4) and (2.5) are accurate to the first order of x = TAf/ fO . Using (2.4) and (2.5)

in (2.1), the transferring matrix of the quarter-wavelength transmission line is,

1 .
—=Xx ]ZO
2 2.6)

In this chapter, this transferring matrix will be used in several situations, resulting in the con-
cepts of an optimized two-stage quarter-wavelength transformer, an optimized shunt half-wave-
length open stub, and a compound half-wavelength open stub, which are useful in broadband
circuit and antenna design. We will also suggest a three-point compromise technique for broad-
band matching. In Section 2.2, we will give the expression of the impedances of the two quar-
ter-wavelength transformers required for wide bandwidth. In Section 2.3, the three-point
compromise technique in choosing the feed impedance for a narrow-band will be suggested for

improved bandwidth. In Section 2.4, the impedance of the optimized quarter-wavelength open
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stub used for broadband matching will be derived. In Section 2.5, the compound half-wave-
length open stub which can be realized with a wider range of impedance than can be done with

a conventional one will be introduced. In the last section are some discussions and conclusions.

2.2  An optimized two-stage quarter-wavelength transformer

Figure 2.1 Matching a load with a feed impedance using a two-stage

quarter-wavelength transformer.
It is well known that a quarter-wavelength transformer can be used to match a load Z, to a feed
impedance Z,. This kind of match is usually broadband when the two impedances are not very
different. In practice we sometimes need to match a transmission line with a load impedance
which is several times higher or lower. For example, in the design of electromagnetically-cou-
pled patch antennas, the input impedance of the antenna can be 10 to 20 Q whereas the imped-
ance of the feeding lines can be as high as 130 Q. The reason for using such a high impedance
for the feeding lines is that the losses of the feeding circuits are usually dominated by the radi-
ation losses of the T junctions and rectangular bends. This kind of radiation loss decreases with
the use of microstrips with high impedances [26]. A two-stage quarter-wavelength transformer,
as shown in Figure 2.1, can be used to match two very different impedances with broader band-
width.



Using the transferring matrix for the two transformers in Figure 2.1, we have,

1 ;7 1 ;7 __Z_’E __lx(z +Z.,)
1 2% Jep|| 3% Jén ||V Z 72t 2 it 724 R 1 74
2 = 1 = t1 1 (2 7)
I 11 i1 1 f|r z |
2 JZz— 3*||Vz - —3* 1 1 1 1 tl 1
2 r1 2Nz -tz N
B t1 72 2 ]

where V,,I,, V, and I , are the voltages and currents at the input end and at the load, respec-

tively. The input admittance at the input end is

2 2 2
Y. = v = (él)zi.”f( Zu )2 Z’Z‘Z.,._ZL_Q_ (2.8)
" 12 ZzZ Zl 2 ZtZZI Zzl Ztl Zt2 h )
t

In obtaining (2.8) from (2.7), we have used Z, = V| /I, for the load.

For a parallel LRC circuit, when the frequency is close to its oscillating frequency
fo = 1/(2n./LC), its input admittance can be written as:

Y--—-1

in = gtJ4foCx (2.9)

and its Q-factor is:

Q = 2nf,RC. (2.10)

In the same way, from Equation (2.8), the Q-factor of the circuit shown in Figure 2.1 is:

2
Z,Z yA YA Z
Q = T_t [2t2+ [_ tl _ tl . (2.11)
A2 "7 7t 7

For impedance matching requirement, we also have

ZtZ 2
Zy = Z’(Z_n) : (2.12)
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From (2.11), we know that, when

374,174

Zn=2; 2 (2.13)
and
z, =2z,"%z)", (2.14)

the Q-factor is zero. This means an infinite bandwidth can be achieved in principle. In practice

a very broadband matching can be realized.

As an example, let us look at the case of matching a microstrip of impedance 130 2 with a load
of impedance 20 Q2. Figure 2.2 shows the return loss curves for the case of a single-stage trans-
former and three two-stage quarter-wavelength transformers. The impedance of the single-stage
transformer is 51 Q and the impedances of the third two-stage quarter-wavelength transformer
are chosen according to (2.13) and (2.14) for the maximum bandwidth. By doing so, the band-
width for a -30 dB return loss is increased from about 70 MHz to about 340 MHz.

-:0.9 ,
%ﬁtg’le stage tr

-30.0 N I~

~

-50.0 AN

-79.0

Two-stage trans formers

-50.0 H— 5 |

Figure 2.2 The return loss in dB vs. frequency in GHz for a single-stage
transformer and three two-stage transformers.
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In the case of a feeding circuit for a large scale antenna array, we sometimes need to use several
transformers in series and the bandwidth can become narrower. The concept of two-stage quar-
ter-wavelength transformers can be used for broader bandwidth. The only disadvantage with
two-stage quarter-wavelength transformers is that the length of the transformer is doubled and
so does the loss of the line. Two-stage quarter-wavelength transformers can also find other ap-
plications in microwave circuits. For example, in Paratek Microwave Inc. [27], efforts are being
made to develop a kind of continuously electrically tunable phase shifters using ferroelectric
material for satellite communications. Because the dielectric constant of the material is usually
200 to 300, the impedance of the microstrip fabricated with such ferroelectric material is very
low. A typical characteristic impedance of such microstrips is 5 €. One has to match this mi-

crostrip with a conventional microstrip of 50 to 130 2 impedance.

2.3 A three-point compromise technique

In the design of microwave circuits and antennas, we often encounter the case that the input im-
pedance of the circuit is Z;,(f) = R(f) +iX(f), where R and X have a shape as shown in
Figure 2.3. The resistance of the input impedance has an even symmetry with respect to the cen-
ter frequency f; and the reactance X an odd symmetry with respectto f,. Our question is how
to choose the feeding circuit impedance to obtain a lower overall return loss in the bandwidth

of interest from f; to f,.

We assume the input impedances at f,, f, and f, are R, +iX,, R, and R, —iX,, respec-

tively. The optimized impedance of the input line is derived out as

Z R Xg\2
Zo_ [Lf2__1 (_0) 2.15)
R, R, 1 Ro\R,
R,
and the maximum return loss from f, to f, is
20lg(|IT]) = 201g'i___z9_/ﬁ|(d3). (2.16)

0 1
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In this case, the return loss curve will take the shape as shown by the dashed curve in Figure 2.3.

R
When =2 > 1, i.e. when the resistance of the input impedance has a minimum value at f, the

1
above technique is always available. When R_2 <1, i.e. the resistance of the input impedance

1
has a maximum value at f, as in the case shown in Figure 2.3, the above technique is valid only
when Xo/R,<1/2 and 1/2—,/1/4—(Xo/R,)’<Rp/R, < 1/2+,J1/4—(Xo/R)".
These conditions limit the maximum reactance X, for this technique to be valid when R,/R;

is specified.

A special case is when the reactance is much smaller than R, . We then have Z, = ,/R|R, and

the maximum return loss is

1- JR,/R,

(dB). (2.17)
1+ ,/R,/R,

201g(|T]) = 20ig

\ A ' Return
loss
\ !
i 1
\ 2z, IL/
_\ 1_ __ IR E
/ R{f)
I\ S /1 {
] \\ s |
S e ’
£, fo £, £
/ ll -N\\
~Xo «—X(f)

Figure 2.3 Typical input impedance of a narrow-band microwave circuit (solid
lines) and the return loss curve (dashed line) when the feed impedance is chosen
according to the three-point compromise technique.

For example, in the bandwidth of interest, if R;/R, = 2 and the reactance of the input imped-

ance is negligible, a return loss lower than -15.3 dB can be obtained.
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2.4 An optimized shunt half-wavelength open stub

Figure 2.4 The equivalent circuit of a narrow-band circuit or an antenna.

Figure 2.5 Broadband matching to a narrow-band circuit or antenna.

In the design of microwave circuits and antennas, we often need to increase the bandwidth. One
important case is when the equivalent circuit of the circuit or antenna can be represented by a
load in parallel with a shunt half-wavelength open stub, as shown in Figure 2.4. Another shunt

half-wavelength open stub of impedance Z, can be used a quarter-wavelength away to increase



the bandwidth, as shown in Figure 2.5. Our question is, what is the optimized impedance Z,
for broad bandwidth, when Z,, Z,;; and Z, are specified?

From (2.6), the transferring matrix of a half-wavelength transmission line of impedance Z,, is

. X . (2.18)
ZOI

Using the same steps as for obtaining (2.8), the input admittance of the half-wavelength open

stub can be derived to be

Jjx

Y. = 2= (2.19)
inOl ZO[
The input impedance seen at plane A-A is
1
Zipa-a = T .z (2.20)
>t
Zl Zo,

Using a similar transferring matrix for the quarter-wavelength transformer with impedance Z,

and along the same way as for obtaining (2.8), the input impedance at plane B-B is

—%x—-——-—l 1 = +th
+ j=—
Z. = Z_Zo . (221)
inB-B 1 1 —-];x
Jz 1 -x 2
Z, 201

Similar to (2.19), the admittance of the half-wavelength open stub with impedance of Z;, will
be

Yioo = %;C; . (2.22)
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The input admittance of the whole circuit in Figure 2.5 is

L1 1
Jz 1 o x 2
z, Zm )
Y, = . (2.23)
-=x T +th
+ jo—
z, Zm

or

y, = L4 jx 22 ug_[ (2.24)
"2 Zp 201 Z

In deriving (2.24) from (2.23), we use the matching condition for Z,,

Z, = [Z,Z;, (2.25)

and again, all higher order terms of x were neglected. From (2.24), we can obtain the Q-factor

-3l )

From (2.26) the Q-factor will be zero and a broadband matching can be achieved when

_ Zo
02— .
Zi U Zo_ |4
Zo 21N Z, Zo

When the feeding impedance is as required by (2.27), a single dip return loss with broader band-

of the whole circuit:

2.27)

width will be achieved. The bandwidth can be further increased by increasing the feeding im-
pedance a little bit, according to the three point compromise technique described in the last
section. This will cause the return loss at the center frequency to increase and the return loss at
both lower and higher boundary frequencies of the band to decrease, resulting in a wider match-

ing for a specified return loss level.
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Figure 2.6 Return loss in dB vs. frequency in GHz for three kinds of matching.

Figure 2.6 shows the return losses vs. frequency for several cases of matching a narrow band
circuit with Z, = 20Q and Z,; = 10 Q to a feeding impedance of 50 Q. The first case used
a quarter-wavelength transformer of impedance 31.6 Q only and the second case used a quar-
ter-wavelength transformer of 31.6 Q and a shunt half-wavelength open stub of 32.7 Q, which
was calculated from (2.27). For the third case, the three point compromise technique was used.
The impedance of the feeding circuit was increased from 50 Q to 55 Q. The -24 dB return loss
bandwidth was increased from about 55 MHz to 125 MHz and finally to about 155 MHz.

2.5 A compound half-wavelength microstrip open stub

As discussed in Section 2.4, a shunt half-wavelength open stub can be used to match a feeding
circuit to a narrow band microwave circuit or antenna with increased bandwidth. In the case of
printed circuits, the highest and lowest impedances of a realizable for broad bandwidth is sub-
ject to technical limitations. When the width of a microstrip is increased, its radiation from the
open end will increase. This radiation will interfere with the radiation pattern of a patch antenna,
increase the sidelobe level of a patch antenna array, and result in lower gain. For a 30 mil GIL

1000 substrate which has a dielectric constant of 3.34 and a thickness of 0.76 mm, we suggest
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to limit the largest width of the microstrip to 3 mm. The limitation on the highest realizable im-
pedance comes from the fabrication error. When the microstrip is too narrow, the impedance of
the fabricated microstrip can be quite different from the design value because of limited photo-
lithography fabrication precision. We suggest that the narrowest microstrip width be about 0.17
mm. For this substrate, the above widths of the microstrip correspond to a lowest impedance of
about Z; = 35.2 Q and a highest realizable impedance Z, = 130 Q.

-

! X

Figure 2.7 A conventional and a compound half-wavelength open stub.

In practice we sometimes need to realize a half-wavelength microstrip tuning stub using a mi-
crostrip of impedance beyond these impedance limits. A compound half-wavelength microstrip
open stub, as shown in Figure 2.7, is proposed for use in this case. Also shown in Figure 2.7 is
a conventional half-wavelength microstrip open stub. Please note that the impedance of a open
stub in this case means the characteristic impedance of the microstrip from which an open stub
is made. The compound open stub is composed of a quarter-wavelength transformer of imped-
ance Z, in series with a quarter-wavelength microstrip of impedance Z;, with open end. Ac-
cording to (2.6) and along similar steps as in the last section, the input admittance of a

half-wavelength open stub of impedance Z, is

Y, = éf (2.28)

e



and the input admittance of the compound half-wavelength open stub is

. Zog+Zg,

Y., = jx . (2.29)
in2 J 22{2)2

The compound open stub is equivalent to a conventional half-wavelength microstrip open stub
2
2Z,
made of microstrip with impedance Z, = Z__+_022— -If we choose Z,; to be that of the narrow-
01+ 402

est microstrip Z, = 130 Q and Z,, to be that of the widest microstrip Z;, = 35.2 Q. acom-
pound open stub of impedance of as low as 15.0 L can be realized. If we choose Z; to be that
of the widest microstrip Z; = 35.2 Q and Zj, to be that of the narrowest microstrip

Z, = 130 Q, a compound open stub of impedance as high as 204.6 2 can be realized.

This compound half-wavelength microstrip open stub is critical in our design of broadband mi-
crostrip switches and beam controllers. To optimize the bandwidth of each of these two circuits,

two parallel half-wavelength microstrip open stubs with an impedance around 22 Q are used.

2.6 Discussion and conclusion

To obtain (2.6), the transferring matrix of the quarter-wavelength transmission line, we assumed
that the effective dielectric constant Eoff of the transmission line is constant. In a practical case,
this is true in a relatively wide but still limited bandwidth. This bandwidth poses a limitation on
the bandwidth for which our discussions presented in this chapter will be valid. Furthermore,
the transferring matrix (2.6) is accurate only to the first order of x. When the frequency is farther
away from the center frequency, the validity of the discussions will be impaired. Fortunately, the
bandwidth limitation from the above two aspects is relatively loose for most of our designs with

microstrip circuits and patch antennas, which work in a relative bandwidth of less than 10%.

In conclusion, a simple transferring matrix of a quarter-wavelength transmission line was de-
rived. The use of such a matrix led to several techniques for broadband matching of microstrip

circuits and patch antennas, i.e., the optimized two-stage quarter-wavelength transformer, the



optimized shunt half-wavelength open stub, and the compound half-wavelength open stub. A
three point compromise technique was also addressed. These techniques have been used in our
design of broadband microstrip switches, beam controllers, and patch antennas. The application
of these techniques also led to the design of unique dual-band patch antennas with orthogonal
polarization and circular polarization in the 12 GHz/18 GHz bands, which can be integrated into

arrays.
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CHAPTER

3

Broadband radial microstrip switches *

3.1 Introduction

The advantages of an electronically-steered array over a mechanically-steered antenna include
robustness, faster scanning, acquisition and tracking, lower DC power consumption, but the po-

tential for cost reduction is of paramount importance.

Let us first consider a switched-beam electronically-scanned horizontal array composed of m
channels. When it is in operation, n (n<m) adjacent channels are combined to form a beam in
the direction closest to the satellite. By activating different n channels, a total of m beams can
be formed horizontally. The switched-beam array reported by Bialkowski et al. at the University
of Queensland in 1996 [11] is a good example of the this kind of array. The array has 14 chan-

nels in which 3 adjacent channels are activated when it is in operation. Consider now a phased

* The main part of this chapter has been accepted for publication in the IEEE Transactions on Microwave
Theory and Techniques [21].
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array, which is very similar to the switched-beam array except that a phase shifter is used in each
channel. For n activated adjacent channel, N beams can be formed. Higher overall gain can be
achieved with this kind of array. The phased array recently reported by Karmakar and Bialkows-
ki at the University of Queensland [12] belongs to this type of array. It is composed of 8 channels
and 2 channels are activated when itis in operation. In each channel, a 1-bit phase shifter is used.
A total of 24 beams can be formed horizontally by activating different channels and by choosing

different states of the phase shifters.

In both arrays, radial switches are used to activate certain channels while deactivating the others.
In order to design a good electronically-scanned array, the return loss, the insertion losses for
the activated channels, and the isolations for the deactivated channel, need to be optimized in

the whole operation band.

A first radial microstrip switch design with an insertion loss of 1.5 dB and reflection coefficient
of -10dB in the 1.54 GHz to 1.66 GHz band has been reported in [11,24] for such an application.
We now explore the possibility of a microstrip switch with substantially lower insertion loss and
reflection, by carefully designing the unit switching circuit for each channel. We also discuss
the power handling capacity of such switches and present estimated results from sample micros-

trip switches.

3.2 Selection of the unit switch circuit

The switch under consideration is composed of m channels with a unit switching circuit in each
channel. All channels join together at the switch junction and are fed by a common perpendic-
ular coaxial line of assumed impedance Z, . The switching circuit can open a channel, allowing
the signal to propagate through it, or close it, causing the signal to be reflected. For lower inser-
tion loss and lower cost, a simple switching circuit is preferred. The application of lumped com-
ponents such as capacitors and resistors should be avoided and the total length of the microwave

channel should also be as short as possible to reduce ohmic losses.
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Circuit
Low High

impedance impedance

Figure 3.1 Unit switching circuit used in the switch.

Figure 3.1 shows the unit switching circuit proposed for the design. This switching circuit is
composed of a quarter-wavelength transformer of impedance Z,,, of another quarter-wave-
length transformer of impedance Z, and is terminated by aload Z,. A third quarter-wavelength
open stub of impedance Z, is connected in parallel with each channel through a diode. This
open stub provides a virtual ground for microwave signals at the cathode of the diode. The effect
of the bias circuit defined by the dotted square in Figure 3.1 is neglected. For generality, in this
section and in the following one, ideal transmission lines will be used instead of practical trans-

mission lines such as waveguides or microstrips.

Anode 1 . - R Anode 2

L
Cathode

Figure 3.2 Eguivalent circuit of a PIN diode.
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A dual-anode diode is used to close each channel or to open it by forward or reverse biasing.
Figure 3.2 gives the equivalent circuit of such a diode. The inductance L is the inductance of
each lead of the diode. The variable resistor R has a small forward residue resistance r;, when
the diode is forward biased and the channel is closed. The effect of the shunt capacitance C, is
negligible in this case. When the diode is reverse biased, the variable resistor R is very high (it
is assumed to be 10,000 Q in our design) and the shunt capacitance becomes important. The

channel is open with some reflection and insertion loss caused by the shunt capacitor.

A good diode for such an application would have a very small forward residue resistance r; and
a very small shunt capacitance C,;. However, this is not the case for commercially available di-
odes. Diodes with small forward residue resistance r; usually have a high shunt capacitance
C,.or vice versa. A higher residue resistance will cause power leaking through the closed chan-
nels, resulting in poor isolation. A higher shunt capacitance, on the other hand, will cause re-
flection in an open channel, resulting in higher insertion loss. A compromise was achieved by
using a diode with a small residue resistance and by using a compensation inductance for the

high shunt capacitance.

To compensate for the shunt capacitance, a so-called constant-k low-pass filter should be formed
which requires the anode lead inductance to be [28]:
72

where Z is the impedance of the transmission lines connected to both anodes of the diode. The
effect of the cathode lead is neglected considering that it can be compensated by adjusting the

length of the open stub connected to it.

For a HSMP 4820 PIN diode with r;, = 0.6 Q, C; = 0.75 pF, Figure 3.3 shows the resulting
insertion loss versus frequency for different choices of lead inductance. The transmission line
impedance is assumed tobe Z = 50 Q. When L =0 nH, in the band from 1.525 GHz to 1.661
GHz, the shunt capacitance will cause in each open channel an insertion loss as high as 0.16 dB

and a reflection of as high as -14.35 dB. Whereas when L = 0.94 nH is chosen, the insertion loss
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is lower than 1.43x 10 *dB, and the reflection is lower than -42.50 dB over the whole band.
When the diode is used at higher frequencies, the improvement in increasing the anode lead in-
ductance will be more apparent. The improvement is also more important in the case of a higher
diode shunt capacitance. In the case of C; = 2.2 pF[24], and with Z = 50 Q, when L=0nH,
the insertion loss will be as high as 1.25 dB and the reflection -6.08 dB. If the compensation
inductors are chosen according to Equation (3.1), with L = 2.75 nH, the insertion loss will be
lower than 0.18 dB and the reflection -14.66 dB.
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Figure 3.3 Insertion loss caused by a reverse biased diode, with its anode lead
inductance as the parameter.

33 The bandwidth and insertion loss of an ideal transmission line switch

Let us now consider a radial switch having a total of m channels, among which » channels are
open and the other m — n channels are closed. Each channel has the configuration shown in Fig-
ure 3.1 and an ideal transmission line model for each microwave channel is again used here for

generality.

The transfer matrix of a quarter-wavelength transmission line of center frequency f,, and arbi-

trary impedance Z,, at a normalized frequency difference = mAf/}, is:

1 .
2 (3.2)
JjY 00 wéx
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Using such a matrix for each of the transmission lines, the input admittance for » open channels

in parallel can be calculated to be:

_ E_+. x (J§§+AEQ(J;§§—§;)
= JZZO J;???: .

(3-3)
%o
Here z_ = Zi/ Z, , as defined in Figure 3.1, is the equivalent load impedance seen at the di-

open

ode. The impedances with over-bars are normalized with respect to the feed line impedance Z,,.

In order to match the switch to the feed line, we have:

Zoy = /nzoze. (G4

In the same way, for the m —n closed channels, we have:

I i g S I e

Y = —_—— + — (3.5)
close I3z 2
The total admittance of the switch from the feed point is:
Yin = Yopen + Yclose . (3.6)

For a parallel LRC circuit, when the frequency is close to its oscillating frequency

fo = 1/2n./LC, the input admittance can be written as:

1
Yin=§

+ j4f,Cx 3.7
and its Q-factor is:

Q = 2nfyRC. 3.8)

In the same way, from Equation (3.5), the Q-factor of the switch is:

P (2o ot R AT Ay

T
e =— = —
Pinicai 1 G TN e 2 A Eg T
a(rg+Z,) (39

e
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If the switch is matched at its center frequency, the relative bandwidth for a VSWR lower than
S is [29]:

15-1
BW = ————.
0 /s

Broad bandwidth is achieved when the Q-factor in Equation (3.9) is small. Accordingly, we can

(3.10)

establish the following criteria for wide band switch design:

1. Large n or small m-n when m is fixed. This is easy to understand because this case is tending
towards matching a transmission line with » parallel transmission lines with quarter-wavelength

transformers.

2. Low impedance of the open stubs, Z. . In Equation (3.9), we recognize that the contribution
of the m-n closed channels to the Q-factor is represented by the second term in the large bracket.

Lowering Z_, the Q-factor will be decreased.

3. High equivalent load impedance, Z, . In the same large bracket in Equation (3.9), both the
second term and the first term, which represent the contribution of the n open channels to the
Q-factor, will decrease with increased Z,, resulting in a wider bandwidth. The third term in the
bracket, the contribution of the residue resistances of the diodes when they are forward biased,

is usually very small compared to the other two terms.

For each open channel, at the center frequency of the switch, the residue resistance of each for-
ward-biased diode in parallel with Z, provides a shunt impedance of Zgz(rd +2Z,)/(r,Z,) at
the feed port of the switch. The total m —n open channels provide a shunt resistance of
Zgz(rd +2,)/[r;Z,(m—n)] to the n channels which are matched to the feed line. The inser-

tion loss due to the m-n deactivated channels at the center frequency is:

( (m—n)ry )
IL(dB) = 20log| 1 - ————|. (3.11)
2n(ry+2,)

According to Equation (3.11), for the insertion loss, we can draw the following criteria:
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1. When »r, the number of activated channels, is fixed, the insertion loss will increase with m-n,

the number of deactivated channels.

2. When m-n, the number of deactivated channels, is fixed, the insertion loss will decrease with

n , the number of activated channels.

3. The insertion loss can be decreased by increasing the equivalent load impedance Z, at the

PIN diodes.

3.4 Simulation results from a switch designed under the guidance of the
design criteria

The above design criteria were used to guide the design of microstrip switches. The PIN diodes
used are HPSM 4820 PIN diodes, which have a shunt capacitance of C; = 0.75pF and ares-
idue resistance of r; = 0.6 Q. The inductances of each of the two anode leads and of the cath-
ode lead were measured to be L = 0.47nH . In Section 3.2, according to the unit switching
circuit shown in Figure 3.1, it was calculated that the total inductance of the anode leads should
be 0.94 nH. The extra 0.47 nH plus the microstrip transformer of impedance Z,, on the left
side of the diode, behaves as the same microstrip line with reduced length. The extra 0.47 nH{
inductance on the right side of the diode was provided by a narrow microstrip Z;. As pointed
out in Section 3.2, the inductance of the cathode lead was compensated by a quarter-wavelength

open stub with reduced length.

We then create the HP-EEsof circuit network for a sample switch with parameters z_ =43.8Q,
Z_ =50Q,and z,, = 86.7Q. The substrate used is GML 1000 laminate from Glasteel Indus-
trial Laminates with both sides clad with 1 oz. copper. The nominal parameters of the substrate
are: Dielectric constant=3.20+0.05, Thickness=0.762 mm, Copper thickness=0.035 mm, Dis-
sipation factor=0.003. For such a substrate, the calculation tool provided by HP-EEsof is used

to calculate the widths and quarter wavelengths corresponding to the above three impedances.
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Table 3.1 Microstrip widths and quarter wavelengths

calculated using HP-EEsof .

Impedance | Microstrip wa%i?:t:r th
Q) width (mm) (mm)g
86.6 0.62 3075

50 1.79 29.55
43.8 2.20 29.29

With Table 3.1, we can create the HP-EEsof circuit network for this sample microstrip switch.
We begin our work by assuming the length of Z,, Z ¢ and Z_ to be ail quarter wavelengths.
The width of Z; is chosen the same as Z,, and the equivalent inductance of 0.47 nH would
require a length of about 1.00 mm for the equivalent impedance of Z, = 50 Q. First we adjust
the length of Z to 26.90 mm to center the simulated transmission curve for a deactivated chan-
nel at 1.593 GHz, the center frequency of the operation band. Second, we adjust the length of
Zy, t0 30.03 mm to center the simulated return loss curve for the switch at the same center fre-
quency of the operation band. The final parameters of the switch are as shown in Figure 3.4,
where the shunt capacitance C; is due to the spurious effect of soldering a perpendicular coaxial
cable to the joint of the switch. Such a capacitance is suggested by correlating the simulated re-
sults with the measured results. The coaxial cable used is a 50 Q UT 141-A coaxial cable from
Micro-Coax Components Inc., which has a center conductor diameter of 0.91 mm and a dielec-

tric diameter of 2.98 mm, with PTFE as the dielectric material

Figure 3.5 shows the S-parameters of a microstrip switch. Here the S,, parameter for a deacti-
vated channel is the isolation from the feed of the switch to this channel. The overall insertion
loss was obtained by subtracting 4.771 dB from the S,,; parameter for an activated channel be-
cause of the 3 activated channels. From Figure 3.5 we can see that in the whole operation band,
the return loss was lower than -14.48 dB, the insertion loss lower than 0.45 dB, and the isolation
better than 28.76 dB.
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Figure 3.4 . HP-EEsof circuit network for the microstrip switch
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Figure 3.5 Simulated S-parameters of a sample switch with an equivalent load
impedance of 50 Q2

In Section 3, it was mentioned that both bandwidth and insertion loss will decrease with the ef-
fective load impedance Z, . This has been verified by the simulation of a second sample switch.
Compared with the first one, Z, was increased from 50 Q to 70 Q, and from the matching con-
dition of Equation (3.4), Z, was increased from 86.7 Q to 102.47 Q. The simulated results
are shown in Figure 3.6. The return loss was lower than -16.41 dB, the insertion loss lower than
0.39 dB, and the isolation better than 32.07 dB.

35



o
i
S
ul

(
N
o

/

1

A

I
wn
wn

/ g
. /
S .
(o)
o
Syi-activated channels (dB)

. U
\ i
\ \ //

/

Sfl—deact\ivateé channels

|
™
(@]
-

|
(o)
w

',_l
S

1.6 1.8
Fregquency (GHz)

S11 and Sj;-deactivated channels (dB)
N
//
~

Figure 3.6 Simulated S-parameters of a sample switch with an equivalent load
impedance of 70 Q.
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3.5 Microstrip switch realization and the measured results

Figure 3.7 L-band microstrip switch with an effective load impedance of 50 Q
under test,

The first sample switch, whose simulation results were given in Figure 3.5, was implemented
and Figure 3.7 shows the testing switch, with one channel connected to Port 2 of a HP 8703
Light-Wave Component Analyzer and the other 7 channels terminated by 50Q2 matched loads.
Figure 3.8 shows the return loss, the insertion loss and the isolation measured by the analyzer.
From Figure 3.8, for the whole band from 1.525 GHz through 1.661 GHz, the insertion loss was
lower than 0.50 dB, the reflection lower than -13.76 dB and the isolation better than 28.45 dB.
Compared with the simulations, all results agree with each other very well. The switch was also
found to be very symmetrical and the measurements at each of the 3 open channels gave essen-

tially the same results.
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Figure 3.8 Measured return loss, insertion loss and isolation of a switch: with an
effective load impedance of 50 Q.

3.6 Power handling capacity of microstrip switches: measureements and
analysis

The power handling capacity of the switch is mainly a function of the reverse bias voltage for
an activated channel and of the forward current for a deactivated channel. The insertion losses
of the first sample switch using HSMP 4820 diodes was measured experimentally. The switch
was used in a mismatched way where only one channel was activated. For the ressults the lowest
required voltage and current are estimated. Using an HSMP 4890 diode in the single activated
channel of the same sample switch instead of an HSMP 4820 diode, the lowe=st required bias

voltage for a switch using HSMP 4890 diodes is also estimated.

3.6.1 Measurement setups

The test setup is shown schematically in Figure 3.9.
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1. Signal generator: Fluke 6062 A 100kHz-2.1 GHz.
2. Microwave amplifier: PST AR 1929-20.

3. Microstrip switch under test.

4. High power attenuator (20 dB nominal).

5. Power meter: HP 4378.

6. DC voltage source: PAB 32-2A.

7. DC current source: HP 62058

Figure 3.9 Test setup for switch power handling capacity measurements.

A microwave signal at power level P, is generated by the signal generator 1 and then amplified
to P;, by the microwave amplifier 2. The amplified power is fed to the microstrip switch
through its coaxial feeding port. Part of the power is reflected at the switch and the rest propa-
gates with some loss through the activated channel and is attenuated by the high power attenu-
ator 4 and is finally measured by the power meter S. The DC voltage source 6 provides reverse
bias for the diode of the activated channel and the DC current source 7 provides forward current

for all the 7 diodes in the 7 deactivated channels.
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a.Forward bias for the 7 deactivated channels

v, -~

b.Reverse bias for the activated channel

Figure 3.10 Forward and reverse bias circuits.

The diodes in the switch were biased as shown in Figure 3.10. In the forward bias circuit, R1
was composed of seven 1-Watt resistors of 120 €2 and, in the reverse bias circuit, R2 was a re-

sistor of 1 k Q to protect the diode.

3.6.2 Measured results

The power levels P, input to the switch at different power levels P_ from the signal generator
1, were calculated from the power levels P, read from the power meter 5, by removing the
switch and connecting the high power attenuator 4 directly to the microwave amplifier 2. The
input power level P, was calculated out by using the nominal attenuation of 20 dB of the high
power attenuator 4. The power levels P, and p,,, for different power levels from the power
source P, are shown in Table 3.2. The frequency was fixed at 1.600 GHz and the input power
was valued from 0.66 W to about 10 W.

The power handling capacity of a single channel of the microstrip switch shown in Figure 3.7
was measured, by measuring the insertion loss of such a channel. In the measurements, only the

channel under measurement was activated and the other 7 channels were all deactivated. The



nsertion losses of a channel using a HPSM 4820 PIN diode is shown in Figure 3.11 with dif-
ferent reverse bias voltage as the parameter. All other seven channels used HPSM 4820 PIN di-
odes and were deactivated by applying to each diode a forward bias current of 7 mA. Figure 3.12
shows similar curves for the case where all the forward bias currents were increased to 14 mA.
Note that the dotted line in Figure 3.11, 3.12 and 3.13 is related to the low power insertion loss

and represents a loss criteria A, which will be used in the discussion later in this chapter.

Table 3.2 Input power levels for different power levels from the power generator.

P (dBm) -30 -27 24 21 20 -19 -18
P, (dBm) 8.20 11.20 14.14 17.15 18.11 19.07 20.02
P, (W) 0.66 1.318 2.59 5.19 6.47 8.07 10.05

Insertion loss (dB)

Input power (W)

Figure 3.11 Measured insertion loss of a mismatched switch vs. input power for
different reverse bias voltages. The forward bias currents were all 7 mA.
By comparing Figure 3.11 and Figure 3.12, we can see that the insertion loss of the channel
changed little when the forward bias currents for the other channels increased from 7 mA to 14

mA. This means that the power handling capacity of a switch is mainly determined by the re-
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verse bias voltages of the activated channels and is not sensitive to the forward bias current of

the deactivated channels.

Insertion loss (dB)

All HSMP 4820 Diodes -
rnA ............ .

Input power (W)

Figure 3.12 Measured insertion loss of a mismatched switch vs. input power for
different reverse bias voltages. The forward bias currents were all 14 mA.

We used the same setup to measure the insertion loss at different reverse bias voltages when an

HSMP 4890 diode was used instead of an HSMP 4820 diode in the activated channel. Figure

3.13 shows the insertion loss of such a mismatched switch vs. input power.

Comparing Figure 3.11 with Figure 3.12 and Figure 3.13, an activated channel using a HSMP
4890 diode generally has a lower insertion loss than that using an HSMP 4820 diode at the same

reverse bias voltage.
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Figure 3.13 Measured insertion loss of a mismatched switch vs. input power for

different reverse bias voltages. The forward bias currents were all 7 mA. The 7

diodes in the 7 activated channels were HSMP 4820 diodes and the diode in the
activated channel was a HSMP 4890 diode.

Power handling capacity (W)

0 10 20 30
Reverse bias voltage (V)

Figure 3.14 Estimated power handling capacity of microstrip switches with
HSMP 4820 or HSMP 4890 diodes vs. reverse bias voltage.
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For fixed values of reverse biased voltages and forward bias current, the insertion loss of a single
channel increased with the input power. For each curve in Figure 3.11, the input power level

P;, . at which the insertion loss is equal to the criterion loss A, , which is 0.3 dB higher than

cr?
the insertion loss of 2.09 dB, the insertion loss of the channel when the input power is low, is
used to estimate the power handling capacity of the channel at the corresponding reverse bias
voltage. The choice of the value of 0.3 dB is somewhat arbitrary and an other small value around
0.3 dB could be taken. According to this estimation then, the power handling capacity of a
switch when 3 adjacent channels are activated simultaneously is:

-A,,/10

Prigx = 3Pine X 10 (3.12)

The factor 3 is due to the 3 channels being activated simultaneously when the switch is used.

The estimated power handling capacity of different switches with different biases are shown in
Figure 3.14. For the cases shown in Figure 3.12 and in Figure 3.13, A, =2.37dB and A, =2.23
dB are used respectively. From Figure 3.14 we know that, for a specified transmission power
level, using HSMP 4890 diodes can lower down the required reverse bias voltages. If the trans-
mission power is 6 W, a reverse bias voltage of 5 V will be good enough for a switch using
HSMP 4890 diodes. When HSMP 4820 diodes are used, a reverse bias voltage of about 9 V will

be required.

3.6.3 Power handling capacity versus the equivalent load impedance

Joint A e VA
| 02 I—»

Figure 3.15 A reverse biased switching circuit.



For the switching circuit shown in Figure 3.15, the power absorbed by the load is

p o V-2

5 (3.13)

’
4

where V. and V, are the complex voltages of the microwaves propagating to the load and re-
flected from the load, respectively. For the voltage across the diode, V, wehave V = V £t v,
and v, = 1v,. Here I is the reflection coefficient measured at the diode. Equation (3.13) can be

rewritten as,

_ IV n-im?

. (3.14)
Zr j1+1

P

‘When the reverse bias voltage and the operation frequency are specified, there exists a maximum
microwave voltage V, __ across the diode in order for the cathode and anode of the diode to be
well isolated. For the case shown in Figure 3.15, we have I = (Z,-Z,)/(Z,~Z,). The final
expression of the power handling capacity of the channel is
2
14
P = ==, (3.15)

max Z
e

This means that the power handling capacity of an activated channel will decrease with the
equivalent load impedance z,. From Equation (3.15), if the switch needs to be operated at a
power level of 6W, because of the increase of Z, from 50 Q to 70 Q, the corresponding V.
will give a power level of 8.4 W when Z, is 50 Q. From Figure 3.14, a reverse bias voltage of
S5 V is still good for switches using HSMP 4890 diodes. For switches using HSMP 4820 diodes,
the reverse voltage will be about 12.5 V.

3.7 Conclusion

In this chapter we addressed the design of microstrip switches for applications in electronical-
ly-scanned antenna arrays for satellite communications. A simple switching circuit has been
chosen to form the switches for lower cost and lower insertion loss. For HSMP 4890 PIN diodes,

which have relatively high shunt capacitance, extra anode lead inductance is suggested to com-
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pensate for the shunt capacitance of the diode, which will otherwise cause a high insertion loss
and a high return loss in an open channel. In order to show the factors limiting the bandwidth,
the Q-factor of a radial switch composed of ideal transmission lines was derived and used to es-
tablish criteria for wide bandwidth switch design. According to the formula, the number of
closed channels should be small and the number of open channels large to give a wide band-
width. When these numbers are specified, lowering the impedance of the open stubs and increas-

ing the equivalent load impedance seen at each diode will also increase the bandwidth.

The design criteria were verified by simulations and were used to guide the implementation of
microstrip switches. In the low-cost test switch presented in this thesis, the measured insertion
loss was lower than 0.50 dB, reflection lower than -13.76 dB, and the isolation better than 28.45
dB, for the whole band from 1.525 GHz to 1.661 GHz.

The power handling capacity has been estimated experimentally. For a switch using HSMP
4820 diodes, reverse bias voltage of about 9 V would be required to give a power handling ca-
pacity of 6W. If we use HSMP 4890 diodes, 5 V of reverse bias voltage will be high enough. A

forward bias current of 7 mA will be sufficient for power levels as high as 20 W.

We have also shown that the power handling capacity is inversely proportional to the equivalent
load impedance Z,. While increasing Z, can increase the bandwidth and lower down the inser-
tion loss, it has a negative effect from the view point of power handling capacity. If we increase
Z, from 50 Q to 70 Q, for a switch using HSMP 4890 diodes, a reverse bias voltage as high
as 5 V will still be good enough. If we use HSMP 4820 diodes, the required reverse bias voltage
will be about 12.5V.



CHAPTER

4

Beam controller for phased antenna arrays*

4.1 Introduction

In this chapter, we present a novel concept for a M/N-channel radial beam controller to deliver
phase-controlled power into M activated channels out of a total of N channels. The design of
the beam controller is discussed in details. Simulations show its performance, in particular the
power delivering balance in the different branches. Finally, the beam controller is implemented

and its performance is discussed.

The suggested M/N-channel phased antenna array is shown schematically in Figure 4.1, which
is composed of an M/N-channel switch, and in each channel a 1-bit phase shifter and a patch
antenna. Each channel is activated or deactivated by its switching circuit. In operation, a group

of adjacent M channels out of the total N channels are activated while the other channels are

* The main part of this chapter has been submitted to the IEEE Transactions on Microwave Theory and
Techniques [23].
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deactivated. Each 1-bit phase shifter can be in its 1 state with a larger electrical length in degrees
or in its O state with a smaller electrical length. For the case of M=3, 3 beams which point in 3
adjacent directions can be formed when the states of the phase shifters are 110, 010, and 011,

respectively. A total of 3N beams can be formed horizontally.

A phased antenna array is under development in our laboratory for MSAT and INMARSAT mo-
bile communications. A first configuration chosen was similar to that shown in Figure 4.1 with
N=8 and M=3, and a 3/8-channel radial switch[20] and 8 hybrid reflection-type phase shifters
were designed. However, the radiation pattern of the antenna was found to be somewhat differ-
ent from expected. A reason for this was the different power levels delivered into each of the 3
activated channels. In order to understand this, let us look at the power delivering error into sev-
eral shunt channels. Assuming the input admittance of an arbitrary channelis Y';, the power de-

livered to it has the relation:

P;=Re(Y)). 4.1)

For any two shunt channels which do not have identical impedances in the whole operation

band, different powers will be delivered.

Phase shifter

Switch Switching circuit

Figure 4.1 An M/N-channel phased antenna array.
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In the case of Figure 4.1, if each activated channel could be matched to a common feed imped-

ance, with maximum return loss R in the operation band, we know from a Smith chart that

1- “/_<R <1+./I_€ 49
1+ /R Fp= 1-JR @2

and the maximum power delivering error would be

§ = 2010 1+"/I_e(dB) 4.3)

-JR

Figure 4.2 gives the maximum power delivering error vs. maximum return loss.
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Figure 4.2 Maximum power-delivering error vs. maximum return loss.

For the configuration shown in Figure 4.1, in order to guarantee a power delivering error within
1 dB, each activated channel, including its switching circuit, phase shifter, and antenna in series,
should be matched to a common impedance (150 Q for our case of 3 channels activated and a
feed impedance of 50 ), with a return loss lower than about -24.8 dB for the whole operation
band. This is difficult for microstrip circuits.



In order to solve this problem, the concept of an M/N channel beam controller was proposed. In
order to increase the bandwidth of the beam controller, the concepts of an optimized half-wave-
length open stub and of a compound half-wavelength open stub, introduced in Chapter 2, were

implemented.

4.2 The beam controller

Joint 71
(Center feed)

Figure 4.3 Transmission type phase-shifter used to form a beam controller.

The proposed M/N-channel beam controller is composed of N transmission-type phase
shifters[30] as shown in Figure 4.3. Each phase shifter forms a channel, which is composed of
two sub-channels, Sub-channel O and Sub-channel 1, and three PIN diodes. Each sub-channel
can be activated or deactivated by its PIN diode(diodes) in series with a quarter-wavelength
open stub. Sub-channel 0 is activated when PIN1 is reversely biased and PIN2 and PIN3 forward
biased. Sub-channel 1 is activated when PIN1 is forward biased and PIN2 and PIN3 reversely
biased. Both sub-channels are deactivated and therefore the channel is deactivated when all
three diodes are forward biased. The length of each transmission line is around a quarter-wave-
length except that of Z p- Thelengthof Z is decided according to the required phase difference
between the two states of the phase shifter. Transmission lines Z,,, and Z,, are used to match

the beam controller to the feed line at its center. Double transformers are required here to make



a deactivated channel an open circuit at the feed line. Transmission line Z,,; is used to match a

channel to a patch antenna which will be added when an antenna array is formed.

As an example, let us consider the case of a 3/8-channel transmission line beam controller, in
which 3 channels are activated simultaneously. For the 3 activated channels, the three combina-
tions of phase shifter states are 110, 010, and 011, which correspond to a left, 2 middle, and a
right beam in the array. HPSM 4890 Dual-anode PIN diodes are used and their equivalent circuit
is the same as shown in Figure 3.2, where L = 0.5 nH is the lead inductance of the anode and
of the cathode, C; = 0.33 pF the shunt capacitance and R, the shunt resistance, which is vari-
able between R, = 2.5 Q when it is forward biased and R,, = 10000Q when it is reversely
biased. A compromise value of 70 Q is selected for the impedance of the two sub-channels in
each phase shifter. A higher impedance would cause more reflection when the sub-channel is
activated and its diode is featured as a shunt capacitance C,. A lower impedance, on the other
hand, would lead to power leaking through the sub-channel when its diode is forward biased and
featured by its shunt resistance R,. The impedance of the transformer Z,_, is chosen to be 100
Q. Assuming Z, = 50 €2, according to the matching condition, we have Z, = 68 Q and
Z,,1 =59 Q. The impedance of the quarter-wavelength open stubs is chosen to be
Z; = 45 Q. HP-EEsof is used to simulate the operation of the beam controller. From the sim-
ulations, we see that in order to compensate for the lead inductance of the diodes, the length of
Zy; and Z; should be 78.6 and 83.7 degrees, a little less than 90 degrees. The length of Z p is
chosen to be 80 degrees to obtain a center phase difference of 102 degrees, which is required by

our antenna array.

One important feature is that Zy, and Z, can be adjusted around their initial values for better
power-delivering balance between a channel with phase shift state 1 and a channel with phase
shift state 0. Accordingly, Z;, = 75 Q and Z,, = 67 Q are chosen. Figure 4.4 is the HP-EE-
sof circuit network for this beam controller for its 010 beam. The impedance and electrical
length of each transmission line are listed in Table 4.1. Also in Table 4.1 are the width and length
of the microstrip corresponding to each transmission line, for the same substrate used for the

microstrip switch design, i.e., GML 1000 laminate with nominal parameters: Dielectric con-
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stant=3.20+£0.05, Thickness=0.762 mm, Copper thickness=0.035 mm, Dissipation fac-
tor=0.003.

Table 4.1 Transmission lines used to form the beam controller and the widths and
lengths of their corresponding microstrips.

Tran;r;ission Imp(egz)mce Elliit;;al Width (mm) ]'.grr:j'lt)h
(degrees)
Zy 75 78.6 .86 26.56
Zy 67 90 1.07 30.17
Z,0 100 90 43 31.08
z, 68 90 1.04 30.20
z, 67 80 1.07 26.81
Z 59 90 1.35 29.89
z, 45 83.7 2.11 27.29

Figure 4.5 (a), (b), and (c) show the return loss, insertion loss and phase shift in function of fre-
quency for 1-channels and O-channels. In simulations, the results for a 110 beam are exactly the
same as for a 011 beam and therefore only the results for a 011 beams are shown. Only the phase
shift for a 010 beam is shown because the phase difference between a 1-channel and a 0-channel
for a011 beam is almost the same. The overall insertion loss of a beam, which is the sum of the
power delivered into each of the three activated channels divided by the power fed into the beam
controller, can be calculated from the figures. It is between 0.90 dB and 1.43 dB for all beams.
The difference in the power delivered into a 1-channel and a O-channel is lower than 0.28 dB.
The isolation, which is the insertion loss between the feed and a deactivated channel, is better
than 33 dB. The phase shift between a 1-channel and a 0-channel for a 010 beam is 93, 97, 104,
109, and 113 degrees at 1.525, 1.559, 1.593, 1.627, and 1.661 GHz, respectively. The phase shift
for the 011 or 110 beam is the same (within 1 degree) as for the 010 beam.



Figure 4.4 HP-EEsof circuit network for the beam controller for its 010 beam.
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Figure 4.5 Simulated results: (a) S—parameters in dB for a 010 beam, (b)
S-parameters in dB for a 011 beam, and (c) phase shift of a I- and O-channel
for a 010 beam. For the insertion losses, please refer to the right axis.
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Figure 4.6 Real (left axis) and imaginary (right axis) parts of the input
impedance in S2.
Because of the frequency-dependent behavior of all the quarter-wavelength transmission lines,
the return loss increases when the frequency is away from the center frequency and, at the lower
boundary of the band, it is -8.83 dB, which is considerably higher than -14 dB, the maximum
return loss objective for the array. For the same reason, the overall insertion loss at the lower

boundary frequency is 0.53 dB higher than that at the center frequency. In order to lower down



the overall return loss in the whole operation band, an optimized tuning circuit based on the op-

timized half-wavelength tuning stub described in Chapter 2 is designed.

The input impedances of the beam controller for the 010 and 011 beams are calculated and are
shown in Figure 4.6. The input impedance vs. frequency characteristics are similar for both
beams. The equivalent parameters Z; and Z,, (please see Figure 2.5) for the beam controller
can be calculated. At the center frequency of 1.593 GHz, the value of the shunt resistances is
about Z; = 41.8 Q. The imaginary parts of the impedances have an averaged slope of
AX/A® = -626x10"°Qs. For the equivalent circuit enclosed in the dashed square of Figure
2.5, the imaginary part of the impedance has a slope of AX/Aw = —(Z,zn)/ (@yZy,) - Corre-
lating these two slopes, we have Z;; = 8.7 Q. In our case we have Z, = 50 Q and according
to Equation (2.27), we have Z,;, = 13.0 Q.

An open stub of impedance 13.0 Q would be too wide to be implemented using microstrip cir-
cuits. In this case, a tuning circuit shown in Figure 4.7 is designed, based on two shunt com-
pound half-wavelength tuning stubs described in Chapter 2. The length of each transmission line
is around a quarter-wavelength. According to Equation (2.29), if we choose Z , = 45 Q,
Z, =26Q, we have Z,, = 111 Q. In Chapter 2.2 the value of Z, was lowered from its
matching value for lower overall return loss. This is achieved here by keeping the impedance of
Z, to be 50 Q while increasing the effective load impedance. For this purpose the value of the

transformer Z_, is increased from its matching value of 50 Q t0 63.5 Q.

Adding the tuning circuit to the beam controller, the simulated S-parameters of the beam con-
troller are as shown in Figure 4.8. The return loss for both 010 and 011 beams is lower than
-15.81 dB, the overall insertion loss between 0.85 dB and 0.94 dB, the power delivering balance
better than 0.37 dB, and the isolation between the feed and a deactivated channel better than 32
dB. The phase differences for each phase shifter are almost the same as when no tuning circuit
is added. At frequencies 1.525, 1.559, 1.593, 1.627, and 1.661 GHz, they are 93, 97, 102, 108
and 113 degrees, respectively.
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Fagure 4.7 The tuning circuit.

In the case analyzed here the lengt-h of Z p is chosen to be 80 degrees in order for the beam con-
troller to have a phase difference otf 102 degrees at the center frequency of the band. Simulations
show that the beam controller wil'l work well for other phase differences. The only parameter
which needs to be changed is the I.ength of Z o If we choose the length of Z p o be 70, 80, and
90 degrees, the phase difference at the center frequency will be 92, 102 and 113 degrees, respec-
tively. Little effects can be found. on the return loss, the power delivered into each activated

channel, and the isolation.
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Figure 4.8 Simulated results: (a) S-parameters in dB for 010 beam, (b)
S-parameters in dB for 011 beam. For all the insertion losses, please refer to the
right axis.
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4.3 Beam controller realization and measured results

The beam controller simulations based on transmission lines similar to those described in the
Section 4.2 were used to guide the design of a microstrip beam controller. HP-EEsof has been
used to calculate the width and length of the microstrip corresponding to each transmission line
used in the tuning circuit, as has been done for Table 4.1. Figure 4.9 is a photo of the beam con-
troller and the tuning circuit. The tuning circuit is perpendicularly connected to the joint of the
beam controller through a section of coaxial cable of 50 Q impedance. Here Z, was composed
of this section of coaxial cable and a section of microstrip of the same impedance 50 Q. The
total electrical length was 90 degrees as was required by the tuning circuit. A DC block consist-
ing of a capacitor with a nominal 10 pF capacitance was also mounted on the tuning circuit
board. In order to compensate for the capacitance, a section of microstrip of width 0.70mm and
length 1.4 mm was added at each side of the capacitor. A SMA connector was finally used as

the feed for the whole circuit.

Figure 4.9 A photo of the beam controller and the tuning circuit.
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Figure 4.10 Measured results: (a) return loss in dB for a 010 beam and a 011
beam, (b) isolation for a 010 beam and a 011 beam, (c) insertion loss in dB for
the 0-, 1-channel and all activated channels for a 010 beam, (d) insertion loss in

dB for the 0-, 1-channel and all activated channels for a 011 beam, (e) phase

differences between 1-channel and 0-channel for a 010 beam, and (f) phase
differences between 1-channel and O-channel for a 011 beam.



Measurements for return loss, isolation, insertion loss and phase difference from the beam con-
troller with the tuning circuit and the DC block are shown in Figure 4.10. The return loss was
lower than -14.92 dB, the overall insertion loss lower than 2.08 dB, the power-delivering bal-
ance better than 0.92 dB, and the isolation better than 28.53 dB for the operation band from
1.525 GHz to 1.661 GHz. The phase differences for both 010 and 011 beams were 103, 107,
114, 121, and 124 degrees, at 1.525, 1.559, 1.593, 1.627, and 1.661 GHz, respectively.

4.4 Conclusion

In this chapter, the concept of a M/N-channel radial beam controller was introduced to deliver
phase-controlled power into M activated channels out of a total of N channels, with improved
power-delivering balance than what could be achieved by the first suggested configuration of an

M/N channel central switch with a 1-bit phase shifter in each channel.

The process of the design of a 3/8-channel beam controller based on the above concept was pre-
sented. A tuning circuit using two compound half-wavelength open stubs was designed to in-
crease the bandwidth. Four features of the beam controlier are worth mentioning, namely low
cost, good power-delivering balance, good isolation of the deactivated channels and phase dif-
ference flexibility. As pointed in [12], the cost of a microstrip antenna array highly depends on
the number of diodes used. Only 24 PIN diodes were used in our case. The impedances of the
two sub-channels in each channel enable optimizing the power-delivering balance: a power de-
livering-balance as good as 0.37 dB was achieved from the simulations. An isolation better than
32 dB is possible for a deactivated channel. Finally one can simply change the length of Z , in

the design when another phase difference is required.

A microstrip beam controller has been implemented under the guidance of simulations. The
measurements showed a return loss lower than -14.92 dB, an overall insertion loss lower than
2.08 dB, a power-delivering balance better than 0.92 dB, and an isolation better than 28.53 dB
for the operation band from 1.525 GHz through 1.661 GHz. The phase differences were 103,
107, 114, 121, and 124 degrees, at 1.525, 1.559, 1.593, 1.627, and 1.661 GHz, respectively. The
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operation parameters of the beam controller are already good enough for our antenna array ap-

plication.

Compared to the simulations, the measured overall insertion loss was about 1 dB higher than
simulated. The power-delivering balance was different from the simulated one by 0.55 dB. The
phase difference was 6 to 8 degrees more than that from the simulations. The isolations, from
Figure 4.10 (b), were centered at a frequency higher than 1.7 GHz, and therefore, the overall
isolation in the operation band was 3.5 dB lower than the simulated one. Among the reasons
which could account for these discrepancies, first, we found that the behavior of the beam con-
troller, especiaily its phase difference and insertion loss, was quite sensitive to the anode lead
inductance. In practice, the anode lead inductance actually depends on the way the diode is sol-
dered to a microstrip, while in the simulations they were all assumed 0.5 nH according to the
parameters provided by the company. Another reason was the effects of the microstrip T-, cross-,
and step-junction circuits, which were not included in the simulations. The operation of the mi-

crostrip beam controller could be further improved, after carefully dealing with these issues.
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CHAPTER

5

Broadband electromagnetically-coupled patch antennas
with circular polarization

5.1 Introduction

Patch antennas have been chosen as the unit antennas for our electronically-scanned arrays be-
cause of their low cost and compatibility with our printed circuit beam-forming network. The
technical challenges in designing such patch antennas are several folds. First, because Inmarsat/
Msat geostationary satellites use right-hand circularly-polarized microwave signals to commu-
nicate with earth terminal, circularly-polarized antennas are preferred. A linearly-polarized an-
tenna will lead to about 3 dB or more loss because of the mismatch factor between the wave and
the antenna. Second, the required relative bandwidth is about 8.5%, which poses a stringent re-
quirement for patch antennas. A thick substrate can be used to increase the bandwidth but it also
tends to increase the cost and weight of the antenna arrays. As a result, electromagnetical-

ly-coupled patch antennas using a thin substrate are preferred.
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A single-fed and a dual-fed electromagnetically-coupled patch antennas were reported by Kar-
makar and Bialkowski last year [31]. As expected, the single-fed antenna was somewhat limited
in bandwidth. The 3 dB axial ratio bandwidth is only 4.1%, which is not enough for our appli-
cation. The dual-fed patch antenna was a two substrate structure spaced by a foam layer. A cir-
cular patch was etched on the upper side of the top substrate. The foam layer was used to support
the first layer. Two coupling slots were etched on the upper side of the second substrate and the

whole antenna was fed by a 3 dB hybrid coupler on the lower side of the second substrate

through the two coupling slots.
Top —
Substrate L=
and feed
Second circuit
Substrate

Ground

Figure 5.1 Configuration of an electromagnetically-coupled patch antenna.

In this chapter a simpler structure as shown in Figure 5.1, will be proposed for the antenna. First
we suggest not to use any foam layer because of its somehow unstable electric characteristics
which makes it difficult to control the center frequency of the antenna and adds to its cost. In-
stead, an air gap will be provided. A square patch will be etched on the lower side of the top
substrate and another square patch etched on the upper side of the second substrate. The top sub-
strate will be fixed to the second substrate at several places by thin plastic pins. The locations of
the pins should be far enough from the patches to avoid interfering with their field distributions.
A simple power dividing circuit, which will also be proposed in this chapter, will be used to feed
the lower patch for circular polarization. Although a 3 dB hybrid coupler can be used for better
axial ratio, it will also lead to higher circuit loss which leads to a reduced gain of the antenna.
For such a coupler, a resistor is usually needed to absorb the reflected power and it will further
add to the cost of the antenna array because of the cost of the components and the cost of the
labor needed to solder it to each unit antenna. Our solution also does not increase the design dif-
ficulties related to low axial ratios because it is the gain of the antenna and the polarization mis-

match factor which will control the performance of an antenna.
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In the first part of our antenna array project, an economical electromagnetically-coupl-ed patch
antenna has been designed and tested[18]. In that antenna, a thin copper patch was glmed on a
patch of construction foam, which was then glued to a thin substrate having an antenna —patch on
the upper side and the ground plane on the lower side. This antenna unit has given goo-d results
and was the starting point for the design of the air-dielectric electromagnetically-coupl-ed patch

antenna reported here.

The remainder of this chapter is managed as follows. In Section 5.2, the polarization mismatch
factor for a wave and an antenna will be derived, as a function of their axial ratios and? the ori-
entation of their polarization. This formula can be used to evaluate the negative effect of an in-
creased axial ratio of the antenna. In Section 5.3, a simple dual-feed circuit will be prop-osed for
applications in circularly-polarized antenna design. In Section 5.4, assuming that the power fed
into the each feed is specified, we will derive the relationship between the axial ratio -of a du-
al-feed antenna and the phase difference between its orthogonal electric field compoments. In
Section 5.5, according to the above sections, a step-by-step method for circularly-polar-ized an-
tenna design will be presented with the design of a sample patch antenna using a comamercial
software: Ensemble. In Section 5.6, the measured results from the sample antenna will: be pre-
sented. In Section 5.7, measured results from another sample antenna with improved axial ratio

will be presented. In Section 5.8, some discussions and conclusions are provided.

5.2 The dependence of the mismatch factor on the axial ratio of an amtenna

Suppose an incident circularly-polarized, or to be more general, an elliptically-polarize=d plane

wave with electric field

E = E ™ +E,e %, (.1)

is intercepted by an antenna with effective length

A=A, +a, " e, (5.2)
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the polarization mismatch factor will be [32]:

A A ~ ~ i¢£ a A —i¢A ~ A i(QE_¢A) 2
AIEle[.eI'*‘AIEzeI.eze +A”E1enoele +A11Ezell.eze

2, a2v,p2, 2
(A +A;D(E|+E3)

p= (5.3)
In (5.1) E| and E, are the amplitudes of the fields in the &, and &, directions, the orthogonal
unit vectors in the direction of the long and short axis of the wave polarization ellipsoid and
¢ = £90°, where the “+” and “-” signs correspond to a right-hand and a left-hand polariza-

tion, respectively. The axial ratio of the wave is:
Ap = E|/E, 5.4)

In (5.3) A; and A;; are the components of the antenna effective length in &, and &, the unit
vectors in the direction of the long and short axis of the antenna polarization ellipsoid, and
¢, = £90°, where the “+” and “-” signs correspond to a right-hand and left-hand polarization,

respectively. The axial ratio of the antenna is:

A, = A/Ay, (5.5)
Ao
7\ /e\l
7]
e
% 0
1 > é\[

Figure 5.2 Unit vectors of the wave field and of the antenna effective length.

Figure 5.2 shows the orientations of the four unit vectors and from it we have: &, €&, = cos9,

e, ®e, = sinB, é,®2é, = —sin6, and &,, ®&, = cosO and therefore:

(AJE, £ AyE,) cos® +(AE,+ Ay E,) sin®
p =

(5.6)
(A7 + Ap)(ET + EZ)



or

(1+AgA, ) cod® +(Ap+A,) sin®

(5.7)
(1+A5)(1+A%)

p

In (5.6) and (5.7), if the polarizations of the wave and of the antenna are in the same sense (same
right hand or left-hand polarization), the “+” sign will be used. Otherwise, the “-” sign will be

used.

n : ; : : . i :
[:] 50 100 150 200 250 300 350

Figure 5.3 Mismatch factorin dB vs. orientation angle in degrees for axial ratios
of the wave and of the antenna as parameter. Both axial ratios are assumed to be
the same. For curves from top to bottom,

Ap = A, = 05,1,3,6,9,12, 15 dB.

Figure 5.3 shows the mismatch factor vs. orientation angle for different axial ratios of the wave
and of the antenna. The axial ratio of the wave is assumed to be the same as that of the antenna.
When their polarizations are orientated in the same direction, 6 = 0° or 180°, they are
matched in polarization and we will have the highest mismatch factor 1, or 0 dB. When their
polarizations are orientated orthogonally, 6 = 90° or 270°, we will have the lowest polariza-
tion mismatch factor, which depends on the axial ratio of the wave and of the antenna. The low-
est mismatch factors are -0.06, -0.23, -0.52, -0.89, -1.36, -192 dB, for
Ap = A, =1,36,9,12, and15 dB.
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Figure 5.4 Mismatch factor in dB vs. orientation angle in degrees for different
axial ratio of the antenna as parameter. The axial ratio of the wave is assumed
to be 0 dB. For curves from top to bottom, A, = 05,1,2,3,4,5,6 dB.
Figure 5.4 shows the mismatch factor vs. orientation angle for different axial ratios of the an-
tenna as parameter. The axial ratio of the wave is assumed to be 0 dB, corresponding to an ideal
circularly-polarized wave. In this case, the orientation of the wave polarization can be supposed
in any direction and therefore, the mismatch factors are constant for any polarization orientation

of the antenna. The mismatch factors are -0.005, -0.02, -0.06, -0.15, -0.22, -0.33 and 0.46 dB,
forAA =1,2,3,4,5,6dB.

Figure 5.5 shows the mismatch factor vs. orientation angle for different axial ratios of the an-
tenna as parameter. The axial ratio of the wave is assumed to be 3 dB for all curves. When their
polarizations are orientated in the same direction, 8 = 0° or 180°, we will have the highest
mismatch factors, which are -0.09, -0.06, -0.02, 0, -0.02, -0.05, -0.10 dB, for
A A= 1,2,3,4,5,6 dB. When their polarizations are orientated orthogonally,
8 = 90° or 270°, we will have the lowest polarization mismatch factors, which also depend on
the axial ratios of the wave and of the antenna. The lowest mismatch factors are -0.16, -0.24,
-0.34,-0.51, -0.68, -0.88 and -1.09 dB, for Ay = 05,1,2,3,4,5,6dB .
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Figure 5.5 Mismatch factor in dB vs. orientation angle in degrees for different
axial ratios of the antenna as parameter. The axial ratio of the wave is assumed
to be 3dB.
For mobile satellite communications, the wave from a satellite is not of perfect circular polar-
ization and neither is that of a terminal antenna. It is not practical to adjust the polarization of
the antenna according to that of the wave from the satellite. Therefore, the lowest mismatch fac-

tor will be compared for different antennas.

5.3 A simple power distribution circuit for dual-feed antennas with
circular polarization

Quarter-wavelength

Antenna 1 !
<———>l Zy

Ry * Rp

Zin

[ Antenna 2

Figure 5.6 Simple dual-feed circuit for circular polarization.

67



A dual-feed circularly-polarized antenna can be constructed by dividing power into two feeds
on a single antenna or on two separate antennas. The two feeds excite orthogonal modes in the
single antenna or in the two antennas which radiate/receive orthogonal fields to/from the space.
Here we propose a simple circuit, shown in Figure 5.6, as power dividing circuit. The circuit is
a quarter-wavelength transformer connecting the two antennas represented by two resistive
loads, fed by another transmission line at a certain point on the transformer. We will first prove
that the input impedance of such a circuit will always be real wherever the feeding point is lo-
cated, allowing the circuit to be matched to a 50Q connector, provided that the input impedanc-
es of the two feeds are purely resistive. This also gives the flexibility to change the feeding
location to adjust the phase difference between the orthogonal fields for circular polarization.

Second, we will prove that the power divided into each load will always be the same.

The impedance of the quarter-wavelength transmission line is Z, = ,/R|R, . If we feed the two

antennas at some point / away from load R, then the input impedances of the two feeds seen

at the feeding point are
R, +iZ1gBl
Z, =Z—1"" (5.8)
inl *Z,+iR tgBl
and
R, +iZ,ctgBl
Z,» =2 - : (5.9)
2 ‘Z, +iR,ctgBl

Here we used tg(g— B[) = ctgBl. After some manipulations, the input impedance of the

whole circuit is:

2
Ry +R,tg" Bl
in = %—_"—l 225’ P . (5.10)
1+1g"Bl
From (5.10) we can see that the input impedance is always real for any / and therefore, we can
easily match it with a 50Q connector using a quarter-wavelength transformer. We can further

show that the input impedance is between R,/2 and R,/2 and the closer the feed point is to

68



Antenna 1, the closer the input impedance will be to R, /2. This is also true for Antenna 2. If

we feed at the center of the transformer, we have

in 4 - (5.11)

From Section 4.1 we know that the power absorbed by each load is given by the relation

PjocRe(Yinj) (5.12)
where j = 1 or 2. From (5.8) and (5.9) we have
2
ZR,+R,Z1g Bl
R, (Y1) = 21- s (5.13)
t Ri+Z,tg Bl
and
2
ZR,+R,Zct [
R(¥i) = s 27 2 s P (5.14)
t Ry+Z ctg Bl
From (5.13), (5.14) and (5.12), we can easily obtain:

i.e., the power divided into each antenna will always be the same. Accordingly we suggest the

following steps in the design of an antenna with circular polarization:

1. Convert the input impedances of two orthogonal feeds on a single antenna or on two separate

antennas into real impedances and cancel their imaginary part, using an appropriate circuit.

2. Connect the two feeds with a quarter-wavelength transformer. The impedance of the trans-

former is the same as that of a transformer which would match the two feeds.

3. Feed the circuit at some point on the transformer. The location is chosen to create a 90° phase
difference between the orthogonal fields.
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The ideal case is when the input impedances of the two feeds are constant and purely resistive
over the whole operation band and the isolation between the two feeds is perfect. For such a
case, the axial ratio of the antenna will be O dB over the operation band. In our case, the two
feeds are on the same square patch antenna. Instead of being constant, the real part of the input
impedance of each antenna changes over the operation band, the imaginary part is not zero, and
the isolation between the two feeds for the single antenna is also not perfect. Consequently, the

axial ratio of the antenna will depend on how close the situation can be to the ideal case.

5.4 The dependence of the axial ratio on the phase difference between
orthogonal fields.

In the design of a dual-feed circularly-polarized antenna, when the power fed into each feed is
decided, the axial ratio of the antenna will still change with the phase difference between the

orthogonal electric fields. Here we will discuss the effect of such a phase difference.

ﬁ'E'yem’
- =~ ~ Ex
E. 2 N
y / \
4 \
/ ° i
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I/ ‘\ > E,
! /
! /
\ /
\\ ,/‘\Polarization
~ _~ ellipsoid

Figure 5.7 Orthogonal electric fields with a given phase difference and the
resulting polarization ellipsoid.

The electric field of a plane wave can be expressed as:

E=Eeé +E% (5.16)
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where &, and &, are two orthogonal unit vectors. In general, we can choose & or the direction

in which the electric field component is larger and we have

A 5 1 5.17
0 — E— > . ( . )
According to Figure 5.7, the electric field can also be expressed as:

2 0 - ovs - 0 5
E = (E.cos8 +E e"sin0)2, + (~E_sin0 + E ¢ cos8)2,,, (5.18)

where &,. and éy. are the two orthogonal unit vectors in the directions of the two axis of the po-
larization ellipsoid, which are obtained by rotating &, and éy anti-clockwise by 6, which is de-
cided by the condition that the phase difference between the two components in (5.18) should
be /2. The phases of the two components in (5.18) are:

_ E,sinB@sin¢ 5.19)
80x = E _cos8 + EysinBcos¢ ©®.
and
EcosBsing 590
80y = —E sinB + EycosOcosd (5-20)
and the following conditions should be satisfied:
T
¢, = ¢x,i-§ (5.21)
or
tgd. . = —ctg¢y, . (5.22)
From (5.19), (5.20), and (5.22) we have:
2E_FE cos

E;-E,
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From (5.17) we have

2Apc0s0¢
1g20 = > 5.24)
1-4,

_ —1+41+1g%20 (5.25)

The axial ratio of the wave is therefore defined by the ratio of the two components in (5.18)

4o - | cos®+ Agesing | _ /(1 + AgtgBc0s)” + (AgtgBsing)’ 526
- ; - 2 .32 ’
—sin®+AgedcosB| N (~g8+ Agcos)” + (Agsing)
and the axial ratio of the wave is
(5.27)

w0 %0
Figure 5.8 Axial ratio in dB vs. phase difference in degrees of the orthogonal

fields with the power ratio between the two feeds as the parameter. For curves
Jfrom bottom to top, A0 =0,2,4,6,10,15,20dB.

Figure (5.8) shows the dependence of the axial ratio in dB on the phase difference ¢ for different

values of A, . From it we can see that the minimum axial ratio is simply A, when ¢ = /2,



se 7

where the “+” sign corresponds to a right-hand circular polarization while the sign corre-
sponds to a left-hand circular polarization. When the phase difference between the two orthog-
onal field components is away from ¢ = *m/2, the axial ratio tends to increase. As an extreme
case, when ¢ = 0, *mx, the axial ratio is infinity, corresponding to a linearly-polarized wave.
From Figure 5.8 we can also see that the effect of the phase difference away from ¢ = /2
on the increase of the axial ratio will be more severe for smaller minimum axial ratios. For ex-
ample, if the phase is 10° away from ¢ = *m/2, the increase in the axial ratio will be 1.75 dB,

0.50dB and 0.25 dB for A; = 0,2,4 dB.

5.5 Electromagnetically-coupled circularly-polarized patch antenna
design using Ensemble

In this section we will present a step-by-step method for the design of an electronically-coupled
patch antenna, based on the previous sections in this chapter. The software we will use is En-
semble Version 4.02 as provided in 1997 by Boulder Microwave Technologies, Inc. The method
will be explained in the design of a sample patch antenna. The parameters of the substrate used
in the simulation are from those of the GML 1000 laminate from Glasteel Industrial Laminates,
which is also used in the design of our beam-forming network: dielectric constant=3.20 + 0.05,
thickness=0.762 mm, copper thickness=0.035 mm, dissipation factor=0.003.

The configuration of the patch antenna is shown in Figure 5.1, which is a two-substrate structure
separated by air. There are two square patches in which the lower patch is the active one with
feeding circuit while the top patch is passive. The whole design process involves decisions on
the sizes of the two patches, the width of the gap between them, and on the design of the whole

feeding circuit described in Section 5.3.

In a simulation, the circuit on each layer is automatically divided into small cells by the Grid
command of the software, in which an optimal cell size is recommended according to a user-in-
put parameter Maximum Frequency. Theoretically, the calculated results should be independent
of the gridding process but in practice different simulation results are obtained for different grid-

ding processes. In our case, the relative bandwidth is 8.5% and this poses a high requirement on
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the precision of the calculated center frequency of the antenna. To meet this requirement, a high-
er Maximum Frequency and smaller recommended cell sizes are chosen to control the simula-
tion errors. Consequently, we will choose the Maximum Frequency to be 3 GHz in Steps 1, 2
and 3 although the highest frequency of interest is 1.610 GHz. For better accuracy, in Step 4 we

use 5 GHz as the Maximum Frequency.

In Section 5.3 we assumed that the input impedances of both antennas are purely resistive. The
two antennas are actually a single square patch antenna fed orthogonally. Therefore, the first
step is to adjust the parameters of a single-feed square patch antenna, the sizes of the two patches
and the thickness of the gap between them, for a minimum variation of real part of the input im-
pedance over the bands of interest, i.e. from 1.525 to 1.559 GHz (receiving band) and from
1.627 to 1.661 GHz (transmitting band). After this step the configuration is shown schematically
in Figure 5.9. The top patch and the lower patch is 74.40 mm and 52.70 mm in size, spaced by
10 mm. The width of the feed microstrip is 2.08 mm.

3 Top patch

Lower patch

Figure 5.9 A single-feed patch antenna with a minimum variation in the real part
of the input impedance over the bands of interest.
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Figure 5.10 The simulated input impedance normalized to 46.69 Q, the
impedance of the feed microstrip, for the antenna shown in Figure 5.9
The simulated real and imaginary parts of the input impedance for the antenna is shown in Fig-
ure 5.10. The real part is symmetrical with respect to 1.593 GHz, the center frequency of the
whole band from 1.525 to 1.661 GHz. We can see two peaks at about 1.542 GHz and 1.644 GHz,
the center frequencies of the receiving and transmitting band. In these two bands, the real part

of the normalized input impedance varies between 0.295 and 0.428.

Figure 5.10 shows that the imaginary part of the input impedance is high in the receive band and
alittle lower in the transmit band. In order to obtain an impedance very close to a purely resistive
one, the absolute values of the imaginary part of the normalized impedance in the receiving and
transmitting bands should be kept as small as possible. From a Smith chart we know that a trans-
mission line a little shorter than a quarter-wavelength can be used for this purpose, resulting in
the smallest absolute imaginary part of the impedance in the receiving band and in the transmit-
ting band. This is realized in Step 2 by adding Microstrip 1 of width 2.08 mm and length 26.10

mm to the patch antenna. The antenna is now as shown in Figure 5.11.
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Microstrip 1

Top patch

Lower patch

Figure 5.11 A single-feed patch antenna with minimization of the imaginary part
of the input impedance over the bands of interest.

Figure 5.12 The simulated input impedance normalized to 46.69 Q, the
impedance of the feed microstrip, for the antenna shown in Figure 5.11.
Figure 5.12 shows that the imaginary part of the input impedance is between -0.6 and 0.5, which
is relatively low compared with 2.30, the minimum real part of the normalized impedance. The
real part of the impedance varies from 2.30 to 3.20, which is also an improvement from that

shown in Figure 5.10. After Step 2, the input impedance has a small imaginary part and a real



part which varies less over the receiving and transmitting band. This impedance is close to the

design goal, a constant purely resistive impedance over the whole bands of interest.

In Step 3, a microstrip Microstrip 2, which is the same as Microstrip 1, is connected to the other
feed of the antenna. Both Microstrip 1 and Microstrip 2 are bent by 90° for connection. The
two microstrips are then connected by a bent half-wavelength microstrip, Microstrip 3. The
characteristic impedance of this microstrip is chosen to give a reasonable input impedance
which is readily matched to a 50€2 connector. For this purpose, the width and length of Micros-
trip 3 are 0.50 mm and 61.44 mm, with a characteristic impedance of 98.70Q2 . This half-wave-
length microstrip can be looked at as two quarter-wavelength transformers, each transformer
matching the loads at both ends. According to Section 5.3, the input impedance of the circuit
will be close to a purely resistive one wherever we feed the circuit on Microstrip 3. The feed
point is finally chosen by monitoring the calculated phases of the horizontal and vertical elec-
trical fields. According to Section 5.4, this phase difference over the receiving band and over the
transmitting band is adjusted to be as close to 90° as possible for lowest axial ratio. A quar-
ter-wavelength transformer, Microstrip 4 of width 1.90 mm and length of 29.42 mm is finally
used to match the whole structure with a 502 connector. The whole circuit after Step 3 is as

shown in Figure 5.13.

Microstrip 1

Feed point
Top patch

Lower patch

Micros?:ﬂp 2

Microstrip 3

Microstrip 4

Figure 5.13 A right-hand circular polarization patch antenna.
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Figure 5.14 Simulated return loss in dB vs. frequency in GHz for the antenna
shown in Figure 5.13.

X 1 L L : J
1.45 15 1.58 1.6 165 7 375

Figure 5.15 Simulated axial ratio in dB vs. frequency in GHz for the antenna
shown in Figure 5.13.
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Figure 5.16 Simulated realized gain in dB vs. frequency in GHz for the antenna
shown in Figure 5.13.

-02

Figure 5.17 Simulated input impedance normalized to 50Q vs. frequency in
GHZz for the antenna shown in Figure 5.13.
Figures 5.14 to 5.16 shows the calculated return loss, axial ratio, and gain for the antenna shown
in Figure 5.13. The return loss is lower than -22.25 dB, the axial ratio lower than 3.35 dB, and
the gain higher than 9.05 dB from 1.525 GHz to 1.661 GHz. Figure 5.17 shows the input im-
pedance normalized to 50Q. Please note that, in Figure 5.17, the imaginary part of the whole
structure is lower than that of each feed at the feed point. The imaginary parts of the two imped-

ances in parallel tend to cancel each other. Consequently, the return loss of a dual-feed patch



antenna can be lower in the whole operation band than that of the corresponding single-feed lin-

early-polarized square patch antenna.

In Steps 1, 2, and 3, the Maximum Frequency used in the simulations was 3 GHz. This is the
result of a trade-off between calculation precision and the time needed for the caiculation of the
antenna at one frequency. The higher the Maximum Frequency, the better the precision but, un-
fortunately, the calculation time will also be longer. In the last step, Step 4, the same antenna
structure shown in Figure 5.13 is simulated for a Maximum Frequency of 5 GHz. This lead to a

calculation speed about 3 times lower than in the case for a Maximum Frequency of 3 GHz.

Figures 5.18 to 5.20 show the calculated return loss, the axial ratio, and the gain obtained from
these calculations. The return loss is lower than -23.60 dB, the axial ratio lower than 3.65 dB,
and the gain higher than 9.05 dB. Figure 5.21 shows the input impedance normalized to 502,

which is comparable to the input impedance shown in Figure 5.17.

Figure 5.18 Simulated return loss in dB vs. frequency in GHz for the antenna
shown in Figure 5.13.fm = 5GHz.
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Figure 5.19 Simulated axial ratio in dB vs. frequency in GHz for the antenna

2.6

shown in Figure 5.13. fm = 5GHz.
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Figure 5.20 Simulated realized gain in dB vs. frequency in GHz for the antenna

shown in Figure 5.13. fm = 5GHz.

81



82

145 15 158 18 1.65 1.7 1.75

Figure 5.21 Simulated input impedance normalized to 50Q vs. frequency in
GHz for the antenna shown in Figure 5.13. f,, = 5GHz.

Axial ratio

(a) f=1.525 GHz
Cut angle=0 degree
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E-right Gain Axial ratio

(b) f=1.525 GHz
Cut angle=45 degree

E-right Gain Axial ratio

(c) f=1.661 Ghz
Cut angle=0 degree



E-right Gain Axial ratio

(d) f=1.661 GHz
Cut angle=45 degree

Figure 5.22 Calculated gain, axial ratio, and right-hand circular polarization
radiation pattern for the antenna shown in Figure 5.13. f = 5SGHz. The
maximum of the radiation pattern is in the direction 10'the antenna.

Figures 5.22 (a) to (d) show the calculated gain, the axial ratio, and the right-hand circular po-
larization radiation pattern for the antenna shown in Figure 5.13 for f m = 5GHz. A cut angle
of 0° corresponds to a radiation pattern measured in the plane defined by the direction normal
to the patch antenna and the orientation of Microstrip 4 shown in Figure 5.13. When the cut an-
gle is 45°, the plane in which the radiation pattern was measured was obtained from the above
plane by rotating it around the antenna normal direction. The 3-dB beam width is about 67° at
1.525 GHz and 64° at 1.661 GHz. This can be easily understood because when the frequency
increases, the electric length of the same antenna will increase, resulting into a higher gain and
a narrower beamwidth. The axial ratio tends to increase by 0.5 dB to 1 dB when the direction
moves away from the boresight of the antenna to the boundary of the beam defined by the 3-dB
beamwidth. The left-hand radiation pattern is not shown in the figures, but is at least 13 dB lower
than that of the right-hand radiation pattern over the 3-dB beamwidth.
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5.6 Sample patch antenna realization and the measured results

Figure 5.23 Electromagnetically-coupled patch antenna designed under the
guidance of the Ensemble simulations.

&0
1

Figure 5.24 Measured return loss in dB vs. frequency in GHz.
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Figure 5.25 Test setup for gain and axial ratio measurement.

Figure 5.23 is a photo of a sample electromagnetically-coupled patch antenna designed in the
last section. The width of the gap between the two layers is set to be10 mm by 4 plastic rods
located between the top patch and the lower patch. Figure 5.24 shows the measured return losses
vs. frequency for two such antennas, Patch 2A and Patch 2B. As we can see from the figure,
except for some minor differences, their return loss curves are almost the same in the whole
band from 1.525 GHz to 1.661 GHz. A maximum return loss of -19.52 dB was measured at
1.661 GHz.

The gain and axial ratio in the boresight direction of the antennas are measured by placing the
two antennas opposite to each other, as shown in Figure 5.25. The measured gain and axial ratio
are averaged ones because the two antennas are assumed identical. In the measurements, Patch
2A is fixed upright to a pole while Patch 2B is rotating around its axis. The microwave signal
from a HP 8673 E Synthesized Signal Generator is fed through a coaxial line to Patch 2A and
the power received by Patch 2B is guided through another coaxial line to a HP 8563 E Spectrum
Analyzer. At each frequency, the maximum received power P, at the spectrum analyzer and its

variation Ap are read while Patch 2B is rotating. The received reference power P, y(dBm) is
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measured by removing the two antennas and connecting the two coaxial cables together. The

measured data are shown Table 5.1.

Table 5.1 Measured and calculated data for gain and axial ratio measurements.

f{(GHz) 1.491 1.508 1.525 1.542 1.559 1.576 1.593
-P_o(dBm) 33.67 33.83 34.00 34.17 34.00 34.00 34.00
Ap(dB) 0.48 0.30 0.33 0.70 0.85 1.05 1.00
-P (dBm) 56.53 56.70 57.50 56.08 56.80 55.98 56.37
G(dB) 8.32 8.36 8.10 3.94 8.54 9.00 8.85
AR(dB) 2.91 2.30 241 3.54 3.91 4.36 4.25

Table 5.1 (continued).

f(GHz) 1.610 1.627 1.644 1.661 1.678 1.695
-P,o(dB) 34.17 34.00 34.17 3433 34.17 34.17

Ap(dB)) 1.08 0.52 0.75 0.93 2.04 3.80
-P_(dB) 55.62 56.45 57.52 58.10 58.83 58.53
G(dB) 9.36 8.90 8.50 8.33 7.93 8.13
AR(dB) 4.41 3.03 3.66 4.09 6.19 8.72

The gains and axial ratios can be calculated from the measured data. The received power is

P
P =—"! GA A (5.28)
T (anp)? e

where P, is the power output of the signal generator, L is the distance between the two antennas,
A, the effective area of the antenna and A_ the total loss of the two coaxial cables.The gain

can be calculated from A eff ? the effective area of the antenna,
G = 4nA, /A (5.29)

where A is the wavelength in free space.

When there is no antennas and the two cables are directly connected, we have

P, =PA,. (5.30)



From (5.28), (5.29) and (5.30), using L=1.511 m, the gain can be calculated

P_(dBm) - P,,(dBm)

G(dB) = 5

+ 18.01 + 10log f(GHz) 5.31)

where f is the frequency at which the gain is measured.

In (5.7), choosing the “+” sign because both Patch 2A and Patch 2B are of right-hand polariza-
tion and assuming A = A, = A, the ratio of the mismatch factors for & = 0° and 6 = 90°

gives Ap:

2.2
Ap = a+d) +AZ) . (5.32)
4A

and the axial ratio can be calculated as

2 2
= < 1+ 1= ) 3
AR(dB) IOlog( - 1+ - 1 Ap) (5.33)
The calculated gain and axial ratio are also shown in Table 5.1, according to the measured data

for each frequency.

As shown in Table 5.1, the averaged gains are typically higher than 8.0 dB. The axial ratio is
low at lower frequencies and increases with frequency. In the band from 1.525 GHz to 1.661
GHz, the averaged gain is between 8.10 and 9.36 dB and the axial ratio is between 2.41 dB and
4.41 dB. The measured gains are typically lower than the simulated gain by about 1 dB. We at-
tribute these lower gains to the loss of the feeding circuit and of the patch antennas. Ensemble
does not appropriately account for copper and dielectric losses in the calculation. The axial ratio
is about 1 dB higher than calculated. We believe that this is mainly because of error in the width
of the gap between the two patches in each sample antenna. This gap was assumed to be 10 mm
in the simulations and an error of £0.5mm was measured in both sample antennas because of

the deformation of the substrate which is relatively thin. From Figures 5.4 and 5.5, the increase

88



of the axial ratio from 3 dB to 4 dB will decrease the polarization mismatch factor by at most
0.17 dB.

f=1.515GHz f=1.661 GHz

Figure 5.26 Typical measured right-hand circularly-polarized field radiation
patterns of Patch 2A.
The right-hand circularly polarized field radiation pattern of Patch 2A was measured by using
Patch 2B as the test antenna. Typical radiation patterns are shown in Figure 5.26. From the fig-
ures we can read that the typical 3-dB beamwidth is about 60°. The measured beam is a little
narrower than the simulated ones shown in Figure 5.22 because here the polarization mismatch

factor is included in the radiation patterns.
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5.7 The measured results from a patch antenna with improved axial ratio

Figure 5.27 An electromagnetically-cozg?led patch antenna with improved axial
ratio.
The axial ratio of Patch 2A and 2B described in the last section is 2.41dB to 4.41 dB in the band
from 1.525 GHz to 1.661 GHz. We also designed a patch antenna with improved axial ratio. In
order to do this, after Step 2 in the last section, a compound half-wavelength open stub as de-
scribed in Section 2.5 is added in shunt to the circuit, in order to tune off the imaginary part of
the impedance shown in Figure 5.12. As a result, the impedance of the single-feed antenna has

a smaller imaginary part. The axial ratio is thus improved. Figure 5.27 shows such an antenna
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in its assembled state and decomposed state. Please note the compound half-wavelength open

stubs used in each feed.
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Figure 5.28 Measured return losses in dB vs. frequency in GHz for Patch 3A and
Patch 3B.
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Figure 5.29 The simulated and measured gain and axial ratio in dB vs.
Jfrequency in GHz for Patch 3A.



The return losses of two such sample antennas, Patch 3A and Patch 3B, are shown in Figure
5.28. As can be expected, adding the tuning stubs also leads to improved return losses. For both
sample antennas, reflection coefficient is lower than -26.01 db from 1.525 GHz to 1.661 GHz.

The averaged gains and axial ratios of Patch 3A and Patch 3B were measured in their boresight
direction, using the same method described in the last section. The measured gains and axial ra-
tios of Patch 3A are shown in Figure 5.29 The measurements were carried out at a distance of
2.10 m between the two antennas. Also shown are the simulated gains and axial ratios. It can be
seen that, in the band from 1.525 GHz to 1.661 GHz, the simulated axial ratio was lower than
2.35 dB in the boresight direction, which happens at 1.525 GHz. The measured axial ratios were
lower than 2.4 dB and the bandwidth was improved. Although the axial ratios were improved
considerably from Patch 2A and 2B, the measured gains were lower by 1 to 2 dB than the sim-
ulated ones in the band. At the center frequency, the measured gain was about 8.00 dB and the
lowest gain in the band was 7.42 dB which appeared at 1.525 GHz. We found in the test that the

loss in the added tuning stubs was the main reason for such lower gains.

5.8 Discussion and conclusion

In this chapter we presented a method for economical electronically-coupled antenna design and
measured results from sample antennas. First we derived the polarization mismatch factor as a
function of the axial ratio of an incident electromagnetic wave and that of a receiving antenna.
This provided us a measure to evaluate the effect of the axial ratio of a receiving antenna on its
received signal level. Second, we proposed a simple circuit which is capable of delivering equal
phase-controlled power into two resistive loads, which is constituted in our case by the dual-feed
antenna under design, fed orthogonally. Third, assuming the power fed into each port to the du-
al-feed antenna are specified, we derived formulae to show the effect of the difference of the
phases of the orthogonal electrical fields radiated from the antenna on the axial ratio. A
step-by-step method for the design of electromagnetically-coupled patch antenna design was
then presented. The method works with the input impedance, phase and amplitude of the radia-
tion field, gain and axial ratio obtained from Ensemble simulations. This method was explained

in the design of a sample antenna.
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Following the simulations, two sample antennas, Patch 2A and 2B were fabricated and mea-
sured. Averaged gains from 8.10 dB to 9.36 dB and axial ratios from 2.41 dB to 4.41 dB were
measured in the boresight direction of the antennas for frequencies from 1.525 GHz to 1.661
GHz. The return losses were lower than -19.52 dB.

In order to improve the axial ratio, another antenna using two compound half-wavelength open
stubs in the power dividing circuit was also designed. The axial ratio was lower than 2.4 dB,
return loss lower than -26.01 dB, and the gain was between 7.42 dB and 8.00 dB. Although we
achieved some improvement in axial ratio, the gain is considerably lower because of the added
tuning circuit. From Figures 5.4 and 5.5, an improvement of axial ratio from 4.4 dB to 2.4 dB
will lead to at most a 0.38 dB increase in the polarization mismatch factor. Consequently, Patch
3A and 3B will receive a 0.3dB to 1.0 dB lower power than Patch 2A and 2B. In our application,
Patch 2A and 2B are preferred.
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CHAPTER

6

An electronically-scanned antenna array with
quasi-hemispheric coverage

6.1 Introduction

A typical mechanically-scanned antenna available from the market covers elevation angles
from 15° to 60°. For such an antenna and a geo-stationary satellite through which a commu-
nication is to be made, there is an area on the surface of the earth from which the antenna cannot
“see” the satellite. Refer to Figure 6.1 and suppose that the geo-stationary satellite is above a
certain point P on the Equator of the Earth: the elevation angle of the satellite to a terminal,
which is at point T with the same longitude as point P, is 6 g - The latitude is related to the ele-

vation angle by

6 = co;(H—_f 50s05) -0, 6.1)

where R=6370 km is the radius of the earth and H=35700 km is the height of the geo-stationary
satellite above the surface of the Earth. Using the Inmarsat-2F2 satellite which has a longitude
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of 98°W, as an example, from (6.1) an elevation angle of 60° would correspond to a latitude
of 26.2°. The arc distance from Point P to the terminal at point T on the surface of the earth can
be calculated to be about 2913 km. In a real three-dimensional case this means that, for the area
with a radius 0f 2913 km around point P ( Longitude = 98°W and Latitude = 0°), commu-

nication will be difficult or impossible using such a mechanically scanned antenna.

Position of
the terminal

Geo-stationary
Satellite

Earth

Figure 6.1 The elevation angle of a geo-stationary satellite to a terminal.

In order to solve this problem, a global electronically-scanned antenna array covering elevation
angles from 20° to 90° is proposed and implemented. Figure 6.2 shows a functional block di-
agram of the array. It is composed of a No.9 channel and of a sub-array with 8 patch antennas.
The No.9 channel or the sub-array are activated by a pre-switch. When the sub-array is activated
and the No.9 channel deactivated, the 3/8-channel beam controller acts as described previously
in Chapter 4 and 24 beams can be formed horizontally. The elevation coverage of the sub-array
is then from 20° to 60°. To cover the higher elevation angles from 60° to 90°, the No.9 chan-

nel should be activated, and the beam controller de-activated.

Patch antennas
1234 8 9

TTTT...]

Beam Controlller

Tuning circuit Pre-switch

RF input

Figure 6.2 Functional block diagram of the global electronically-scanned array.
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In this chapter the configuration of this global electronically-scanned antenna array prototype
with quasi-hemispherical coverage will be described. In Section 6.2, the configuration and per-
formance of the pre-switch sub-circuit, which included the pre-switch in series with a tuning cir-
cuit, will be presented. In Section 6.3, the detailed configuration of the array will be given. In
Section 6.4, we will provide measured results from the prototype. In Section 6.5, several aspects
in which the performance of the antenna array can be improved, will be addressed. In the last

section are some conclusions.

6.2 The pre-switch sub-circuit

The choice of the top antenna or of the sub-array is made by a pre-switch, which is shown in
Figure 6.3. It is composed of a 2-channel switch and of a tuning circuit whose design has already

been discussed in Section 4.2.

To No.9 channel

To sub-array

RF input

Figure 6.3 A power pre-switch and a tuning circuit integrated together.

The power input from the lower SMA connector is divided into two channels, in each of which

a HSMP 4890 diode is used to activate or deactivate the channel. The left channel leads to the
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sub-array through another SMA connector while the right channel] leads to the No.9 channel. In
the left channel, between the upper SMA connector and the PIN diodes, are two compound
half-wavelength open stubs in parallel, which act as a tuning circuit. In operation, the two diodes

are always biased in opposite states, allowing activation of only one channel.

Such a circuit was also designed under the guidance of simulations. It was then connected to a
beam controller described in Chapter 4. The whole circuit was then measured for frequencies
from 1.525 GHz to 1.661 GHz. When the No.9 channel was deactivated, the whole circuit acted
like the beam controller together with the tuning circuit whose performance can be found in Sec-
tion 4.3, except that the maximum overall insertion loss was 2.31 dB instead of 2.08 dB. This
0.23 dB extra loss was caused by the No.9 channel. Although it has been deactivated, it still dis-
sipated and leaked some power. The power leaked into the No.9 channel was found to be at least
27.30 dB lower than the input power and the return loss lower than -12.36 dB from 1.525 GHz
to 1.661 GHz. When the No.9 channel was activated, the insertion loss was lower than 0.67 dB,
the return loss lower than -16.69 dB and the power leaks to any channel of the beam controller

was at least 32.74 dB lower than the input power.
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6.3 The configuration of the array

Figure 6.4 A global electronically-scanned antenna array prototype with
quasi-hemispherical coverage.

The global array, as shown in Figure 6.4, is realized by adding a top patch antenna on the top of
the sub-array. The overall configuration is a truncated octagon cone with an inclination angle of
35°, which is required for the antenna to have an elevation angle coverage from 20° to 60°.
The beam controller is an octagon-shaped planar circuit with a side length of 89.5 mm. Each
facet of the cone is a trapezoid with an upper side of 89;5 mm and a lower side of 143 mm and
a height of 115 mm. The patch antenna used in the array was the same as Patch 3A described
Section 5.6, which has a gain from 7.42 dB to 8.0 dB and an axial ratio lower than 2.35 dB in
the operation bands. The top substrate and lower substrate of each patch antenna were trimmed
to an appropriate trapezoidal shape with an upper side of 92 mm, a lower side of 140 mm and a
height of 100 mm, to fit the facet of the cone. The boundary of the top substrate is 5 mm from
the upper boundary of the facet. The top substrate of each patch antenna is supported by four
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plastic pins which guarantee the upper substrate and the lower substrate in the patch antenna be

aligned and which set a 10 mm gap between the top patch and the lower patch.

Each patch antenna in the sub-array was connected to one channel of the beam controller. A
125° microstrip transition, as shown in Figure 6.5, was used to transfer power from one channel
of the beam controiler to the feed of a patch antenna. In the operation band from 1.525 GHz to
1.661 GHz, the return loss of such a bend was measured to be lower than -30 dB.

Soldered

Beam controller

substrate
STl Patch antenna

substrate

Figure 6.5 Simple microstrip transition to connect a beam controller channel to
a patch antenna.
The hollow space undemeath the antenna array provides enough place for the pre-switch
sub-circuit and for the electronic circuits for controlling the beam. The microstrip on the right
side of the pre-switch sub-circuit shown in Figure 6.3 penetrates through the beam controller
plane and connects to the top patch through a microstrip transition similar to that shown in Fig-
ure 6.5, except that the angle is 90° instead of 125°. The reflection of such a bend was mea-
sured to be lower than -26 dB in the operation band. The antenna is finally fed by a coaxial cable
at the input port of the pre-switch sub-circuit. The overall dimensions of the antenna are: top

diameter: 23.4 cm, base diameter 37.6 cm and the height 12.0 cm.
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6.4 Measured results from the array prototype
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Figure 6.6 The measured return loss in dB vs. frequency in GHz for the global
antenna array prototype with its top antenna deactivated.
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Figure 6.7 The measured return loss in dB vs. frequency in GHz for the global
antenna array prototype with its top antenna activated.

The return losses for different beams were measured by properly biasing the PIN diodes and
typical curves are shown in Figures 6.6 and 6.7. Return losses lower than -14.5 dB were mea-
sured in the receiving band (1.525 GHz to 1.559 GHz) and in the transmitting band (from 1.627
GHz to 1.661 GHz). The highest return loss was -11.1 dB for frequencies from 1.525 GHz to
1.661 GHz.
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Figure 6.8 Test setup for array gain measurements.

The test setup for array gain measurements is shown in Figure 6.8. Following the same proce-
dures as in Chapter 5, the gain of the array G,, the gain of the test antenna G, the distance
between the two antennas L, the frequency f and the transmission coefficient from the array to

the test antenna S,, are linked by the relation:

G,(dB) = §,,(dB) + 32.44 + 20log f(GHz) + 20logL(m) — G(dB). (6.2)

Rotating the array around its axis and measuring the transmission coefficient §,,, its gain vs.

the horizontal angle 6, could be measured.

It should be mentioned that in obtaining (6.2) the polarization mismatch factor has been as-
sumed to be 1. This assumption is usually not true and consequently the array gain obtained
from (6.2) is a little lower than its real value, by the polarization mismatch factor between the

array and the test antenna.

Figure 6.9 is a schematic top view of the antenna array, used to show the beam number denom-
ination and the definition of the zero degree for the horizontal angle. Please note that as illus-
trated by the hypothetical radiation patterns, the 110 beams are represented by dashed lines, the
010 beams by solid lines and the 011 beams by dash-dotted lines. A 010 beam and the two
beams at its both sides are generated by the patch antenna, which faces the same horizontal di-
rection as that of the 010 beam, and the two patch antennas at its both sides. For example, beams
1,2, and 3 are formed by activating channels 8, 1, 2 in the sub-array with different combinations

of the phase states in each of the three channels.
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14 15

Figure 6.9 The definition of the number for each beam and the horizontal angles.

The gain of the antenna array was measured vs. the horizontal angles at two frequencies, 1.525
GHz and 1.661 GHZ, and at three elevation angles, 6, = 20°, 8 = 45°, and 8 = 60°,and
the results are shown in Figure 6.10 (a) to (f).
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(b): Beams No.16 to 24 of the sub-array for f=1.661 GHz and 0 g = 20°.



(d): Beams No.16 to 24 of the sub-array for f=1.661 GHz and 8, = 45°.
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(f): The top beam and beams No.16 to 24 of the sub-array for f=1.661 GHz and 6 = 60°.

Figure 6.10 Measured gain in dB vs. horizontal angle 0, in degree for the
global antenna array. The solid curves correspond to the%] O beams, dashed
curves to the 110 beams and dash-dotted beams to the 011 beams.

From Figure 6.10 (a) to (f) we can see that the lowest gain for elevation angles from 20° to 60°

when the sub-array was activated was 4.6 dB which was measured in the horizontal direction of
0, = 72° at 1.661 GHz and at an elevation angle of 20°. The highest gain measured was about
8 dB. Figures 6.10 (e) and (f) also show the measured gain at an elevation angle of 60° when

the top antenna was activated. For elevation angles from 60° to 90°, the gain of the top antenna
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was found to increase to 8.08 dB and 6.42 dB for frequencies of 1.525 GHz and 1.661 GHz,
respectively. The beam of the top antenna together with that of the sub-array guaranteed a gain

higher than 4.6 dB in the overlapped directions.

6.5 Discussion

The measured radiation patterns from the global array prototype when its sub-array was activat-
ed were a little different from the expected ones. As can be seen from Figure 6.10, the maximum
gains of the 24 beams are different from each other by at most 2 dB. Each beam was also some-
what deflected away from its expected position shown in Figure 6.9. In general, the three beams
formed by certain three adjacent channels had different gains, which tended to increase from the
110 beam, to the 010 beam and to the 011 beam and all the beams were deflected in an an-

ti-clockwise direction.

The squint radiation pattern for each unit patch antenna was found responsible for these undes-
ired radiation patterns of the sub-array. In order to form the sub-array, the lower substrate of
each unit patch antenna was cut to a trapezoidal shape. This modification to the ground layer,
was found to affect the field from the antenna. Some variation of the maximum gains from beam
to beam could also have arisen from a deformed aluminum frame. The inclination angle was
found to change slightly from facet to facet, causing the inclination angles of the unit antennas

to change from one to another by certain amount.

To improve the performance of the array, the lower substrate of each patch antenna can be in-
creased by some amount to decrease the squint in the radiation pattern for each unit antenna.
The sacrifice for this is an increase in the size of the array. The second improvement we can
make is through the use of a more rigid frame for the antenna array to ensure a uniform inclina-
tion angle for each unit antenna. Finally, as mentioned in Section 6.3, the patch antennas used
in the array were of the model of Patch 3A. We can use patch antennas of the model of Patch

2A, which has a higher gain, to form the array for increased gain.
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6.6 Conclusions

In this chapter we presented the configuration of a global electronically-scanned array prototype
with a quasi-hemispherical coverage. As shown by the measurements, the array covered eleva-
tion angles from 8, = 20° to 8 = 90° with a gain higher than 4.6 dB and the measured re-
turn loss was lower than -14.5 dB in the receiving and transmitting bands. The use of our newly
designed unit patch antenna with a little larger ground substrate for each unit antenna and a more

rigid array frame was suggested for a higher overall gain covering the directions of interest.
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CHAPTER

4

Conclusions

In the work described in this thesis, broadband microstrip circuits, antennas and antenna arrays

were designed for Inmarsat/Msat mobile communications:

Several techniques for broadband microwave circuit and antenna design were established, i.e.,
an optimized two-stage quarter-wavelength transformer to match two distinct loads, a three
point compromise in choosing the impedance of the feed line for a narrow band circuit or an-
tenna, an optimized shunt half-wavelength open stub to tune off the active part of the input im-
pedance of a narrow band circuit or antenna, and a compound half-wavelength open stub which

can be realized with both higher and lower impedances than a conventional one.

For the design of radial switches which can be used in an electronically-scanned array or
switched-beam array, criteria were established for broadband design. The criteria were used to
guide the design and implementation of a switch prototype with performance parameters sub-

stantially improved over switches reported in the literature.
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For an electronically-scanned antenna array, the concept of a beam controller was proposed and
implemented for a beam-forming network with low return loss, low insertion loss, high isolation
between the input and a deactivated channel, and good power-delivering balance between acti-

vated channels.

Simple air-spaced electromagnetically-coupled patch antennas were designed for applications
in arrays. By working with the simulated input impedances and radiated fields, a step-by-step
method using Ensemble simulations was used to design the patch antennas with simple off-set
feeding circuit. Patch antennas with higher overall gain and a little higher axial ratio and patch

antennas with improved axial ratio and a little lower gain were designed.

A beam controller and 9 patch antennas were integrated into a global electronically-scanned ar-
ray for Inmarsat/Msat mobile communications. Compared with a commercially available me-
chanically-scanned antenna, the array covers elevation angle from 20° to 90° and is therefore
very attractive to inter-continental fleets who may be anywhere on the earth. By scanning elec-
tronically instead of mechanically, the array is much faster in satellite acquisition and tracking.
Because there is no moving component in the array, it is inherently more robust. Another advan-
tage with the array is its low DC power consumption. The cost of our array should also be very
competitive compared with electronically-scanned arrays or switched-beam arrays developed

by other groups, due to the use of simple circuits with a small number of PIN diodes.

The array prototype was 37.6 cm in diameter and 12.0 cm in height with a return loss lower than
-14.5 dB in both the receiving band (1.525 GHz ~1.559 GHz) and the transmitting band (1.627
GHz ~ 1.661 GHz) and lower than -11.1 dB over the whole band from 1.525 GHz to 1.661 GHz.
The measured compound gain, which was defined as the gain of the array less the polarization
mismatch factor between the array and an incident wave, was higher than 4.6 dB for all the cov-

ered angles.

The array was used for on site satellite communications. There the beam was controlled by a
closed-loop electronic controlling circuit developed by other fellow students and colleagues in

our laboratory. The controlling circuit switched beam by controlling the bias voltage or current
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on each PIN diode in the array while monitoring the received pilot signal from the satellite. In
finding the satellite, each of the total beams was turned on sequentially and the beam which gave
the highest pilot signal was chosen for communications. In tracking the satellite, should the pilot
signal drop because of the rotation of the array with respect to the satellite, the beam on the ei-
ther side of the present beam was turned on and compared. The beam which gave the higher pilot
signal would be chosen as the new beam. This process could be repeated every several tenth of

a second.

Under the controlling of such an electronic controlling circuit, on site communication through
Msat satellites was demonstrated, together with a Westinghouse Series 1000 Mobile Satellite
Telephone System with its mechanically-scanned antenna replaced by our antenna array. Com-
munication was maintained while the array was turned in a way as if the array would be on a car

which was making a fast turn.

The overall compound gain achieved thus far was 4.6 dB, which is a little lower than the re-
quired 7 dB gain mentioned in Chapter 1. The lowest gain in the covered angles was defined by
the minimum gain in the radiation pattern of the array when all its beams were knit together.
Because of a relatively small ground plate for each of the 8 tilted patch antennas, the beam of
each patch antenna was squint, resulting in lower gains for 110 beams and higher gains for 011
beams compared with that of 010 beams. A little larger ground plate for each patch antenna can
be used to avoid a squint beam and thus alleviate the problem and increase the overall gain. The
overall gain can also be increased by using a more rigid frame for the antenna array which will
guarantee the same inclination angle for all the tilted patch antennas. Our newly designed patch
antennas Patch 2A has higher gains than Patch 3A antennas which was used in the present pro-
totype. Using such new patch antennas, the gain of the array can be further increased. With the
above three measures we can expect a minimum overall gain of the array of about 6 dB. Another
measure which can increase the signal noise ratio is to place the low noise amplifier and duplex-
er of the receiver under the array. In existing communication products, this amplifier is usually
placed 2 to 3 meters away from the antenna with a coaxial cable. Our array is hollow and enough

room can be found under it for the electronic controlling circuit and for the low noise amplifier.
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After all the measures mentioned above, signal quality comparable to that obtained with existing

mechanically-scanned antennas can be expected from our array.
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