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Résumé long en Francais

Actuellement, la réception de signaux télévisuels par satellite (DBS : Direct
Broadcast from Satellite) est principalement réalisée a I’aide d’une antenne paraboli-
que constituée d’un réflecteur métallique et d’un récepteur radio-fréquence situé au
foyer de la parabole (LNB : Low Noise Block). Ce type d’antennes, reconnues
pour leur structure simple et leur faible colt, présente un gain relativement con-
stant en fréquence. D’un point de vue pratique, ces antennes sont installées au faite
ou sur les murs des maisons individuelles ou encore aux balcons des immeubles
(contribuant ainsi a la pollution visuelle lorsque le nombre d’antennes installées est
important). De plus, ces antennes souffrent de défauts inhérents a leur conception :

* elles sont volumiques (présence du LNB placé au foyer du réflecteur),

* elles ne permettent pas a priori de pointer automatiquement vers plus de deux
satellites (utilisation de deux LNB). Au dela, I’utilisation de blocs motorisés permet
de lever ce verrou au détriment de I’encombrement, du poids et du cofit.

En effet, ces antennes possedent un lobe principal fixe ne permettant de pointer
(pour chaque téte LNB) que sur un seul satellite. Par conséquent, lorsqu’elles sont
installées, les utilisateurs ne peuvent recevoir que les programmes diffusés par le
satellite visé. Enfin, du fait de la difficulté de réglage du faisceau principal sur
I’angle d’azimut et d’élévation du satellite recherché, la plupart des consommateurs
font appel a des professionnels afin d’assurer une installation précise de I’antenne.

Ces dernieres années, une nouvelle demande des consommateurs est apparue
afin de proposer des solutions antennaires plus discretes et s’intégrant mieux au
paysage urbain. Pour lever les limites des antennes paraboliques volumiques et
proposer une alternative crédible a ces dernieres, la réalisation d’une antenne large
bande, a gain élevé, dont le faisceau principal est orientable, a double polarisation
et a faible coflit est donc souhaitable. Dans ce travail de recherche, notre ambition
est de démontrer la faisabilité de conception d’une antenne bi-polarisation pour
réception satellite dans la bande de fréquence 10,7-12,7GHz. La solution retenue
devra étre la plus discrete possible et, par conséquent, la plus plate et la plus fine
possible. De plus, son faisceau principal devra étre orientable afin de rechercher et
pointer automatiquement sur les satellites souhaités.

Dans ce manuscrit, nous présentons les principaux résultats obtenus lors de ce

il
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travail de these. Deux topologies d’antennes réseaux ont été étudiées et optimisées

pour permettre de répondre aux autres criteres de ce projet :
* une antenne réseau de monopoles alimentés par acces coplanaire,

¢ une antenne réseau dont I’élément de base est une antenne microruban a ré-

sonateurs couplés en croix.

L’antenne élémentaire de type monopole a acces coplanaire est tout d’abord
présentée. La structure de cette antenne est basée sur un monopole disque dont
la bande passante est naturellement tres importante pour un encombrement réduit.
Afin de maitriser la bande passante et ainsi s’affranchir de la réception de signaux
hors bande, un élément parasite ainsi qu’une fente en forme d’arc sont introduits.
La mise en ceuvre d’un second élément, placé orthogonalement au premier, per-
met un fonctionnement bi-polarisation. L’introduction d’un mur électrique con-
stitué de plusieurs vias métallisés permet de maitriser 1’isolation entre les acces
(niveau supérieur a 18dB). Ainsi, dans un encombrement aussi réduit qu'un cer-
cle de diametre 6,2mm, cette antenne monopole répond aux criteres de bande pas-
sante (10,5GHz-12,8GHz). Le seul criteére qui n’est pas atteint est le gain : Cette
problématique est résolue par la mise en réseau de cet élément de base, dans une
configuration linéaire, puis étendue en exploitant la deuxieme dimension. Cette
étude fait I’objet du troisieme chapitre du manuscrit. Il est a noter cependant que
la configuration particuliere de I’acces a I’antenne monopole impose une distribu-
tion série de la puissance. De plus, afin de contrdler les remontées des lobes sec-
ondaires sans contraindre de maniere importante 1’arbre de distribution, une loi de
type Dolph-Chebyshev a été retenue. Ainsi, la répartition de puissance s’effectue
au travers de I'utilisation d’un nombre important de transformateurs d’impédance.
Ces transformateurs sont alors réalisés par des lignes quart d’ondes intrinsequement
faible bande. Lorsque le nombre d’éléments augmente, il devient alors complexe
de maintenir une large bande passante. Néanmoins, il devrait €tre possible a terme
de lever ce verrou et de proposer un réseau large bande basé sur cet élément.

Pour tenir compte de la difficult¢é de maintenir une bande passante suffisante,
nous avons envisagé une autre solution utilisant 1’association de plusieurs résonateurs
couplés entre eux. L’antenne est alors constituée d’un patch rectangulaire alimenté
par acces coaxial ainsi que de 4 éléments parasites résonants. La maitrise de la
bande passante est aussi assurée par I’utilisation d’une fente en forme de U in-
scrite au niveau de I’élément principal. Une bande passante relative de plus de
38% est alors obtenue couvrant 10GHz-14,7GHz. De la méme maniere que pour
I’antenne monopole, afin de lever le probleme de la réception d’une deuxieme po-
larisation, une antenne identique est placée orthogonalement a la premiere. Pour
limiter I’encombrement global, un des éléments parasites est partagé. Ce partage

dégrade I'isolation entre les acces : afin de lutter contre cette remontée, plusieurs



solutions sont introduites telles que I'insertion de 4 fentes carrées au niveau de
I’élément partagé, permettant ainsi de canaliser les courants se développant sur ce
dernier, ou encore la découpe des angles des deux patchs principaux et du résonateur
partagé. Une amélioration significative est alors observée et une isolation supérieure
a 20dB est atteinte sur toute la bande de fréquence utile. Etant donné que cet élé-
ment de base est constitué de 4 résonateurs, ces derniers sont aussi contributifs en
terme de rayonnement. Ainsi, un gain légerement plus important que pour une an-
tenne patch rectangulaire seule est obtenu. Cette antenne a été réalisée en couche
supérieure sur un substrat de téflon d’épaisseur 1,524mm et I’excitation est reportée
en couche inférieure sur un substrat téflon d’épaisseur 0,8mm. Une couche de masse
entre ces deux parties permet d’assurer I’isolation, notamment au niveau du rayon-
nement. Par conséquent, cette solution présente un profil relativement fin et plat.
De plus, la complexité de réalisation est limitée, et donc la solution relativement
faible colit. Durant I’étude de cet élément, nous avons proposé une méthode simple
permettant d’établir qu’il était possible de stabiliser le diagramme de rayonnement
dans le demi-espace supérieur sur toute la bande passante de fonctionnement et
d’atténuer de maniere significative le rayonnement arriere. Le principe retenu est
basé sur ’utilisation d’un anneau métallique de largeur \,/4 a la fréquence cen-
trale (sur le méme plan que 1’antenne) et d’une fente en anneau elle aussi de largeur
Ag/4. L’antenne est alors située au centre des deux anneaux, a une distance de ),
de I’anneau métallique (bord a bord). En utilisant ce principe, nous avons pu mon-
trer, en simulation et en mesure, une amélioration incontestable du niveau des lobes
secondaires, du niveau du rayonnement arriere ainsi que la stabilité en fréquence du

diagramme de rayonnement dans le demi-plan supérieur.

Du fait des performances intéressantes de cette antenne a résonateurs couplés
disposés en croix, et afin d’augmenter le niveau de gain, cet élément est mis en
réseau. Afin de montrer la faisabilité d’un tel réseau, une premiere étude a consisté
en une disposition linéaire de 4 éléments, puis une extension a la deuxieme dimen-
sion est effectuée. L’inconvénient majeur de cette antenne réside dans son encom-
brement. En effet, sa taille effective est de I’ordre de 0,94)\,. La mise en réseau
entrainera inévitablement I’ apparition de lobes de réseaux. Aussi, le partage de ré-
sonateurs est introduit dans le chapitre 4 sur les deux configurations de réseaux.
A T’aide de cette technique, la distance inter-élément a été¢ diminuée de 0,94\, a
seulement 0,7\ avec succes. Nous avons ainsi montré que 1’utilisation de la tech-
nique de résonateurs partagés n’entrainait pas de modifications importantes ni en
bande passante, ni sur le couplage entre les acces. En s’appuyant sur ces résul-
tats encourageants, plusieurs topologies de réseaux de distribution ont été testées
aussi bien sur la configuration 1D que sur la configuration 2D. Les distributions

paralleles basées sur des jonctions en T entrainent une diminution significative de
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la bande passante du réseau du fait de 1’utilisation d’inverseurs d’impédance quart
d’onde. Aussi, leur remplacement par des diviseurs de puissance de Wilkinson s’est
avérée beaucoup plus intéressante afin de maintenir la bande passante. Une bande
passante de 10,2GHz-13,3GHz est ainsi observée en mesure. L’utilisation d’une
technologie polymere multicouches innovante (intégration de couches minces ré-
sistives enterrées) a permis I'intégration des deux réseaux de distributions (un pour
chaque polarisation) en évitant les problemes de couplages et de croisements des
lignes. Le design et I’agencement des différentes couches est présentée et une réal-
isation est fournie par la société GTID-Protecno, située a Brest. Les mesures ef-
fectuées ont montré que, sur les deux polarisations, la bande passante est préservée
et que I'isolation entre les acces est supérieure a 20dB sur toute la bande de fonc-
tionnement. Cette solution d’intégration reste ainsi extrémement intéressante en
terme d’encombrement dans la mesure ou 1’épaisseur du multicouche n’excede pas
3,6mm. Le réseau 4x4 éléments réalisé présente ainsi un gain de 18,9dBi. Dans
cette configuration, I’augmentation du gain, bien que significative, n’atteint pas les
12dB attendus par rapport a I’élément seul. Ceci se justifie par 1’utilisation de la
technique des résonateurs partagés. Ainsi, dans la configuration du réseau 4x4 €é1¢é-
ments, le nombre d’éléments n’est pas, dans 1’absolu, augmenté d’un facteur 16.
Quoiqu’il en soit, nous avons démontré tout 1’intérét de cette technique et les ob-
jectifs de gain devraient €tre atteints en augmentant dans les bonnes proportions le

nombre d’éléments.

La derniere partie de ce travail est consacrée au probleme du pointage électron-
ique et fait I’objet du chapitre 5. Les principes généraux des réseaux d’antennes
sont brievement introduits. Il est ainsi rappelé que I’orientation du faisceau prin-
cipal de rayonnement est obtenue en imposant un gradient de phase au niveau de
chacune des antennes élémentaires constitutives du réseau. Ce gradient a pour ob-
jectif de compenser le retard de phase géométrique imposé par la délocalisation
spatiale des différentes antennes. En s’appuyant sur ce résultat, et dans un souci de
validation de ce principe dans le cas du réseau d’antennes a résonateurs partagés,
un gradient de phase statique est réalisé par I’introduction d’une asymétrie de phase
a chaque étage du réseau de distribution précédemment validé. 1l a ainsi pu étre
montré qu’un autre intérét de la technique des résonateurs partagés résidait dans un
dépointage plus important du faisceau principal pour un gradient de phase donné.
Ce résultat est démontré par les mesures réalisées, dans un premier temps, sur un
réseau 1x4 éléments, pour lequel le méme gradient de phase est appliqué aux deux
polarisations. Un dépointage de I’ordre de 15° est observé sur la polarisation pour
laquelle les résonateurs partagés sont contributifs pour seulement 5° pour la sec-
onde. Afin d’étayer cette constatation, le méme réseau de distribution présentant

un gradient de phase dans une seule direction est réalisé pour les deux polarisations
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d’un réseau 4x4 éléments. Cette fois-ci, pour les deux polarisations, un dépointage
de ’ordre de 15° est observé en mesure prouvant tout I’intérét de cette configura-
tion. La technique de partage des résonateurs permet non seulement de réduire la
distance inter-éléments, mais aussi de réduire la dynamique de phase a appliquer au

réseau pour un dépointage du faisceau principal donné.

Quelques études préliminaires concernant la problématique du pointage élec-
tronique sont présentées. Nous avons ainsi envisagé deux solutions de déphaseurs
commandables électriquement qui reposent sur un ou plusieurs varactors. Une anal-
yse théorique basée sur les performances attendues de ces déphaseurs a montré
qu’il était tout a fait possible d’obtenir un pointage électronique continu en util-
isant le réseau d’antennes a résonateurs couplés partagés, ce qui devrait permettre
a terme de réaliser les fonctions de recherche et de pointage automatique vers les
satellites de programmes télévisuels. De méme, nous avons montré, en appliquant
un gradient de puissance entre les éléments centraux du réseau et les éléments pé-
riphériques, qu’il était possible de réduire de maniere significative le niveau des
lobes secondaires sur une large dynamique de dépointage du faisceau principal. En
contrepartie, une légere diminution du gain et une augmentation de 1’ouverture a

3dB du faisceau principal sont observées.

Pour atteindre les objectifs en terme de gain, le nombre d’antennes élémentaires
a mettre en réseau, et par voie de conséquence le nombre de déphaseurs associé,
augmente de maniere importante. La complexité du systtme de commande s’en
trouve alors largement impactée. L'un des problemes majeurs réside dans le nom-
bre important de sources de tension a générer et a contrdler pour piloter chaque
déphaseur. De plus, commander tous les déphaseurs simultanément est un chal-
lenge a part entiere. Durant ce travail, nous avons aussi identifié et introduit un
circuit mixte radio-fréquence/numérique capable de répondre a ces problemes. Ce
circuit utilise un ensemble de potentiometres numériques. Une seule source DC est
alors suffisante et sera distribuée de maniere pondérée au travers des potentiometres.
Un microprocesseur est intégré au circuit pour piloter les différents potentiometres
et communiquer avec 1'utilisateur afin d’obtenir le dépointage souhaité. Enfin, un
circuit permettant la transmission sur le méme cable coaxial de 1’alimentation DC,
du signal recu en bande intermédiaire et des signaux de commande est aussi intro-

duit. Le détail de ce travail est disponible dans les annexes du manuscrit.

Nous avons démontré 1’intérét et la faisabilit¢ d’un réseau d’antennes a ré-
sonateurs partagés pour répondre aux objectifs de ce projet. La conception et la
réalisation d’un réseau de plus grande taille, exploitant les résultats démontrés dans
ce travail, est 'une des perspectives. Pour un gain attendu de 26dBi, un réseau
de 256 éléments (réseau 16x16 éléments) devrait théoriquement &tre suffisant. Ce

réseau, dont les dimensions n’excedent pas 30cmx30cm pour une épaisseur de
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4,7mm, associé a un LNB et un démodulateur, devrait permettre la mise en ceuvre
d’une chaine complete et la validation de la réception correcte des signaux satel-
lites. Une autre perspective est la réalisation et la validation pratique d’un réseau a
pointage électronique. Enfin, des études complémentaires doivent étre menées sur
I’intégration des déphaseurs, sur I’introduction d’amplificateurs a gain contr6lé ou
encore de diviseurs de puissance large bande non équilibrés afin de proposer un sys-
teéme antennaire intégré. Quoiqu’il en soit, ces topologies d’antennes réseaux sont
des alternatives intéressantes aux antennes paraboliques actuellement utilisées pour

la réception des signaux TV des systemes DBS.
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Introduction

In 1977, the International Telecommunication Union (ITU) adopted an inter-
national BSS plan under which each country was allocated specific frequencies at
specific orbital locations of Broadcasting Satellite Service (BSS). BSS standard is
generally organized and managed by ITU. The frequency bands in ITU region 1
(Europe, Russia and Africa) is 10.7-12.75 GHz, in region 2 (North and South Amer-
ica) is 12.2-12.7GHz and in region 3 (Asia and Australia) is 11.7-12.2GHz. Over
the years, this plan has been modified to, for example, accommodate new coun-
tries, increase coverage areas, and reflect digital (rather than analog) technology. At
present, numerous countries have brought into use BSS plan allocations [14]. BSS
is also known as Direct-Broadcast from Satellite (DBS) system which serves bil-
lions of people all around the world with plentiful TV programs. Comparing with
earth based radio relay TV broadcasting (in UHF and VHF band) and close-circuit
TV broadcasting (with coaxial cable), BSS/DBS system has obvious advantages
like low-cost, ultra wide coverage (especially convenient for suburban and remote
districts), very less maintenance and higher capacity of channels.

BSS/DBS system is composed of 3 main parts, as depicted in Fig. 1.1, which
are maintenance center, geostationary satellites and user reception devices. Main-
tenance center located on earth is mainly used to upload TV programs. In addition,
it monitors satellite status including orbit altitude and location, angle of inclination
and etc. The uplink frequency band from maintenance center to geostationary satel-
lite is 17.3-18.1GHz (some countries also use the frequency band from 14.0 to 14.5
GHz). To achieve stable communication with satellites, maintenance centers are

commonly located at suburban area with clear opening sky. There are also some

1
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Figure 1.1: Diagram of DBS system [2]

mobile nodes equipped with high power emitter and collapsible parabola antenna
carried by car which appear at sport matches provide rapid uploading and real-time
broadcasting.

Geostationary satellites in the outer space play an important part in DBS system
as relay stations and repeaters. All of these Geo-satellites are located in the station-
ary orbit of our earth which is 35,786 Kilometers high. As the period of revolution
of geo-satellite is exactly equal to the rotation period of earth (23h 56min 4s) [15],
each satellite appears relatively stationary to a reference point on the surface of
the earth. This advantage makes communication between satellites and earth-based

devices more convenient because there is no need to steer antenna to track satellite.

As Geo-satellite acts as relay station, its reception antenna for uplink and emit-
ting antenna for downlink operate in different bands to avoid electro-magnetic in-
terferences. Normally, the downlink is allocated with a band lower than uplink band
and it ranges from 10.7 - 12.7 GHz. Usually, Geo-satellite is able to broadcast a list
of TV program channels and each channel in downlink is located in a central fre-
quency specified carrier and assigned with enough sub-band. In addition, different

polarizations are often used to decrease interactions between adjacent channels.

Satellites in outer space are equipped with solar cells which supply sufficient
power for satellites themselves and high-power microwave repeaters, most of satel-
lites are able to service continuously more than 20 years. Until 2010, the to-
tal number of geostationary satellites is reported to be more than 379 [16] which
means more than one geostationary satellites per-degree on average around our
earth. Some of these geo-satellites are especially dedicated for television broadcast-
ing, for example ASTRA at 19.2°E and Hotbird at 13°E in European and African



airspace. In addition numerous geo-satellites provide multiple services including
telephone, data transmission and television broadcasting, for example Eutelsat at
3.1°E, 7°E, 9°E, 10°E and 21.5°E. Figure 1.2 illustrates a diagram of geo-satellites
distribution (a small part) in the stationary Orbit. Abound satellite resource applies

us possibility to voluntarily choose satellite to receive.

Intelsat \
27.5° IS |

Telstar ¥~

~ Geostationay Orbit __
15° s

.
e

West ™

Greenwich = Hotbird / | .
Meridian 13.0° ASTRA / S
19.2° Eutelsat | 4

21.5° !
/r’ Rotation Axis

Figure 1.2: Illustration of Geostationary satellite distribution [2]

Comparing to L band (1-2GHz), S band (2-4GHz) and C band (4-8GHz) satel-
lite telecommunications which use parabolic reception antennas bigger than 1.8m
in diameter, DBS reception antenna has much lower profile as it operates in the
higher frequency band which is from 10.7GHz to 12.7GHz. The key parameter
to choose the exact size of reception antenna in different regions is the Effective
Isotropically Radiated Power (EIRP) of satellite. Figure 1.3 and Figure 1.4 illus-
trate the EIRP distribution maps of DBS satellites ASTRA and Hotbird. It can be
found that, most of European countries are covered in the radiation districts of both
ASTRA and Hotbird with EIRP higher than S0dBW. Table I gives the recommended
diameter of reception antenna corresponds to EIRP values. Generally speaking, a
parabola reception antenna with the diameter 60cm is sufficient to receive satellite-
broadcasting programs from ASTRA and Hotbird in Europe according to Fig. 1.4
and Table 1.1. Recent years, with the developments of space-borne high power Ku-
band repeater and antenna, DBS satellites are able to cover much wider districts
and provide higher level EIRP, the dimensions of reception antenna can be further
decreased.

The third part of DBS system is user reception device, including reception an-
tenna, Low-Noise Block (LNB) and decoder. Generally, offset-fed parabola antenna
is used as reception antenna. Its metallic and parabolic reflector has very good re-
flecting and focusing functions to microwave. Signal from satellite could be gath-

ered at the focus of parabola antenna where the LNB is located and then be captured
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Figure 1.4: EIRP map of hotbird Geo-satellite [4]

by probes in the waveguide of LNB. Figure 1.5 shows a photograph of parabola an-
tenna with LNB, the reflecting and focusing principle of parabolic reflector and
the internal schematic diagram of LNB. The Low-Noise Block is a complex high
frequency circuit covered by closed metal box remains a microwave port to con-
nect cable. Generally, there are two probes inside the input waveguide of LNB,
respectively for receiving horizontal polarized signal and vertical polarized signal.
However, only one polarized signal will be amplified and chosen to pass to the rear
part at one time. This function is realized by the voltage detector in LNB which
switches vertical polarization at DC 13 volts and switches horizontal polarization
at DC 18 volts. From Fig. 1.5, we can see that the pre-amplified signal passes a
BPF and then mixes with local oscillating frequency. It is worth while noting that

there are two local dielectric oscillators which resonate at 9.75GHz and 10.6GHz



Table 1.1: EIRP and corresponding diameter of parabola reception antenna

EIRP (dBW) | Diameter (cm) | EIRP (dBW) | Diameter (cm)
>50 50 50 50-60
49 55-65 48 60-75
47 65-85 46 75-95
45 85-105 44 95-120
43 105-135 42 120-150
41 135-170 < 40 170-200

respectively under the control of a 22 KHz signal loaded on coaxial cable. As the
receiver can be installed in house, the cable used between the antenna part and the
receiver might be very long. To decrease losses, the output signal is then transposed
to Intermediate Frequency (IF) band which is from 950MHz to 2150MHz thus the
losses in long coaxial cable will be less compare with Radio Frequency (RF). The

frequency band of output signal is obtained with equation 1.1.

fout - ,fin - .fosc
When f;, € (10.7TGHz,11.TGHz), fosc = 9.75G H z, yields

(1.1

When fi, € (11.7GH2,12.7GH?z2), fosc = 10.6G H z, yields
Fout € (1.1GHz, 215G H 2)

To sum up,
fout € (0.95GHz,2.15GH z)

Parabola antenna has been very widely used all around the world as DBS recep-
tion antenna due to its simple structure, stable gain, ease of fabrication and low-cost.
Parabola antenna can be installed on the roof of house or at the balcony of apart-
ment, once it is installed its beam is fixed to point to one satellite therefore users
can only receive television programs from the chosen satellite. As it is difficult to
find the accurate elevation and azimuth angles of satellite in the sky, sometimes
parabola antenna should be installed by some trained people. Beam fix, non-planar
and weak wind resistance ability are the main disadvantages of parabola antenna.
Furthermore, it is also unpleasant to the eyes when installed on the roof of house.

In recent years, there is an increasing demand of new antennas which could
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Figure 1.5: Principle of parabola antenna and topology of Low-Noise Block

replace parabola antenna with exceptional performances such as flatness and auto-
matically steerable beam. Many researchers have done a lot of studies and some
new products and new technologies emerge which are reported to have very out-
standing performances. Table 1.2 lists three kinds of most recent products which

stand for the state of arts of DBS reception antenna.

The antenna SNIPE SEDEA works in a wide band which covers the entire
downlink frequency band of DBS system. Its antenna part is able to turn in three-
dimensional by step motors so as to search satellites automatically. Comparing to
parabola antenna, SNIPE has lower dimensions while its gain remains still very
high. SNIPE antenna is applied for district where EIRP is higher than S0dBW, as
depicted in the last section, it is suitable for almost all the European countries. Nev-
ertheless, the satellite-searching process with mechanical structure is slow, and its
non-planar design is not drastically improved because of motors and their control
modules. Meanwhile its price has raised more than ten times compare to parabola

antenna. It is therefore not a credible alternative to parabola antenna.

StealthRay 3000/40 is presented by RAS Company in Israel. StealthRay is com-
posed of several antenna array panels to integrate a bigger array while the entire
thickness is not significantly increased. As the most up to date phased array tech-

nology is adopted, StealthRay is able to search satellite automatically just by tuning



Table 1.2: Up-to-date DBS reception antennas

Product Name

SNIPE SEDEA

(France)

StealthRay3000/40
(Israel)

NATANIA
(Germany)

10.95-11.7GHz or

Working Band 10.7-12.75GHz 10.7-12.75GHz
11.7-12.75GHz
Polarization Linear Polarization | Circular Polarization | Circular Polarization
Weight 17Kg 35Kg -
Dimensions 45L*32W*19H 115L*90W*19H @20
Mechanically Electronically Electronically
Beam adjusting
15°-90° 20°-80° 20°-60°
(elevation angle)
continuously continuously 4 steps
Gain 33.7dBi@12.7GHz 29.5dBi -
Support EIRP > 50dBW > 50dBW -
Price 800 Euros > 4000 Euros 1000 Euros

its main beam electronically with internal integrated phase shifters. StealthRay is
reported to have the ability of steering its main beam between 20° to 80° in less than
one second in elevation angle. With the assistance of step motor, the whole array is
steerable in azimuth angle 360°. It is then able to position all the direct-broadcasting
satellites. The main disadvantage of StealthRay is that its working band should be
reserved in two options, not able to cover the entire band of DBS system. Moreover,
StealthRay antenna is quite heavy and its very high price might be a great shock to

one’s credit card.

Another example of TV reception antenna is present by NATANIA project from
Germany. This antenna has flat structure and very small profile especially suitable
for cars and camping cars. Antenna array and integrated phase shifter technologies
are adopted in this antenna according to their publications. Each element in the
antenna array is driven by dedicated GaAs-MMIC phase shifter and Low-Noise
Amplifier (LNA), therefore its main beam is steerable from 20° to 60° in elevation

angle, but its cost is hard to decrease as hundreds of phase shifters and amplifiers
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are used.

According to the current technologies, phased array antenna with flat structure
is the most practicable solution for satisfying the new demands of DBS reception
antenna. In our project, we would like to follow this way but to find a more eco-
nomical substitute antenna with high performances. For the sake of completeness,

we summarize the main specifications to be satisfied in our project in Table 1.3.

Table 1.3: Requirements
Operating frequency: 10.7GHz -12.7GHz

High gain, gain >25dBi

Flat, thickness less than Scm

Polarization: dual linear and orthogonal, horizontal and vertical

Polarization isolation, better than 20dB

Beam continuously steerable rang >40°

Half-Power Beam-Width < 6°

Low cost

Our project has been divided into two main parts, which are the beam steerable
antenna array part and the corresponding RF to IF transposition circuit with phase
shifter controllers. In this thesis, we are engaged to realize the antenna part. The
entire thesis 1s consisted of 6 chapters. Introduction of the TV reception system, the
state of the art and the requirements of our project are already given in chapter 1.
In the second chapter, the reason of choosing microstrip patch antenna to begin our
conception and the theory of microstrip antenna will be presented. Some up-to-date
technologies to improve microstrip antenna bandwidth, polarization and gain are
then introduced. According to the new technologies, two kinds of microstrip patch
antennas are then discussed which are the CPW-fed antenna and the cross-type an-
tenna. Their dimensions and design processes including parameter optimization
will be illustrated with figures. Simulated and measured results and discussions
will also be given. In chapter 3 and chapter 4, antenna arrays constructed with the
proposed two kinds of microstrip patch antennas will be presented separately. To
realize such arrays, different kinds of array arrangement methods and feeding net-
works including power distribution methods will be discussed. Simulated and mea-
sured results are presented to show the performances of proposed antenna arrays. As
cross-type antenna array indicates more attractive performances, continuous studies
are then carried out in chapter 5. To obtain beam steering function, firstly the fixed
phase shifting networks are applied on cross-type antenna arrays. The advantage of

using patch sharing technique which can not only decrease inter-element distance



but also increase beam steering angle will be introduced with diagrams and figures.
Furthermore, to achieve beam continuously steerable array, varactor diode based
and voltage controlled phase shifters will also be introduced in this chapter. With
the help of phase shifter, the main beam of cross-type antenna array is able to steer
electronically and automatically. Finally in chapter 6, conclusion and perspectives

of the future work are given.






Single element antenna design

As proposed in chapter 1, phased array antenna with flat structure is the most
practicable solution to satisfy the new demands of DBS reception antenna. Accord-
ing to the state of arts, microstrip patch antenna and reflect array antenna (as well
as transmit-array) [17—-19] are excellent candidates. Reflect array antenna which in-
cludes a feed horn and a flat array of radiation elements is proposed and developed
quickly in recent years. Such antenna adopts the best features of parabola antenna
and printed phased array antenna. It is very easy for fabrication and circuitry in-
tegration. The reflecting surface is often a planar array where power accepted by
each element is re-radiated with a prescribed phase. Element phases can be fixed to
produce a fixed beam or tunable to scan or reconfigure a beam [20]. As radiating
elements are individual and no feed lines used, power loss in the feeding part of
reflect array antenna remains very low and can be, most of the time, ignored. How-
ever as a horn antenna is placed at a distance away from reflecting surface, reflect
array antenna is thus not a flat structure. In addition, to realize beam steering abil-
ity, quantity of phase shifters should be used which raises the complexity and cost
of entire system. Comparing with reflect array antenna, microstrip patch antenna
has strictly flat structure because both the antenna part and feeding part could be
fabricated on very thin substrate with printed circuit technology. With the develop-
ments of antenna technologies, some new kinds of microstrip patch antennas with
outstanding performances emerge in recent years. This leads us to finally adopt mi-
crostrip patch antenna as the solution of our project due to its flat conception and

low cost, low weight advantages.

In this chapter, we will first introduce the basic microstrip patch antenna based

11
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on rectangular shape microstrip antenna. Then we will focus on some of the existing
techniques available to achieve the required performances. And finally, we would

like to propose two different ways to design a patch antenna with suitable behaviors.

2.1 Microstrip Patch antenna theory

In this section, we would like to start with the introduction of the basic mi-
crostrip patch antenna conception and its standard performances. For simplifying
reason, this introduction is based on simple shape resonating antenna. This antenna
is approached from circuit point of view as well as radiation one. This part allows
to better understand the key point of our project defining the limitation of such a

technology.

2.1.1 Basic patch antenna model

Microstrip antenna is one of the most useful antennas at microwave frequency
(f>1GHz), it consists of a metal patch on top of a grounded dielectric substrate,
as shown in Figure 2.1. The shapes of microstrip antenna could be rectangular
(square), circular, elliptical, triangular or any other continuous shapes. Rectangular
patch is the most commonly employed. The rectangular patch antenna is approx-
imately a half wavelength long section of microstrip transmission line. Its size is

directly tied to the resonance frequency.

patch -

Al
R
wrz probe

round
h substrate -9

Figure 2.1: Microstrip patch antenna

Due to the fringing fields along the radiating edges of the antenna, a line ex-
tension AL associated with the patch has to be inserted into each radiation edges,
the electrical patch dimension will then be bigger than its physical dimensions. We
can add fringing length extension AL to each edge of the patch to get an effective
length L.. As depicted below:
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L.=L~+2AL 2.1

The line extension AL is given by formula [21]:

AL e ) h .264
20.412|:€ff+03:| |:W/ +0 6:| 2.2)
h €eps —0.258| | W/h +0.258
Here, e.s¢ 1s the effective dielectric constant and is given by [21]:
e +1 g —1 10\ V2
off = 1+ — 2.3
Seff =Ty T < Tw ) 23)

e, and WW/h should be limited in the ranges of [22]:

1<e, <128 and 0.01 < W/h <100

2.1.2 Resonance frequency

Patch antenna is a distributed resonator and inherently exhibits several modes of
resonance, but only a few modes are potentially useful [5]. Depending on wanted
performances, the most useful modes are T'M, T' My, 1T'Myq, and T My,. For a
given rectangular patch with a dimension LxW, the resonance frequencies could be

expressed as follows [23]:

f . C mT 2 nw 2 24
e () * () =y

Where ¢ = 1/,/po€o, which is the light speed in vacuum.

The dominant mode of single patch antenna is 7'M;y. It is usually used be-

cause the radiation pattern has a broadside beam. In this mode, patch antenna acts
as a wide microstrip line (width W) that has a resonant length of approximately
half guided wavelength (),/2). The resonance frequency of 7'M;, mode could be
yielded from equation 2.4 when m = 1 and n = 0, which is

c 1
S

2.1.3 Impedance matching

Patch antenna is usually fed along the center line which is orthogonal to the
radiating edge (1) to maintain symmetry, minimize excitation of undesirable cross
modes and then achieve good polarization. There are quantities of methods to feed

patch antenna, for example, end feed, insert feed, coaxial cable feed, aperture feed
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and coupled feed [24]. For each feeding method, the input impedance should be
matched thus the patch antenna could absorb more input power and reflect less.
The key point is to know the impedance distribution along the patch. According to
the voltage and current, impedance distribution on a rectangular patch antenna at the
resonance frequency can be plotted as shown in Figure 2.2. It can be seen that the
electric field is zero at the center of the patch, maximum (positive at one side) and
minimum (negative) on the opposite side. The current is just opposite with voltage
which is zero at the edge and maximum at the center. Impedance is the ratio of
voltage over current. Therefore the impedance of patch antenna is zero at the center
and maximum at the edge. The typical edge impedance (R.qpe = F'(w, h,&,, f))
of microstrip antenna depends strongly on the substrate permittivity and the width
over height and it ranges typically from 150 ohm to 300 ohm [21, 25].

(xo0)

Figure 2.2: Voltage, current and impedance distribution of patch antenna [5].

For a given patch fed with coaxial cable (probe fed), as shown in Figure 2.3, the
outer conductor of the coaxial cable is connected to the ground plane and the inner
conductor is extended up to the patch antenna. When the feed point is shifting along
the center line (yo = W/2) from one edge (x = 0) to the other edge (z = L), the

impedance varies as the following expression depicts [23]:

Rip = Reggecos® (”Z"”) 2.6)

Generally, the coaxial cable used here follows the industrial standard of 50 ohm.
From Fig. 2.2 and equation 2.6 it can be seen that there must exist two points on the
patch, at which the impedance of feeding point matches well with the impedance
of coaxial cable. As mentioned before, more power could be transmitted to antenna
and very less power reflected to input port. The antenna can then radiate more
power that increases the radiation efficiency of the antenna. Matching condition is
maintained only for the resonance frequency while not for surrounding frequencies,

which is the main factor which limits the bandwidth of the antenna.
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current

7

Figure 2.3: Geometry of coaxial cable fed patch antenna (left) and current flowing
direction on patch (right).

2.1.4 Bandwidth

Bandwidth is another fundamental antenna parameter. Bandwidth describes the
range of frequencies over which the antenna can properly radiate or receive energy.
The bandwidth is often specified in terms of Fractional Bandwidth (FBW) which is
the ratio of the frequency range (highest frequency minus lowest frequency) divided

by the center frequency [26].

fmax - fmm

FBW =
fo

(2.7)
The bandwidth can also be specified in terms of return loss (reflection coeffi-
cient, S parameter: |S11|) or a voltage standing-wave ratio (VSWR). Furthermore,

the bandwidth of antenna is related to the antenna () factor, as given by [8]

_ VSWR-1

BW = ———xw=
QVVSWR

(2.8)
Where (@) is also known as quality factor, which is defined as the quotient be-

tween the power stored in the reactive field and the losses [27-30], as depicted in
Equ. 2.9.

_ Estore
27TEloss

(2.9)

Where E,.. indicates the power stored in antenna structure and £, includes
the power radiated to free space and exhausted in substrate and etc.. As we all know
that the single patch microstrip antenna is inherently narrow band (less than 10%
FBW) as less energy is radiated and more energy stored in the patch capacitance
and inductance due to strong influence between patch and ground plane. From Equ.
2.8, it can be seen an efficient way of expand antenna bandwidth is to lower the ().
For a resonator, the lower () can be cause by either lower stored energy or larger

losses [8]. The applications of expanding patch antenna bandwidth by lowering the
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@ factor will be introduced in the coming sections in detail.

2.1.5 Radiation

Antenna is a radiator as it transforms high frequency current into microwave
in emitting mode and transforms microwave into current in receiving mode. Sur-
rounding an antenna, two main area can be defined: near field and far field. Far field
is the most useful area for an antenna, as in the area, antenna’s radiation pattern is
defined. The radiation pattern defines the variation of the power density radiated
by an antenna as a function of the direction away from the antenna. It indicates
the directional dependence of the strength of the radio waves from antenna [26].
Generally, the radiation pattern of an antenna is the same with its receiving pattern.

For a given rectangular patch antenna as depicted in Fig.2.1. The dimension
L is usually taken to represent the long dimension, which causes resonance at the
frequency given by Equ.2.5. The radiating edges are at the ends of the L-dimension
of the rectangle, which set up the single polarization. Radiation occurs at the ends
of the W-dimension is far less and is referred to as the cross-polarization. The
Fig.2.4 left is a side view which shows the snapshot of the E-field under the patch.
Note that the fields under the L-edges are of opposite polarity (due to the half-wave
nature of the patch) and when the field lines curve out and finally propagate out into
the direction to the substrate they are now in the same direction (both facing left),
rectangular antenna can then be assume as a two radiating slots (right) separated by
L. In the far field perpendicular to the substrate, the radiation from the two sides

adds up because the fields are in phase, thus we get the patch antenna radiation [31].

L patch h L

v

-
-+

Hh “il+' i*TT‘ Cx

side view top view

foed

Figure 2.4: Side view of the E-field of microstrip patch antenna (only in substrate)

The microstrip patch antenna with finite ground plane as depicted in Fig. 2.1
is known to have a symmetric and a quite omni-directional radiation pattern in
the front side, with wide beam-width and wide angle HPBW (Half-Power Beam
Width), as depicted in Fig. 2.5.

2.1.6 Polarization

The polarization of an antenna is the polarization of the radiated fields pro-

duced by an antenna, evaluated in the far field area. Antennas are often classified
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backlobe

-180

Figure 2.5: Radiation pattern of microstrip patch antenna

as "Linearly Polarized" or "Circularly Polarized", which means the E-field of mi-
crowave radiated by antenna varies linearly or circularly along its transmission di-
rection. Horizontal polarization and vertical polarization are the two mostly often
used Linear polarizations. And for circular polarization, it includes Left-Hand and
Right-Hand Circular Polarizations (LHCP & RHCP). Due to the reciprocity theo-
rem, antennas transmit and receive in exactly the same manner. Hence, a vertically
polarized antenna transmits and receives vertically polarized fields. Consequently,
if a horizontally polarized antenna is trying to communicate with a vertically polar-
ized antenna, there will be no reception [26].

As the plane in which the electric field varies is also known as the polarization
plane. The basic rectangular patch antenna depicted in Fig.2.1 is linearly polarized
since the electric field varies only along y-axis (the feed point is along the center
line). Thus the polarization plane in this structure is the yoz-plane. Whereas it can
also be Circularly polarized if two opposite corners on patch are cut [32, 33] or with

dual orthogonal feeds with a power divider network [33-35].

2.1.7 Microstrip antenna summary

In the previous sections, the basic configuration of microstrip patch antenna has
been briefly introduced, as well as the relationship between radiator size and res-
onance frequencies and the voltage-current-resistance distribution on a probe fed
patch. These proposed characteristics of microstrip patch antenna are very help-
ful when designing a new type of antenna with specified performances. In fact,
microstrip patch antenna has been acquainted by designers since a long time and
quantities of studies have been done to learn more about it. We would like to briefly
sum up some of microstrip patch antenna characteristics and list in Table 2.1. This
table permits to fix the main drawbacks and limitations which must be solved to

achieve our requirements.
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Table 2.1: Comparison

Advantages Disadvantages
e Light weight, low volume e Narrow bandwidth
and Low profile e Low efficiency
e Planar configuration. e Low Gain
e [ow fabrication cost e Extraneous radiation from feeds

e Supports linear and circular polarization and junctions.

e Can be easily integrated with microwave e Low power handling capacity
integrated circuits (MICs). (=~ 100W).

e Capable of dual and multiple frequency e Surface wave excitation.
operations.

e Mechanically robust when mounted on

rigid surfaces.

2.2 State of the art of microstrip patch antenna

According to the summary given in Table 2.1, it can be seen that microstrip
patch antenna is very attractive due to its small size, light weight, low cost, pla-
nar structure, ease of fabrication and integration. With these advantages, microstrip
patch antenna has been widely used in many domains. As researches never stopped,
a lot of solutions have been reported to simplify antenna design processes and solve
the disadvantages of microstrip patch antenna. Here in this section, solutions on
expanding bandwidth and achieving dual polarizations and high gain will be intro-
duced.

2.2.1 Techniques for broadband

As mentioned previously, microstrip patch antenna suffers of relatively narrow
bandwidth. A crucial issue is to broaden its bandwidth. A variety of broadband tech-
niques have been developed using the three approaches categorized in Table 2.2. It
is known that the factors affecting the bandwidth of a microstrip patch antenna are
primarily the shape of the radiator, the feeding scheme, the substrate and the ar-
rangements of radiating and parasitic elements. Essentially, the broad bandwidth of
a microstrip patch antenna can be attributed to its low () value and simultaneously
well excited multiple resonances. If the antenna is considered as high () resonator,
lowering the () by either reducing the reactive energy around the radiator or increas-

ing losses broadens the bandwidth around its resonance. Alternatively, by inserting
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a broadband impedance matching network between the antenna and feeder, good
matching over a broad frequency range can be attained. If two or more adjacent
modes are well excited simultaneously, the bandwidth can be twice or more than
that for the single resonance [1].

In the following subsections, we would like to introduce some up-to-date tech-
niques reported by antenna designers to broaden patch antenna bandwidth. It is
worth while noting that, most of the time, several techniques are simultaneously

used to broaden an antenna bandwidth.

Table 2.2: Broadband techniques for microstrip patch antennas [1].

Approach Techniques

Lower the () Select the radiator shape
Thicken the substrate
Lower the dielectric constant

Increase the losses

Use impedance matching Insert a matching network
Add tuning elements

Use slotting and notching patches

Introduce multiple resonances Use parasitic (stacked or co-planar) elements
Use slotting patches, insert impedance networks

Use an aperture, proximity coupling

Use thick substrate to Lower the ()

To lower the () so as to broaden bandwidth, researchers have tried to use thick
substrate with low dielectric constant which is good for improving the impedance
bandwidth of antenna [6, 36—44], as shown in Fig. 2.6. However, investigations
have shown that the impedance bandwidth monotonically increases with the sub-
strate thickness while radiation efficiency rapidly decreases [36] and the achievable

bandwidth will decrease when the thickness exceeds a certain value [1].

Use slotting patches to match impedance

U-slot antenna which is best known for its wideband characteristics is firstly
introduced in 1995 by Huynh and Lee [45] as a single-layer, single patch linearly
polarized and wideband antenna. A number of studies indicate that the U-slot patch

antenna can provide impedance bandwidths in excess of 30% for air-substrate and
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Figure 2.6: Geometry of patch antenna with thick foam substrate (from [6]).

in excess of 20% for material substrates [46]. It is an antenna simple in structure,
but versatile in applications [7]. The basic geometry of the U-slot antenna is shown
in Fig. 2.7. The U-slot introduces a capacitance, allowing the use of a thick sub-
strate, and induces a second resonance near the dominant resonance of the patch,
producing a wideband frequency response. In addition, a single patch antenna with
U-slot is reported to have an average gain of 7dBi and good pattern characteristics

quite omnidirectional on the broadside [47], which are also very attractive.

Patch

Ground
‘/ plane
A
connector \ Probe feed

Figure 2.7: Geometry of the U-slot patch antenna (from [7]).

Use parasitic patches to introduce multiple resonances

Another approach is to introduce multiple resonances. The most direct way is
to introduce additional radiating patches located close to the main radiator. These
parasitic patches are excited by means of the electromagnetic coupling between
them and the main patch. The parasitic patches can be located in the same plane,
or stacked above the main patch [8]. Fig. 2.8 shows some methods to arrange
parasitic patches, whereby one or more parasitic elements are located around the
driven element. The small gaps allow the parasitic elements to be strongly coupled

to the driven element. The elements have almost the same size. The well-excited
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resonances are adjacent to one another such that a broader well-matched bandwidth
is achieved, which is usually a few times broader than that of the single radiating
element. Fig. 2.9 shows arrangements whereby parasitic elements are placed above
the main patch. By dint of the coupling between stacked elements and the driven
one, the impedance bandwidth can be greatly increased. Usually, the bandwidth
can reach 10-20%, particularly when the medium between the upper and bottom
patches is air or material with low permittivity. However, the main shortcoming of
co-planar and stacked arrangements is the significant increase in the lateral size and

thickness.

N

@ (®) (©) (d)

Figure 2.8: Co-planar arrangement (from[8]).

Top
substrate
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Figure 2.9: Stacked arrangement (from [8]).

2.2.2 Techniques for Ultra-wideband

In the previous section, techniques for broadening antenna bandwidth a few
times (or 10-20%) than a single patch antenna have been introduced. However,
there exists some other ultra-wideband techniques which could significantly expand
the bandwidth over 100%. Meanwhile the antenna types are not anymore limited in
the basic structure of microstrip patch antenna.

Coplanar waveguide (CPW) feed printed monopole antenna have received much

attention due to its advantages of ultra-wide bandwidth and easy integration with
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monolithic microwave circuits. Many researchers from academic and industrial
have shown their interest for this kind of antenna. A lot of new antennas with vari-
ous conceptions are reported. In [9], a CPW-fed square slot antenna with a widened
tuning stub is reported to have large bandwidth of 60% obtained, shown in 2.10. In
[48], Denidni et al. have proposed an ultra wideband antenna which is composed of
a circular slot fed with a 50 ohm CPW line through a circular patch. The proposed
configuration offers a large bandwidth from 2.3 to 13.9GHz in other words more
than 143% respect to the central frequency. In another article [49], a planar hexag-
onal antenna fed by a coplanar waveguide has been studied by Santanu et al., which
yields -10 dB return loss ranges from 1.24 to 20 GHz (177%). The ultra-wideband
features make this kind of antenna a good candidate for ultra-wideband wireless
applications. There exists some common ground in [9, 48, 49] that their radiators
are all monopole antennas which are assumed to have wideband features [50-55].
Meanwhile these radiators are integrated in various shape slots on coplanar ground
plane, the gaps between radiators and ground plane is continuously increased from
very thin gap to wide slot. In addition, as ground plane under antenna part are to-
tally deleted, the stored energy is less confined and radiated to free space, Thus the
(@ factor is reasonably decreased. According to the Equ. 2.8 as mentioned in sec-
tion 2.1.4, the bandwidth is thus increased as Q factor decreases. With CPW-fed
monopole conception the bandwidth of such antenna could be several times larger
than a simple monopole antenna. It is worth noting that the CPW-fed technique is

also attractive and good for integration with microwave circuits.

ground plane ——+
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tuning stub
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Figure 2.10: Geometry of CPW-fed slot antenna with a widened tuning stub [9].

A compact CPW-fed antenna with ultra-wideband is introduced in [10] and [56],
which covers a band from 3.1 to 10.6 GHz (band dedicated to Ultra-wideband ap-
plications) with S;; < —10dB, as shown in 2.11. It can be seen that the proposed
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Figure 2.11: Geometry of CPW-fed ultra-wideband antenna (a) and simulated and
measured Sy1(b) [10].

antenna is a circular slot fed by tapered CPW line ending by a semi-circular disc.
Dotted curves in Fig.2.11 indicate electric field distributions between monopole ra-
diator and ground plane. As the width of slots varies continuously, a large range of
frequencies could be resonating here. Therefore this proposed antenna has an ultra

wideband behavior.

2.2.3 Techniques for dual-polarization

Dual-polarization performance enables an antenna to radiate and to receive sig-
nals which their E-fields vary in two orthogonal ways. The compact-CPW fed an-
tenna depicted in Fig. 2.11 also gives us a manner of how to obtain dual polar-
izations in the same conception. It can be seen that the two radiators are arranged
orthogonally and fed separately with port 1 and port 2, the current directions on the
two patches are totally orthogonal to each other thus both horizontal and vertical
polarization are obtained. It is worth noting that the isolation between the antenna
ports is a tremendous requirement in the polarization diversity systems. The mea-
sured isolation of the CPW-fed monopole antenna is reported to be better than 25dB
across all the operating band (by looking at Fig.2.11), which confirms that the two
ports are quite isolated from each other [10].

Aperture-coupled microstrip antennas have been reported in [57-59] that dual-
polarization is easy to obtain by cutting two offset orthogonal apertures in the feed-
line ground plane, each aperture is able to excite antenna patch in a single direction.
The isolation achieved in [57] is 18dB, 20dB in [58] and 27dB in [59]. In [60], Gao
et al present an aperture-coupled stacked patch antenna with corner feeding and H-
shaped aperture, shown in Fig. 2.12, in which about 30dB isolation is achieved.

Dual-polarized aperture-coupled antennas with better isolation can be obtained by
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Figure 2.12: H-shaped aperture coupled Figure 2.13: Multiple aperture coupled
dual-polarized antenna dual-polarized antenna

using multiple coupling apertures, as the multifeed technique is capable of sup-
pressing higher-order modes. One such an antenna is reported by Brachat et al.
in[61], where a dual-polarized aperture-coupled stacked patch antenna with mul-
tiple apertures is presented, as shown in Fig. 2.13. One centered aperture fed by
the microstrip feed line is used for channel 1, and two apertures fed uniformly in
amplitude and phase and positioned symmetrically with respect to the center of the
patch, are used for channel 2. This antenna achieves an isolation better than 35dB
over the bandwidth.

Generally speaking, dual-polarization could be achieved by introducing two or-
thogonal excitations in antenna conception, and polarization isolation is able to be

enhanced by distributing feed lines in separate layers.

2.2.4 Techniques for high gain

For antennas, a common reference unit is dBi, which states the gain of an an-
tenna as referenced to an Isotropic source (point source, perfect omnidirectional
radiator). High gain is usually pursued by antenna designers, as the gain indicates
the performance of antenna radiation and reception, and wireless communication
will be further and more stable with high gain antennas. In our project, to stably
receive satellite broadcast signal which the EIRP is about 50dBW on ground, the
required antenna gain should be higher than 29dBi (Tab. 1.3) if taking into concern
of the space losses and receiver sensitivity. Nevertheless, it is known that a single
patch antenna provides a maximum directive gain of around 6-9 dBi [62], which is
generally low. The proposed microstrip antenna with U-slot on the patch as shown

in Fig. 2.7 is reported to have a gain of only 7dBi and the multiple aperture coupled
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Figure 2.14: The Shorted Annular Patch Figure 2.15: Stacked parasitic patch an-
antenna [11]. tenna with superstrate [12].

dual-polarized antenna as shown in Fig. 2.13 has a gain of only 7.4 dBi over its

operation band.

The gain of patch antenna can be increased by reducing the surface wave which
can create ripples in the radiation pattern. Several methods have been proposed to
reduce the effects of surface waves [63—66]. One approach suggested is the synthe-
sized substrate that lowers the effective dielectric constant of the substrate by using
closely spaced holes [43] or directly delete the substrate under the patch [11], see
Figure 2.14. In [11], the proposed antenna consists of the Shorted Annular Patch
structure which inhibits the surface-wave is reported to have a 10.5 dBi maximum
gain. Other approaches are to use parasitic elements or to use superstrate. In [12],
a single antenna with superstate, as shown in Figure 2.15, has achieved a maxi-
mum measured gain of 14.6dBi, which confirm that the superstrate will result in a

significant effect on the antenna performances.

Using multiple patches to connect to an array is another very useful approach
to increase antenna gain. As antenna quantity increases, the number of radiators
increases too. Radiated power by each antenna unit will contribute to the entire

radiation of antenna array.

Imaging such an antenna array that consists of /V units with the same concep-
tion, which is shown in Fig.2.16. At the observation point P(r, 6, ©) in the far field
area of the antenna array, the integrated electric fields should be the superposition of
electric field of each antenna unit along the specified direction (6, ¢), as expressed
in equation 2.10.

E(0.¢)=> E;

i=1

(0. 9) (2.10)

)

Where E; is the far field of the ith antenna given by [67]:

E; = [69Eu(0,0) + &Ep(0, 0)] wiKe 7 (2.11)
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Figure 2.16: Integration of array E-fields.

Eyi(0,¢) and Ey; (6, ¢) are the 6 and ¢ component of the radiation pattern sep-
arately, which are obtained with the ith antenna element located at the origin.

w; 1s the weighting factor of the excitation source (complex number).

K is a constant accounting for the path loss.

To simplify the calculation of Equ. 2.10, we suppose each antenna unit has the
same orientation and presents a gain of Gy along the considered direction and is fed
in phase and with the same power. As the reference point P is very far from antenna
array, the electric fields at P which are generated by antenna units can be assume
having the same direction. The integrated electric field is thus /N times of a single
antenna unit and the total power received at P is also N times of the received power
generated by one antenna unit. In this case, according to power division of antenna

array feeding, the gain increment is N times, as expressed in Equ. 2.12.

G(N)=10log N (2.12)

It can be seen from Equ. 2.12 that, when the quantity of antenna array unit
increases, antenna gain will be significantly enlarged. For instance, if antenna unit
number is doubled, the integrated gain will be increased as much as 3dB (10 log 2).
As a single antenna unit has a gain of G, theoretically, the total gain of an array

with /V units refers to isotropic source should be:
Gr(N) =G(N) + Gy (2.13)

(units: dBi)



2.3. CROSS-TYPE MICROSTRIP PATCH ANTENNA DESIGN 27

Meanwhile, the required antenna units number is able to obtain if the total gain
and the gain of single antenna unit are given, with this following equation yielded
from Equ. 2.12 and 2.13.

Gr—Go

N=T110""1 "] (2.14)

([z] means ceil(x), to round x upward, returning the smallest integral value that

is not less than x).

Conclusion

In this section, several techniques for improving microstrip patch antenna per-
formances are introduced to solve problems in terms of wideband, dual-polarization
and high gain. To broaden patch antenna bandwidth, some up-to-date approaches
are proposed such as using thick and low dielectric constant substrate to lower the
Q factor, using coplanar and stacked parasitic patches to introduce other resonances
and using kinds of slots and CPW-fed monopole patch. To realize dual-polarization,
the main approach is to excite individually two currents on patch(s) which are in or-
thogonal directions, by using two separate ports and aperture coupling technique.
To enlarge antenna gain, the most efficient method is to connect units to an array.
3dB more gain could be obtained in theory if the quantity of antenna unit is dou-
bled, and for a required gain the number of antenna unit could be predicted if single
antenna gain is given, assuming no loss in the feed part. These approaches pro-
posed here provide us very good choices for designing our antenna. In the coming
sections, we would like to introduce the process of how to design a cross-type mi-
crostrip patch antenna and a CPW-fed monopole antenna both with wideband and
dual-polarization behavior. The way of arrange the two proposed antenna elements

into arrays will be introduced in next chapters.

2.3 Cross-type microstrip patch antenna design

In the previous sections, the characteristics of microstrip patch antenna and
some up-to-date techniques of improving antenna performances have been intro-
duced, which provides us plenty of ideas of designing our own antenna with re-
quired performances. In this section, we would like to introduce the process of
designing a cross-type microstrip antenna. The steps of achieving required perfor-
mances with previously mentioned techniques will be presented with figures and
diagrams. For a rectangular patch with given dimensions L. and W, one can obtain
the basic 7' M7, mode resonance frequency from the equation proposed in section I

which is rewrote here.
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This equation could be transformed to obtain an approximate value of the an-

tenna length operating at the frequency f,, which is

I c
¢ 2fn\/Bess

As mentioned before, there exists some fringing field at the end part of the
antenna, the antenna effective length L. is thus longer than the geometrical one (L).

As expressed in the following equation:

L.=L+2AL

Therefore, the true length of patch could be depicted as:

L-——° _9AL (2.15)

2fr\/€crf

Equation 2.15 indicates that, the length of patch radiator could be easily ob-
tained when the basic model resonance frequency is given in the case the extension

length is known.

Generally, the line extension could be simplified as:
AL = 0.5h

which is a good rule of thumb [23].

Recall that the bandwidth requirement of the expected antenna is from 10.7GHz
to 12.7GHz with the central frequency 11.7GHz. We can use the central frequency
as f, in equation 2.15 to obtain the size of patch antenna. It is worth noting that
the substrate we adopted is TEFLON with the thickness of A = 1.524mm and
dielectric permittivity as reported to be €, = 2.55 when the working frequency is
lower than 10GHz. However, our antenna works at the frequency band higher than
10GHz, thus the relative permittivity of given substrate is then measured using the
method presented in [68] and briefly introduced in Annex A. The measured relative
permittivity of given Teflon substrate at 11.7GHz is 2.62. The effective length is
thus achieved about 8.3mm and the real length of patch is then evaluated as 6.8mm

according to Equ. 2.15.
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2.3.1 Single element microstrip patch antenna

A model of single patch microstrip antenna is constructed in HFSS, as shown in
Fig. 2.17. The patch at the center of substrate is square with length 6.5mm and fed
with probe (black point on patch). To obtain better impedance matching, the loca-
tion of probe is adjustable by setting a variable in HFSS. Therefore we can choose
the best feeding point according to the tuning results generated by parametric opti-
mizing function. Fig. 2.18 gives a group of simulated S-parameters when tuning the
offset of feeding point on a single patch microstrip antenna with a step of 0.2mm.
It can be observed that as feeding point shifts from 1.2mm to 1.6mm, the resonance
intensity is enhanced significantly, the center resonance frequency is also moved to
higher frequency meanwhile the bandwidth becomes wider. At the feeding point
which is 1.6mm offset to the center of patch, the antenna resonates very well at the
center frequency 11.6GHz where the simulated reflection coefficient is as low as
-33dB, that means more than 99.9% of RF power is accepted and not return back
to input port. The -10dB bandwidth achieved is from 11.2GHz to 12.1GHz in other
words about 7.7% relative bandwidth respect to the center frequency which is far
insufficient compare to the required bandwidth. Furthermore, only one polarization

is obtained with such a conception.
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Figure 2.17: Single patch antenna Figure 2.18: Tune feed point

2.3.2 To realize dual polarization

Figure 2.17 also illustrates the current flowing direction when patch A is excited
by probe at the horizontal center line. In this case, the patch works in 7'M;, mode
and acts as a wide truncated microstrip line. The basic patch is linearly polarized
since the electric field only varies in one direction. To obtain dual orthogonal polar-
izations performance, another patch (B) with the same dimension is placed beside
patch A but rotated 90 degree. The second feeding point is at the vertical center line
of patch B. From Fig. 2.19, we can see that the current directions on patch A and
patch B are totally orthogonal to each other, therefore the two patches radiate mi-

crowaves in two orthogonal directions, dual linear polarization is expected to obtain
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(power coupling is not considered here but it will be discussed later). Simulated
results shown in Fig. 2.20 indicate that patch B resonates at the same frequency

with patch A due to the same conceptions.
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Figure 2.19: Orthogonal arranged dual- Figure 2.20: Simulated S-parameters of
patch dual-patch

As proposed before that dual-polarization could also be obtained with only one
patch. However, as our antenna works in the frequency band higher than 10 GHz,
the patch is very small. Simulations indicate that the isolation becomes very bad if a
single patch is fed with dual ports. More over, the two ports should be far enough to
install SMA connectors when antenna is realized. Therefore, it is more reasonable
to apply two separate patches to achieve dual-polarization.

In this section, even if dual-polarization is achieved by using two orthogonally
placed patches, the bandwidth remains too low. In the coming sections, several

techniques to enhance bandwidth will be introduced.

2.3.3 To broaden bandwidth

Recall that in section 2.2.1 several solutions of expanding patch antenna band-
width are introduced. Considering such a conception as shown in Figure 2.19, the
method of using parasitic patches is thought to be the best choice. In this manner,
several parasitic patches are arranged beside the two driven patches to expand the
bandwidth and very thin gaps between patches are adopted for power coupling, as
illustrated in Figure 2.21. The entire antenna seems like a cross but with unequal-
length arms, so we call it cross-type patch antenna in the following text. The cross
shape is especially suitable for dual polarization because its two arms are orthogo-
nal. RF power from the horizontal and vertical feeding points will not only excite
the driven patches but also pass to the parasitic patches and make them resonating.
The cross-type patch antenna model is thus simulated in HFSS, the width of gaps are
optimized as well as the dimensions of patches are tuned to avoid frequency shift.
The simulated S-parameters of cross-type antenna is shown in Figure 2.22. It can be
found that the achieved -10dB bandwidth is from 10.6GHz to 12.8 GHz which cov-
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ers our required bandwidth. The relative bandwidth of cross-type antenna is more
than 19%, about 11% increased compare to the single patch shown in Fig. 2.17.
Thus it can be concluded that the method of using parasitic patches to expand band-
width is truly effective as expected. The transmission coefficient (dB(S21)) is also
given in Figure 2.22 which indicates the isolation between the two ports. It seems
that the horizontal and vertical ports are well isolated outside the working band but
the curve increases rapidly as resonance goes deeper. The minimum isolation is
only about 14dB at 11.7GHz where the two ports are not assumed well isolated. An
effect to enhance isolation without degrading the other parameters should be done.
The approaches are presented in the coming section. It is worth noting that the re-
turn loss of vertical port is alike the horizontal port as they have almost the same

conceptions thus it is not illustrated in the figure.
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Figure 2.21: Cross-type antenna Figure 2.22: S parameters

2.3.4 To enhance isolation

Isolation is a crucial issue in our application to avoid crosstalk. According to the
solutions proposed in section 2.2.3, two efficient methods to enhance the isolation
between the two ports are applied. At first several angles are cut at the interaction
district which is around the center patch, because these angles are supposed to be
the main paths which RF power from each port can easily pass by. Fig. 2.23 shows
the model after angles are cut and Fig. 2.24 illustrates the corresponding simulated
S-parameters. Obvious improvements can be seen, especially the isolation is opti-
mized several dB compare to the previous conception. The isolation becomes better
than 18dB in our required band and it is as good as 21dB at the center frequency.
Meanwhile the bandwidth is also increased a little, which is about 22% respect to
the center frequency.

Continuous study on increasing the isolation is carried out. As the central patch
is shared by the two arms of cross-type antenna, it supplies available paths for elec-

tromagnetic interaction. Therefore 4 square holes are cut on the central patch to
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Figure 2.23: Topology of angles cut Figure 2.24: S parameters

destroy the interaction fields but maintain the current flowing traces. Simulated
results indicate that the port isolation is enhanced more than 1dB at the center fre-
quency and the frequency band is also continually broadened more than 3%, as seen
in Fig. 2.25 and Fig. 2.26.
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Figure 2.25: Topology of holes cut Figure 2.26: S parameters

2.3.5 To insert U-type slots

The cross-type patch antenna with corners and square holes cut matches well
with our required performances which are wideband, dual polarized and flat struc-
ture. However the achieved band seems quite sharp and difficult to maintain if
fabrication tolerance is taken into account. In this case, U-type slot is adopted here
to enhance resonating and enlarge the bandwidth again as its structure and advan-
tages are proposed in section 2.2.1. Two U-type slots are therefore etched on the
two driven patches separately. The dimensions and locations of U-type slots are
optimized in simulation, as well as the location of feeding points are matched again
because the input impedance shifted while U-slot technique is applied. The con-
struction of developed cross-type antenna is depicted in Figure 2.27. Simulated
S-parameters represented in Figure 2.28 indicate deep resonances obtained in our

required band and the entire bandwidth is again broadened as U-type slots applied.
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As can be seen that another resonance (at 10.9GHz) near the main resonance (be
shifted to 12GHz) of the patch is induced, the -10dB relative bandwidth is more
than 26.6%. However one can also notice that the S21 curve increases, interactions
between ports are enhanced as resonance become deeper. Although quantities of
methods on changing the structure of cross antenna are applied, the relative high
transmission coefficient is hard to decrease any more. The main problem is due to
the coexistence of dual feeding network at the same surface. In the third chapter of
this thesis, we would like to introduce a strip line feeding network designed with

multilayer construction which could effectively enhance the ports isolation.
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Figure 2.27: Antenna topology when U-  Figure 2.28: Simulated S-parameters
slot is used

As can be seen from Figure 2.27 that the bandwidth achieved in simulation is
from 9.3GHz to 12.7GHz, which is very close to the right edge of the required band-
width (10.7-12.7GHz). To obtain better resonance and avoid affections caused by
fabrication tolerance, the operating band should be shifted a little higher. The most
direct way to shift the entire band of patch antenna is to decrease the dimensions
of each patch. Figure 2.29 represents the final conception and dimensions of cross-
type patch antenna fed with microstrip line. It can be seen that the width of each
patch has been decreased from 6.5mm to 5.8mm. The other parameters including
the location of feed point, location of U-type slot are also optimized again to sat-
isfy the modification of patch width. At the bottom layer, two orthogonal placed
microstrip lines are used to transmit power between input ports and antenna. The
widths of microstrip lines are calculated with Linecalc tools licensed by Agilent
Advanced Design System by inserting the relative permittivity, thickness and losses
of substrate. The impedance of microstrip lines and feeding point are all main-
tained 50 ohms to match the impedance of input ports where SMA connectors are
commonly used. Figure 2.30 shows the photograph of a realized cross-type patch
antenna in our laboratory.

The S parameters of cross-type patch antenna is simulated in HFSS and then re-

alized and measured with Agilent Vector Network Analyzer E8364B, the compari-
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son is given in Figure 2.31. As U-type slot is introduced into cross-type antenna and
the dimensions of patches are decreased to shift the entire band, the final achieved
bandwidth is significantly improved. Both simulation and measurement indicate
very good resonances of cross-type antenna, -10dB bandwidth could be obtained
from 10 GHz to 14.7 GHz in other words 38% relative bandwidth respects to the
center frequency. In addition, dual resonance frequency points could be obviously
found at 10.6GHz and 11.7GHz, one of which must be contributed by the U-type
slot. As can be seen from Fig. 2.31 that the measured curve (solid) matches very
well with simulation (dotted) at the lower band but a few dB differences could be
observed at the higher frequency band, which is mainly due to variation of permit-
tivity of substrate as frequency goes higher. It is worth noting that the exceptionally
obtained band from 14 GHz to 14.5 GHz might be very interesting because it cor-
responds to the uplink band of DBS system (see Chapter 1). This outstanding char-
acteristic makes cross-type patch antenna a good candidate for satellite reception
antenna integrated with downlink and uplink band, which is suitable for bidirec-

tional communications such as internet access from satellites.

Figure 2.32 illustrates the simulated E-fields when vertical and horizontal ports
are excited separately. It can be seen that there exists very strong electrical field near
the gaps and U-type slot on each arm of cross-type antenna when the corresponding
port is excited. At the same time, the other arm can hardly get energy from the
port so the patches refuse to resonate. As expected, the cross-type patch antenna is

dual-polarized and the two polarizations are well isolated.

Figure 2.33 plots the radiation patterns simulated at two principal planes when
port 1 is excited at 11.6 GHz. Good cross polarization levels (about 25dB ) is
observed and the maximum directivity is 9.4dBi obtained at -35 ° of theta which

indicates that the main beam has been shifted from the normal direction. Figure
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Figure 2.31: Comparison of simulation and measurement of cross-type antenna

2.34 gives the simulated antenna gain versus frequency, in which it can be seen that
the maximum gain is about 9.65 dBi obtained at 11.3 GHz and the average gain
maintains higher than 8 dBi in most part of the required band. Obviously we can
see that the gain of cross-type antenna is much higher than a single patch antenna
whose gain is only about 2 - 4 dBi, mainly due to using several parasitic patches
which act as additional resonators and contribute to the total gain of entire antenna.

The relative high gain of cross-type antenna is also very attractive and pleasing.
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Figure 2.32: Simulated electrical field of cross-type antenna

Nevertheless, quite omnidirectional and symmetric pattern is not achieved due
to the asymmetric conception of proposed cross-type antenna. As can be seen from
the E-plane radiation of Fig. 2.33, there exists a nearly null gain at around 30° at

11.6GHz. This problem has to be solved and is introduced in the next section.
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Figure 2.33: Simulated radiation patterns of cross-type antenna at 11.6GHz
E plane: plane containing the electric field vector and the direction of maximum radiation, eg. xoz plane in Fig.2.29 when
vertical port is excited.
H plane: plane containing the magnetic field vector and the direction of maximum radiation, eg. yoz plane in Fig.2.29 when
vertical port is excited.
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Figure 2.34: Gain versus frequency

2.3.6 To adjust directivity and suppress side-lobe level

According to the radiation patterns shown in Fig. 2.33, the cross antenna has a
disturbed omnidirectional pattern in the front side and its main beam is also steered
due to the unsymmetrical structure. As an omnidirectional and stable radiation in
front side is expected over all the bandwidth, a solution to correct these disturbances
is required. The idea of using meta-material to improve antenna directivity has been
proposed in [69-71]. In [69] Turpin et al. have constructed a meta-lens for crossed-
dipole feed antenna and the measured directivity was reported to have increased
more than 6dB. In [70, 71], two types of meta-material structures composed of cop-
per grids with lattices are introduced for patch antenna; not only directivity but also
the front-to-back ratio is greatly increased as reported in their studies. But accord-
ing to their methods, the meta-lens is a non-planar structure which looks like a wall.

Furthermore the copper grids methods are not suitable for broadband applications
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due to the relative narrow band of meta-material structure. Reference [72] provides
us a single element antenna which uses free formed cylindrical woodpile cavity;
very good SLL (side-lobe level), narrow beam, and good directivity are achieved.
But the non-planar design by using extrusion free-forming technique depicted in
[73] and [74] makes fabrication much more complex.

As we all know that, in patch antenna architecture, the most part of input power
is radiated by antenna but some power is leaked to substrate from the feed line and
the edge of fringing field. This part of power transmits to the edge of substrate, then
radiates due to discontinuousness of boundary conditions (dashed curves in Figure
2.35), and finally contributes to a relatively high sidelobe level in radiation pattern.
One solution to solve side radiation is to use quarter-wavelength transmission line
(\y/4 Transmission Line, obtained with the center frequency). As a transmission
line with the length of a quarter guided wavelength is employed, according to the
principle of \,/4 TL, the left fringe of the TL performs as open circuit to RF power
while the right fringe performs as short circuit (solid line in Figure 2.35, assume
that antenna and feeding line are placed at the left side). RF power can hardly pass
through the )\, /4 length TL and then be attenuated or reflected, so the side radiation

from the boundary of substrate is weakened.

Ag/4 TL Slot

T T

Figure 2.35: Illustration of side radiation (dashed) and RF power suppression
(solid).
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An experimental structure with cross-type patch antenna as radiating part and a
circular conductor ring with the width of \,/4 are designed to verify the function
of the proposed side radiation suppression method, as depicted in Figure 2.36. As
cross-type antenna is fed by coaxial cable, the inner conductor passes through the
substrate and some RF power is leaked into the substrate. Therefore the relatively
high sidelobe level could be found in Fig. 2.33 mainly due to side radiation from
boundary. By using \,/4 TL side radiation suppression method, around cross-type
antenna and at a distance [, a conductor ring and a circular slot both with the width
of a quarter guided wavelength of the central frequency are placed on the top layer,
as shown in Figure 2.36. It can be seen that the cross-type antenna is located in a
dashed circle with radius 7; the center of cross-type antenna is 3mm offset from the
center of circle due to its unsymmetrical conception. From the side view of Figure

2.36, we can also find that the field irised out by dashed rectangle corresponds to the
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model as depicted in Figure 2.35. It is worth noting that the conductor ring should
be placed at one guided wavelength away where the other performances of antenna
are not impacted except the side radiation. The width of circular slot is also set to be
Ag/4 to maintain good electromagnetic isolation between conductor ring and outer
conductor. To see more details about how to obtain the width of conductor ring and

slot and the distance between antenna and conductor ring, please refer to [75].
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Figure 2.36: Cross-type antenna with sidelobe suppression structure

The experimental structure is fabricated and measured in our laboratory. Fig-
ure 2.37 shows some radiation patterns measured at 5 different frequencies over
the bandwidth before and after the radiation stabilization structure is carried out.
Solid curves in Figure 2.37 illustrate the measured directivity patterns of the pro-
posed cross-type patch antenna without conductor ring and circular slot. As shown
in Figure 2.37, there exists some spurious sidelobe with levels relatively high with
respect to main lobes. Moreover main lobe steering can be found at each frequency
point and is shifted from the broadside direction. The pattern measured at 12 GHz
presents a null direction at about -30°, where the main lobe is thus drastically dis-
turbed. The calculated half-power beamwidth (HPBW) at 12.96 GHz is only about
35° which is much less than that of other frequencies.

As radiation stabilization structure is employed, the measured radiation patterns
are illustrated with dashed curves in Figure 2.37 in comparison to these measure-

ments of individual cross-type antenna. It can be seen that these stabilized patterns
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Figure 2.37: Measured directivity patterns at 5 frequency points before (solid) and
after (dashed) radiation stabilization structure is employed.



40 CHAPTER 2. SINGLE ELEMENT ANTENNA DESIGN

are compact and smooth over the working bandwidth. Sidelobe levels have been
decreased several dB. The maximum directivities are also achieved at the broadside
direction of antenna plane. The case where the pattern is drastically disturbed at 12
GHz is also eliminated. As the influence of side radiation is decreased by conductor
ring and circular slot, antenna radiation is thus stable and symmetric. The optimal
HPBWs reach up to 70° at each measured frequency point, which makes cross patch
antenna a very good candidate of large-angle-beam-steering array. Tables 2.3 and
2.4 list the comparisons of HPBW and direction of main beam before and after ra-
diation stabilization structure is employed. These tables sum up the strong interest

of this approach to stabilize the radiation patter over the whole working band.

Table 2.3: Half-power bandwidth (HPBW).
GHz
10.1 11.52 12.00 1296 14.10
Withoutring  70°  75° 75° 39° 75°
With ring 80°  80° 72° 80° 90°

Table 2.4: Direction.
GHz

10.1 11.52 12.00 1296 14.10
Without ring  25°  22° 25°  12.5° 32.5°
With ring 2° 5° 0° 0° -10°

Conclusion

Till now, we have successfully achieved a single element microstrip patch an-
tenna named cross-type antenna which is wideband, dual polarized and relatively
high gain compare with single patch antenna. The cross-type antenna part is printed
on a 1.524mm thickness Teflon substrate and the feed part is on a 0.8mm thickness
Teflon substrate, hence the entire structure is flat and very thin. As we all know
that the applied Teflon substrate is cheap and easy to find, therefore the cost and
fabrication complexity of cross-type antenna are both very low. It can be seen from
the proposed characteristics that the cross-type antenna is a good candidate to con-
stitute a big array which could satisfy the requirements of satellite communication
antenna. In the fourth chapter of this thesis, we would like to introduce the ap-
proach of designing an array consisted of the cross-type antenna unit according to a

valuable approach of shared parasitic element..
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2.4 Coplanar waveguide feed monopole antenna

As mentioned previously in section 2.2.2 that by using monopole patch antenna,
ultra wideband is able to obtain. In [10], the proposed CPW-fed monopole antenna
which operates in a wideband ranges from 3.1GHz to 10.6GHz provides us a very
good candidate for satellite communication applications. Based on the geometry
presented by R.YAHYA et al. [10] as depicted in Fig.2.11, another single ele-
ment antenna which is fed by Grounded Co-planar Waveguide Transmission Line
(CPWG-TL) is designed and hereby introduced.

2.4.1 Antenna conception

Figure 2.38 illustrates the geometry of the proposed CPW-fed monopole antenna
designed according to the requirements of our project (Table 1.3). It can be seen that
the antenna is consisted of a half-circle patch with diameter of L as the main radiator
and a small half-ellipse patch as a parasitic patch. The whole antenna part is located
in a big circle with top and bottom conductor etched but remains a cross-shaped
ground. The entire structure is printed on a i = 1.524mm EPOXY substrate with
dielectric constant ¢, = 4.4 and with dual-layer conductors. This kind of substrate
is relatively cheap and propitious to decrease the cost of entire antenna system.
Quantities of metallica via holes are applied to link top and bottom conductors to

maintain good electric connections and consistency of ground plane.
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Figure 2.38: Geometry of CPW-fed monopole antenna
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To obtain wideband

It can be seen from Fig. 2.38 that there are three techniques used for broadening
the bandwidth. Firstly, the radiator applies monopole antenna with bottom ground
etched, which has inherently broadband performance. Secondly the continuously
increasing slots between main radiator and outer circular ground plane works as a
bandpass filter which allows only the chosen frequencies resonate around the slots.
As the required bandwidth is only 2GHz and not for broadband applications like
proposed in [10], therefore the minimum and maximum width of slots and the length
of slots can be optimized in the given band to lower the size of antenna unit. The
optimized diameter R of circular ground is 6.2mm and the diameter of the half-
circle radiator L is only 2.8mm. Compare with the proposed cross-type antenna
which has a dimension of 23.95mm in square, the CPW-fed monopole antenna is
much smaller. The third technique used here to master bandwidth is the half-ellipse
parasitic patch which obtain power by coupling from the main radiator and acts as
another resonator which contributes to the total bandwidth. The gap g’ between the
main patch and the parasitic patch is only 0.1mm which has been optimized for RF

power coupling in the required band.
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Figure 2.39: Geometry of dual-polarized CPW-fed monopole antenna

Impedance matching

To feed such a monopole antenna and to maintain good impedance matching,
insert feed [5S] method is used in the conception. As can be seen that the feed line is
inserted to the center of the main patch with the depth of [ and the thin gap enables
RF power coupling between main patch and feed line. The other terminal of the

feed line is connected with CPW line and a trapezoid line acted as a impedance
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converter is used here to match the impedances of inserted line and CPW line. With
insert feed, the monopole antenna is able to obtain a 50 ohm impedance at the input

port.

Dual-polarization

To realize dual-polarization performance of the proposed CPW-fed monopole
antenna, another group of patches and feed line are placed at the orthogonal di-
rection of the vertical antenna unit, as depicted in Fig. 2.39. Different from the
arrangement method proposed in [10], the horizontal antenna unit in our concep-
tion is placed at the bottom layer and ground plane exists at the bottom layer of
CPW-fed line (called GCPW-TL). In other words, the top and bottom conductor
plane are not only the co-planar ground plane for correspond antenna unit, but also
back ground planes of feed lines for the other side antenna unit. Several via holes on
the cross arms are used to obtain good isolation between the dual polarized antenna
units. These via holes act as an electric wall which inhibits radiated field to travel

from an antenna to the other.

Mono-directional radiation

In the geometry of dual-polarized CPW-fed antenna, the two monopole antenna
units radiate microwaves both in forward and backward directions as monopole
antenna has inherently omnidirectional directivity. Nevertheless, only the forward
radiation is useful in our case of receiving satellite signal. [60] introduce an ap-
proach to enhance front radiation and improve front-to-back ratio by putting a sec-
ond ground plane below the antenna structure.

A metallic reflector (eg. Imm thick aluminum board, one half wavelength wider
than antenna board) is thus placed at the bottom of antenna board with a distance
adjustable by screw. This metallic board acts as a reflector and limits the rear-lobe
when the distance is tuned to the best location (2.5h, h is the thickness of substrate).
In addition, antenna resonance frequency could also be slightly shifted by adjusting
the distance between antenna board and reflector.

Even if a metallic reflector is used in the antenna conception to adjust radiation
direction, the entire structure remains still flat as the thickness just increases a few

millimeters.

2.4.2 To feed with GCPW line

Classic CPW is formed from a conductor separated from a pair of ground planes

all on the same plane and atop a dielectric medium. A ground plane could provided
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on the opposite side of the dielectric, in this case, the technology is called Grounded
Co-Planar Waveguide (GCPW). GCPW can propagate extremely high frequency
response since connecting GCPW does not entail any parasitic discontinuities in
the ground plane. The impedance of GCPW fed line is mainly depended on the
width of feed line and the width of the both side gaps and certainly the dielectric
constant of substrate. For a given line characteristic impedance, there is an infinite
number of solutions for the geometry of a GCPW line. One can make a 50 ohm line
10 microns wide, or 50 microns wide, by adjusting the gap dimension. In practice,
feed line size and the line loss should be tradeoff because skinny lines can become

quite lossy [76].

The proposed dual-polarized monopole antenna is fed with GCPW technique by
considering its co-planar structure. To test the transmission coefficient of GCPW
line, a model is constructed in HFSS. A stand 50 ohm GCPW line with 20 cm long
is realized on a EPOXY substrate with the optimized width of 1.5mm while the
both gaps are set to 0.2mm taking account of fabrication ease. It can be seen from
Fig. 2.41 that the CPWG line could transmit RF signal very well at low frequency
and the transmission coefficient decrease rapidly as frequency goes higher. At the
frequency 12.5 GHz the received power at the terminal port is only half (-3dB) of
the emitted power.

To maintain good transmission coefficient along long transmission line, GCPW
feed line accompanied with via holes at both sides is then simulated in HFSS, as
depicted in Fig. 2.40. The solid line with circle symbol in Fig. 2.41 indicates
that more than -25dB return loss could be obtained when frequency is lower than
15GHz, which is 5 - 7 dB optimized than the return loss of GCPW line without
via holes. Even more, along the entire simulated frequency band the transmission
coefficient is always higher than -1 dB. Via holes along transmission line have ef-
ficiently limited the power leaked to the substrate. In addition, Simulated results

indicate that metallic via hole does not impact on CPWG line impedance.

Port 2
Port 1

Figure 2.40: Geometry of co-planar waveguide feed line accompanied with metallic
via holes
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Figure 2.41: Comparison of S-parameters with or without via holes

2.4.3 Simulation and measurement

The single element CPW-fed monopole antenna has been simulated using HFSS
and then realized in our laboratory. Fig. 2.42 shows the impedance bandwidths
when tuning the insert feed depth feed_match from 2 to 2.4mm by a step of 0.2
mm. It can be seen that the impedance bandwidth as well as the resonance intensity
varies a lot when the feed depth changed. At last, the feed_match = 2.2mm is
applied when tradeoff the bandwidth and resonance.

The comparison between simulation and measurement of CPW-fed antenna re-
turn loss is depicted in Fig. 2.43. Good agreement on bandwidth could be observed,
both simulation and measurement indicate that the proposed single element antenna
resonate very well at the required band which is from 10.7 to 12.7GHz. The im-
portance of reflector can also be observed from the figure. If no reflector exist, the
resonance becomes weaker.

Fig. 2.44 depicts the radiation pattern of dual antenna units in the same concep-
tion. The solid curve illustrates the radiation of the antenna unit placed at the top
layer while the dashed curve illustrates the bottom layer antenna radiation. It can
be seen that both antennas have obvious main beams at the front side. Due to the
influence of metallic reflector, bottom antenna radiation seems enhanced and more
symmetric compare to top antenna unit. In the next chapter, we would like to fo-
cus on CPW-fed antenna array, the method of optimizing the radiation of CPW-fed

antenna will be introduced.

2.4.4 Sum up CPW-fed monopole antenna

In this section, a wideband , dual polarized and low profile planar structure an-

tenna is introduced. This antenna has inherently wide bandwidth as a monopole
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Figure 2.42: Simulated S11 when tuning insert feed length
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Figure 2.43: Comparison of simulation and measurement of single element CPW-
fed monopole antenna

antenna, even more parasitic patch and arc slot are used to maintain bandwidth.
Therefore in a low profile as small as 6.2 mm in diameter, the CPW-fed antenna
achieves sufficient bandwidth. Dual-polarization is obtained by duplicating the
monopole structure and rotating it 90 degree. To enhance isolation, the two structure
are placed at different layers separated by thick substrate and via holes. To realize
mono-direction, a metallic reflector is placed at the right bottom to limit rear lobe
and reflect back radiation to forward direction. To sum up, the CPW-fed monopole
antenna has very good performances and it is also a good candidate to construct a

big array for KU-band satellite communication.

Fig. 2.45 shows the photo of realized single element CPW-fed monopole an-

tenna.
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Figure 2.44: Radiation patterns of top layer (solid) and bottom layer (dashed) an-
tenna units

Figure 2.45: Photograph of realized CPW-fed monopole antenna (the other unit on
the bottom layer is not presented in this figure).

2.5 Conclusion

In this chapter, two types of patch antenna designed with different techniques are
introduced. Both of the antennas are optimized under the required performances.
Simulations and measurements are given to show the achieved wide bandwidth,
dual-polarization and flat structure. In summary, Cross-type antenna and CPW-fed
monopole antenna are both good single antenna elements. In comparison, Cross-
type antenna has higher gain than CPW-fed monopole antenna as it is consisted of
several parasitic patches, but CPW-fed antenna has much lower profile than Cross-
type antenna which is suitable for compact structure use. Table 2.5 gives more

comparisons between the two antennas.
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Table 2.5: Comparison between Cross-type antenna and CPW-fed monopole an-
tenna.

Cross-type antenna CPW-fed monopole antenna

Bandwidth 10.0 - 14.7GHz 10.5 - 12.8GHz
Polarization dual dual
Profile 0.9 0.25)¢
Thickness 2.3mm 6mm
Gain 9.6dBi 6dBi
Radiating efficiency * K K Kk Kk * K K

Cost Hok *
Fabricate ease * % % * % % * Kk

Accuracy required min, = 0.25mm mi, = 0.1mm




Co-planar waveguide fed antenna

array

The single element CPW-fed monopole antenna has been introduced in the last
chapter, simulation and measurement indicate that the proposed antenna has very
good performances such as wideband, dual-polarization, ultra-compact profile and
flat structure. However, the gain of a single CPW-fed antenna is low, attempts to
enlarge single element antenna gain can not satisfy the requirement. As mentioned
previously in section 2.2.4, an effective solution to enlarge antenna gain is to arrange
quantity of such antennas into an array.

In this chapter, we would like to introduce firstly a dipole-liked sub-array which
consists of 2 opposite placed CPW-fed monopole antenna units in the same concep-
tion. The sub-array is then assumed as the basic element of big array therefore a
linearly arranged CPW-fed monopole antenna array is then realized and introduced.
The corresponding feeding network designed according to Dolph-Chebyshev cur-
rent distribution theory will also be presented. In the third section of this chapter,
an even bigger 2-Dimensional arranged array which consists of several columns of
linearly arranged array will be introduced, measured results will also be given. The

fourth section will give conclusions.

3.1 CPW-fed monopole antenna Sub-array

In this section, the process of designing the proposed CPW-fed monopole an-

tenna sub-array will be introduced in detail. The sub-array conception, as well as

49
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its simulated and measured performances will also be given.

3.1.1 Sub-array conception

It can be seen from Fig. 2.38 that the single element CPW-fed monopole antenna
consists of a monopole antenna unit and a circular aperture which is separated to
four sectors by a cross-type arm connected to the ground plane. The monopole
antenna unit is located in one of the four sectors. An idea of duplicating the antenna
unit and put into the opposite sector has been carried out. With this method, the
number of antenna unit is doubled while the entire dimension remains the same.
According to the equation mentioned in section 2.2.4, the integrated gain should
increase 3dB in theory. The structure consists of two opposite arranged CPW-fed
antenna units is assumed as a sub-array compare with the arrays which will be
introduced later in this chapter. The geometry of such a sub-array is illustrated in

Fig. 3.1. However, such sub-array is mono-polarized.

/,/ ‘\—\ Top patch
< Wcott tch
% ottom patcl

Ground

Figure 3.1:  Sub-array of CPW-fed Figure 3.2: Dual-polarized sub-array
monopole antenna

3.1.2 Dual-polarized sub-array

Recall that the single element CPW-fed monopole antenna is dual-polarized as
the other antenna unit is placed at the bottom layer and is orthogonal with the top
unit. Now that the top layer antenna unit is duplicated and arranged as sub-array,
the bottom unit can also be reconfigured in the same manner. Till now, the four
sectors separated by cross-arms are all respectively assigned to one antenna unit.
As the two sub-arrays are located in different layers and they are still orthogonal to
each other, therefore the sub-array element is also able to realize dual-polarization.
The geometry of such a dual-polarized sub-array is shown in Fig. 3.2.

It can be seen from Fig. 3.2 that all the four sectors of circular aperture have

been filled by four antenna units and the opposite sectors are used for the same
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polarization. The cross-type arms act as extended ground plane and some via holes
are placed on them to connect top and bottom ground plane. The via holes which

act as metallic walls play an important role in enhancing the polarization isolation.

3.1.3 To feed the sub-array

As in the sub-array the two antenna units on the same layer are placed oppo-
sitely while they are attempted to resonate in the same polarization, therefore the
current direction and electric field direction of the two units should also be opposite.
To maintain co-resonance at the same situation and the co-radiation in the same di-
rection, the sub-array should be fed with the same magnitude power and with phase

difference of 180°. In this case, the sub-array seems like a dipole antenna.

Sub Array | T

N \ R
\ N\ - P2 Pl

Port

Figure 3.3: Sub-array feed with Ratrace Figure 3.4: Realized sub-array antenna
coupler

To satisfy the feed condition of sub-array, a Rat-race coupler is thus used in
the conception as shown in Fig. 3.3. Rat-trace coupler is a lossless reciprocal
four-port network. It comprises three 90 ° branches and one 270° branch. The
characteristic impedance of the ring is /2 times the characteristic impedance of the
port terminations with the purpose of impedance matching [77-81]. In the case that
sub-array operates as emitting antenna, the Rat-trace coupler is used as out-of-phase
power divider. The signal injected into port 1 divides evenly in ports 2 and 4 with
180° phase difference, and port 3 is isolated. When sub-array operates as reception
antenna, signals received from the two opposite placed antenna units are injected
into port 2 and 4 and they have a 180 ° phase difference. The sum of the signals is
formed at port 1 while the difference is formed at port 3. It can be seen that both
in emitting and receiving modes, port 3 obtains less power from other ports and
usually, it is connected to ground via a resistor to avoid inserting interferences to
the circuit. The resistor should have a resistance corresponding to the impedance of
port 3.

Fig. 3.4 shows the photograph of a realized Rat-race coupler feeding sub-array
in PCB factory.
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3.1.4 Sub-array performances

The insertion of Rat-race coupler applies possibility to feed two opposite units
with the same magnitude power and with required 180° phase difference, while it
does not modify any parameter of CPW-fed monopole antenna unit. Therefore the
sub-array has almost the same return loss as single unit which is illustrated in Fig.
2.43.

However, as the two opposite placed units are located in a space less than 0.25\,
their radiations will surely interact. Thus the integrated radiation must be the vec-
torial sum of each antenna radiation, taking into account their locations relative to
each other. Fig. 3.5 illustrates the simulated radiation patterns of sub-array in E-
plane and H-plane at 11.9GHz. Obviously it can be seen that at either plane, the
co-polarization is 45dB higher than the cross polarization, which means the sub-
array antenna is perfectly a linear polarized antenna and the polarization isolation
is quite high. In addition, as there exists a metallic reflector, the main radiation is
enhanced at the forward direction and the front-to-back ratio (FBR) is higher than
28dB. More over, as the quantity of antenna unit is increased and each unit radiates
toward the broadside direction, the maximum directivity is increased more than 2dB

compare to single element CPW-fed monopole antenna (Fig. 2.44).

As mentioned previously in section 2.4.3 that the top unit of single element an-
tenna radiates microwaves toward two angles (Fig. 2.44). Nevertheless, By looking
at Fig. 3.5 that, the radiations are found symmetric and the maximum directivity
is at the broadside direction. In our opinions, the inter-element distance between
the two antenna units in sub-array is quite close (about \/10), interaction between
two units is very strong, the array factor will compensate single unit radiation and
integrate a larger radiation in the broadside direction. To sum up, we can say that
the method of arranging CPW-fed monopole antenna unit as sub-array improves the

entire radiation.

Even though the proposed sub-array arrangement has taken advantage of more
sectors to place antenna units, which has increased the antenna gain more than 2dB.
But the achieved gain is only 8.3 dBi and is still very low compare to the required
29dBi gain. Thus a bigger array which consists of more antenna units is required.
In the next section, an array which is constructed with the proposed sub-array as
element is introduced, the linear arrangement method and the outstanding power

distribution network will also be presented.
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Figure 3.5: Radiation patterns simulated at 11.9GHz

3.2 Linearly arranged CPW-fed monopole antenna

array

To effectively increase antenna gain, in this section, a linearly arranged array
which is composed of sub-array CPW-fed monopole antenna as element will be

introduced.

3.2.1 linear array conception

The proposed linearly arranged CPW-fed monopole antenna array is depicted
in Fig. 3.6. This array comprises 4 sub-array thus in fact 8 CPW-fed monopole
antenna units at the top layer (light color) and another 8 units at the bottom layer
(deep color). The inter-element distance d is set to one guided wavelength (\,)
which is about 16mm with respect to 11.7 GHz, in the substrate with dielectric
constant 4.4 and thickness 1.524mm. In addition, to avoid overlapping of bottom
antenna ports, each element is entirely turned 36° compare to the single element
position. In this case, the inter-space between adjacent antenna ports on bottom
layer is 8mm (d' = \,/2). This distance is sufficient for placing feed network.
It is worth noting that even if elements in array have been steered, sub-arrays in
corresponding layers are still in parallel and with the same polarization.

In this array, the inter-element distance d = 16mm and it operates in a band
with 11.7 GHz as the centering frequency. Thus the ratio of inter-element distance

over wavelength in free space could be yielded from the following equation:

3.1
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Generally, the inter-element distance should be less than wavelength in air to
avoid grating lobes but more than half-wavelength to decrease correlation coeffi-
cient [82]. From Equ. 3.1, the achieved inter-element spacing is about 0.62),

which is thus moderate in such a linear array.

o 10
,/\Hl\

Port 4
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Port 1 Port 2

%

Port 5 Port 6 Port 7 Port 8

Figure 3.6: Linearly arranged 1x4 array

As this arrangement seems to provide interesting behaviors, we have now to

focus on how these elements being excited. This is the aim of the next section.

3.2.2 To feed the linear array

Since we have constituted a linearly arranged array in the last section, the ele-
ments are placed separately and it is very difficult to feed simultaneously all these
ports. In addition, by considering the monopole antenna element is fed with grounded
co-planar waveguide line, we have to find a corresponding feed network with the
same technology to integrate feed network and antenna part. Many attempts are
carried out and finally the method using serial and in-phase feeding with Dolph-

Chebyshev magnitude distribution is adopted.

Chebyshev current distribution

In array processing, a highly directive radiation pattern can be generated by
means of appropriate choice of the antenna excitations. The Dolph-Chebyshev
method for beam pattern design provides a minimum null-to-null beamwidth for
a given equal sidelobe level. This distribution has direct control over the main-

lobe width and maximum sidelobe level. The relationship between the beamwidth
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and side-lobe level is that for a given side-lobe level the beamwidth is the smallest,
and, conversely, for a specified beamwidth the side-lobe level is the lowest. Conse-
quently, beamwidth and side-lobe level requirements can be met with the minimum
number of elements if the array is of Chebyshev type [83—-86].

Bresler has provided a new algorithm for calculating the current distribution of
Dolph-Chebyshev array in [87]. That is, in a equally spaced Chebyshev array, the
array weights (or current distribution) could be obtained if the number of element is
known (either even or odd), and the required sidelobe level is given. This algorithm
has been transformed to Matlab language for fast calculating which is given in An-
nex 2. By using the proposed program, we plan to achieve an linear array with 10
elements and sidelobe level less than 26dB, the normalized current ratio is achieved

as follows:

112[21133[41153161[7i[gi[9i[10:
0.357 : 0.485: 0.706 : 0.890 : 1 : 1:0.890 : 0.706 : 0.485 : 0.357
(3.2)

Feeding network simulation

VARS \BRT = VAR = 2 = VaR3
len_ant=25 mm lumbda_¢=3.95 mm (i w 70=1.21mm W_46=2.4mm w62=1.5nm

Lelen_ant

Term
Num=1
2-70 Ohm

Figure 3.7: Schematic of Chebyshev amplitude distribution feed network

As the current distribution ratio is achieved for a linear array with 10 elements
and this kind of array is central symmetric, to simplify the model and save time in
simulation process, only one side of the feed network is simulated with the soft-
ware Advanced Design System (ADS). Fig. 3.7 shows the schematic of proposed
feed network. To satisfy the Chebyshev current distribution ratio, a few quarter-
wavelength transmission lines (\,/4 T'L) are used at the nodes of antenna units to
control the current division. The impedance of each quarter-wavelength TL is ob-
tained according to the current ratio as expressed in Equ. 3.2 and multiplied by 70
ohm The 70 ohm is the impedance of the main TL, which is preferred to 50 ohm as

the 70 ohm line is narrower and the achieved \,/4 T'Ls are also relatively narrower
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in consideration of the limited space between adjacent antenna elements. In this
case, to match the impedance of main TL, the impedance of CPW-fed monopole

antenna unit is also optimized to 70 ohm.
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Figure 3.8: Simulated S parameters of feed network

Simulated results given by ADS is shown in Fig. 3.8. From this figure we can
see that the feed network is well matched along the band from 10.7-12.7 GHz where
S11 < —15dB is obtained, especially at 11.5 GHz where the return loss is as low as
-45dB. More over, as a few A, /4 TLs are used at each nodes, antenna elements in
such linearly arranged array are allocated with unbalanced power. From the diagram

we can find at the center frequency that:

Sy = —4.41dB
S31 = —5.77dB
Sy = —8.12dB
Ss1 = —11.7dB
Se1 = —14.6dB

Suppose that the input power at port 1 is 1W, according to simulated results, the

power distributed to the other five ports should be:

P, = 10%2/10 = 0.362W

Py = 0.265W
Py = 0.154W
Ps = 0.068W

FPs = 0.035W
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thus the power ratio is:
Py:Py:Py:Ps: Pe=1:0.732:0.425:0.188 : 0.1 (3.3)

From Equ. 3.2 and refer to the schematic of feed network, the current distribu-

tion in theory is:

Iy I3: 1y I5: [ =1:0.890:0.706 : 0.485 : 0.357 (3.4)

and we all know that P = I*R, therefore the current squared ratio is:
I:I3:I:I2: 12 =1:0.792:0.498 : 0.235: 0.123 (3.5)

Comparing Equ.3.5 with Equ.3.3 we can find that, the ratio of current squared
is quite close to the ratio of power distributed to each port. The very slight differ-
ences might be caused by substrate losses and insertion loss. In addition, as two
quarter wavelength TLs are used between adjacent ports, the ports in serial have
equal different phase different of 180°. To sum up, we can say that the feed net-
work illustrated in Fig.3.7 has successfully achieved the required Dolph-Chebyshev

amplitude distribution.

Feeding network layout

In the last subsection, the schematic of serial feed network is simulated using
ADS and found useful in distributing power to each antenna element in the linear
array according to the required ratio. By considering the geometry of CPW-fed
monopole antenna element, we have designed a layout which integrates antenna

elements and feeding network, as shown in Fig.3.9.

Figure 3.9: Layout of linear array feeding network

Nevertheless, in such an 1-D arranged array, Linear arrangement could not take
advantage of space that, only the antenna units on top layer are connected in feed

network. In this case the bottom layer units are not able to be fed. Even more, the



58 CHAPTER 3. CO-PLANAR WAVEGUIDE FED ANTENNA ARRAY

quantity of antenna element can not be increased without limitation because the feed
line loss will significantly decrease the transmission efficiency. Due to this reason,
this kind of linear array has not been actually realized, we directly paid attention
to the 2-D arrangement. In the next section, the 2-D arrangement method will be
introduced which provide solutions to arrange antenna elements in a planar surface

so as to increase elements effectively.

3.3 Planar arranged CPW-fed monopole antenna ar-

ray

In the last section, the linear arrangement with amplitude distribution method
can only excite the top layer elements in 1-D array, which could not effectively take
advantage of space. Here in this section, we will try to arrange antenna element
in a planar array. The 2-D array conception and enhanced feed network will be

introduced.

3.3.1 2-D array arrangement

Based on the geometry of 1-D arranged array where antenna elements are placed
along x-axis only, we propose a 2-D array in which elements are arranged both along

x-axis and y-axis, as shown in Fig. 3.10.

Figure 3.10: Planar arranged CPW-fed monopole antenna array

With such an arrangement method, the array consists of N rows and M columns,

therefore the total number of antenna unit is MxN. The inter-element distance d
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between antenna units remains A, (0.62)) which is about 16mm in the given sub-
strate. In this case, the distance between adjacent co-planar antenna units is only
Ag/2 by looking at Fig. 3.10. To feed such a compact array becomes more complex

and challenging.

3.3.2 Two sides feeding network

In the last section, the method of feeding linear array using serial network with
Dolph-Chebyshev current distribution has been introduced. Power from input port
can be distributed to each port corresponds to required ratio. In this manner, we can
continue optimizing such a network by increasing the terminal ports and decreasing

the inter-port distance. Fig. 3.11 gives such an optimized feed network.

2=700hm

Figure 3.11: Schematic of enhanced serial feed network

From Fig. 3.11 we can see that there are now 10 antenna units connected to
the main feed network. Numerous \,/4 TLs are used to adjust power division
between antenna units. The schematic is then simulated in ADS and the results are
given in Fig. 3.12. It can be seen that the 10 ports obtain power from main feed
line mainly in 5 grades which corresponds to the current distribution ratio similar
with the previous single side feeding network. The input port is well matched as
can be seen that, along the band ranges from 10.5-12.6 GHz the simulated S, is
lower than -10dB. The highest transmission coefficient is located at around 11.7
GHz where S, is as low as -26dB and more than 99.9% input power is distributed
through feed network.

Fig. 3.13 illustrates the antenna array layout transformed from the schematic

diagram, in which it can be seen that the antenna units are distributed on both sides
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Figure 3.12: Achieved S-parameters of proposed serial feed network

of the main feed line. In this array, even though the inter-element distance is fixed to
A, but the distance between adjacent monopole antenna units is only A\, /2. Antenna
units in each row have assigned with almost the same power level, the units in each
sub-array have also the same power level. In addition, with such feeding network,
units in each element have exactly a phase difference of 180 degree ()\,/2), which
is the basic requirement for CPW-fed monopole sub-array to obtain broadside radi-
ation.

With two-side arranging method, we are able to increase antenna element not
only by arranging more units in each branch (x direction), but also by duplicating
branch to get more columns in y direction. However, as column increases, to dis-
tribute input power into each branch and maintain reasonable sidelobe level in both

x and y directions become a new challenge.

Figure 3.13: Layout of two sides arrangement feeding network
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3.3.3 2D arrangement method

To solve the problem of distributing input power into each branch which consists
of numerous CPW-fed monopole antenna units to realize a real planar array, in this
section, two solutions will be introduced. One is equal-distribution network com-
posed of T-type power dividers, and the other one is unequal- distribution network
which applies Dolph-Chebyshev amplitude distribution again in y direction.

N
> Cascaded
- T-dividers

Figure 3.14: Photograph of 5x5 CPW-fed monopole antenna array fabricated in
"KEYUAN’ PCB factory of Shenzheng, CHINA

Equal-distribution network fed 5x5 array

As we all know that, by using 3dB T-junction power divider, it is able to obtain
balanced and in-phase power at the two output ports [88]. T-junction divider could
be cascaded therefore input power can be divided into more portions. In this man-
ner, 4 branches of CPW-fed antenna array should fed with 3 cascaded T-junction
dividers. A photo of realized antenna array which consists of 5 columns by 5 rows
of CPW-fed monopole sub-arrays is shown in Fig.3.14. In the photo, there are 4
central branches connected individually to the output ports of a 1-to-4 division net-
work, thus all the 25 elements could be excited simultaneously by the unique input
port.

However, along y-direction of such an equal-distribution array, RF power are
equally assigned to each branches, the achieved sidelobe level over this plane might
be exceptionally high (about 11dB less than the main beam). In this case, an

unequal-distribution feed network is required.
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Unequal-distribution network fed 3x12 array

As mentioned in previous section that, in a Dolph-Chebyshev array the sidelobe
level is controllable by adjusting current distribution ratio. In the proposed 5x5
array, this method has already been used in each column where the input power is
distributed to 10 units according to achieved current division ratio to obtain a -26dB
sidelobe level. In this manner, we can use Dolph-Chebyshev current distribution
method again to replace the proposed equal-distribution network so as to pursue
sidelobe level reduction in yoz plane. Fig. 3.15 illustrates a part of 3x12 CPW-fed
monopole antenna array, in which antenna elements are distributed at the two sides
of main feed line. In each branch, the number of antenna element is 12 and expected
to obtain a sidelobe level lower than -30dB, current division ratio is easy to obtain
with the Matlab program given in annex 2. It can be seen that numerous of \,/4
TL are used to adjust current division at each element node, and their impedances
are calculated according to the achieved current division ratio. Meanwhile, in this
photo, we can see that the four branches are connected to the central feed line. The
four branches can also be attributed as elements in Chebyshev array, and -30dB
sidelobe level is also required along the main feed line. At the central part, the main
feed line is then connected to a SMA connector, as the total and unique input and

output port.

Figure 3.15: Photograph of 3x12 CPW-fed monopole antenna array (part) fabricated
in 'PROTECNO GTID’ PCB factory of Brest, FRANCE

With 2-D arrangement method, CPW-fed monopole antenna element can be ar-
ranged in big planar array which its column and row numbers can both increase to
satisfy antenna gain. In this kind of array, Chebyshev current distribution method is
applied not only in columns but also in rows. Therefore, sidelobe level is expected
to be limited in both E and H planes.
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3.4 Results and discussion

As mentioned in previous section that, CPW-fed monopole antenna could be
made easily by using Printed Circuit Board technology, but the very high accuracy
(0.1mm) is strictly required as it impact on antenna performance significantly. The
proposed 5x5 CPW-fed monopole antenna array and 3x12 array are not able to be
made in our laboratory due to the difficulty of via hole metalization, therefore they
are both fabricated in PCB factories. As shown in Fig. 3.14 and Fig. 3.15.

The S-parameter measurements are carried out in our laboratory with a Vector
Network Analyzer Agilent E§364B and radiation measurement are carried out in
the anechoic chamber. Fig. 3.16 illustrates the measured S1; of 5x5 array and the

measured radiation pattern at 10.8GHz is given in Fig. 3.17.
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Figure 3.16: Measured reflection coefficient of CPW-fed monopole antenna 5x5
array

The measured return loss indicates that the realized array works ina VSW R <
2.5 band ranges from 8.5 GHz to 11.4GHz, which is obviously shifted from the
required band (10.7 - 12.7GHz). Due to this reason, the central frequency band
has not been well matched, where more than 15% RF power is reflected back to
the input port. Nevertheless, in the higher band start from 10.4 to 11.2 GHz the
antenna resonates well, especially at 10.8 GHz the measured return loss is as low as
-34dB. After verifying the design layout and realized antenna board, by looking at
Fig. 3.18. It can be seen that the slots and gaps between antenna patch and ground
plane are significantly enlarged, which impacts on impedance matching along wide
band. Simulations carried out in HFSS with measured dimensions indicates nar-
row bandwidth and mismatching happens at higher frequency band, as shown in
Fig.3.19.
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Figure 3.17: Measured radiation pattern of CPW-fed monopole antenna 5x5 array
at 10.8 GHz
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Figure 3.18: Fabricating tolerance between design layout and achieved antenna
board

Fig. 3.17 illustrates the measured radiation pattern of 5x5 array at 10.8 GHz as
this frequency point has the best resonance. It can be seen that the main beam is
not symmetric due to the unsymmetrical structure of antenna array which is shown
in Fig .3.14. At the right side of radiation pattern, -25dB sidelobe level is obtained
which matches well with the conception value (-26dB) in Dolph-Chebyshev array.
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Figure 3.19: comparison among simulation, measurement and simulated result with
measured dimensions

But at the left side of the radiation pattern, the main beam is very wide as no corre-
sponding Chebyshev array exists on this side.

The proposed 2-D arranged CPW-fed monopole 3x12 array has also been fabri-
cated in factory, the realized antenna broad is shown in Fig. 3.15. Nevertheless, we
have made some serious mistakes in the layout file (unwanted ground planes are in-
serted), the realized feed line impedance has been unexpectedly changed, therefore
the measured results are extremely bad and could not be given here. Most recently,

we have already a plan to realize this antenna again to test its performance.

3.5 Conclusion

In this chapter, a series of antenna arrays which apply CPW-fed monopole an-
tenna as element are introduced. Antenna element has firstly been arranged linearly
in a 1-D array and fed in serial. Then the planar arrangement method has been used
to place antenna element both in x-direction and y-direction. Dolph-Chebyshev
current distribution method has been used not only in assigning power to each el-
ement, but also in distributing power to each branch, to control sidelobe level both
in X and y direction. Measured results indicate the realized sidelobe level could be
effectively limited.

However, it is worth while noting that, as CPW-fed monopole antenna array be-
comes bigger using planar arrangement, more and more quarter-wavelength trans-
mission lines should be used. As we all know that \,/4 TL has narrow band char-
acteristic and it may impact on antenna performance. Nevertheless, if more studies

are carried out, the CPW-fed monopole antenna array with Dolph-Chebyshev mag-
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nitude distribution feed network is expected to have better performance.
Recall that the cross-type microstrip patch antenna has been introduced previ-
ously, its performances are attractive and pleasing. In the next chapter, we will

divert the focus on arrays which consists of such antenna element.



Cross-type antenna array

Cross-type antenna, as proposed in the second chapter, has some attractive per-
formances such as wide-band (10.0-14.7 GHz), dual-polarization (Horizontal and
vertical), high radiating efficiency, flat structure, low cost and low fabrication com-
plexity. The cross-type antenna can also be assumed as a sub-array as it comprises
several parasitical radiators thus its gain is relatively higher than single patch mi-
crostrip antenna. However, the achieved gain is still much less than the required
gain to stably receive satellite broadcasting signal. We have to find solutions to

effectively enlarge cross-type antenna gain and also directivity.

As mentioned in chapter I that the most effective method to increase antenna
gain is to duplicate antenna element and construct an array. In this chapter, we
would like to introduce step by step approaches to conceive cross-type antenna ar-
ray. The cross-type antenna element is firstly arranged linearly in a 1x4 array and
then in a 4x4 array with planar arrangement, which are introduced in section 1 and
2 separately. The corresponding feed networks is also presented in both kinds of ar-
ray. Meanwhile, a method of decrease cross-type antenna array inter-element space
by sharing patches between adjacent elements will be discussed. This method has
been applied both in linear and planar arrays. To increase isolation between two
feed ports, in the third section, a method of integrating both horizontal and vertical
feed network in the same structure but in different layers with the very up-to-date
multi-layer technique will be introduced. Finally in the fourth section, conclusion

will be given.

67
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4.1 1-D linearly arranged cross-type antenna array

Although the single element cross-type antenna has a relatively high gain, but
its profile is as high as 0.94)\, (Table. 2.5), which is quite close to the wavelength
respect to central frequency of operation band. Thus even if we take no account
of interaction between elements and arrange this kind of antenna one by one, the
inter-element distance remains still high.

As we all know that the inter-element distance is extremely important as it af-
fects the broadside gain, the sidelobe level, and the cross polarization discrimination
[89]. Generally, the inter-element distance should be chosen less than wavelength
to avoid grating lobes but more than half wavelength to decrease correlation coeffi-
cient [82]. To solve this problem, Shi-Gang et al. have proposed an aperture shared
antenna array in [90] and [91]. The proposed array is reported to have overall size
and weight reduced by using aperture sharing method. In [92], Kainan et al. have
emphasized the element also act as a reflector in a switched parasitic antenna array
and achieved inter-element distance reduced.

In the case of using proposed cross-type antenna which comprises several para-
sitic patches as array element, we propose a method of arranging antenna element
one after another and separated by narrow gaps. An experimental array which is
composed of 4 cross-type antenna elements and arranged linearly using this tech-

nique will be introduced in this section.

4.1.1 1x4 cross-type antenna array conception

Fig. 4.1 illustrates the conception of linearly arranged 1x4 cross-type antenna
array. It can be seen that each element in this 1x4 array shares one patch with ad-
jacent element. These patches of deep color in this figure, which are called shared
patches, play important roles in connecting contiguous elements. RF power which is
provided from coaxial cable and coupled by thin gaps arrives at shared patches with
different phase, due to unequal distances from contiguous feeding ports. Therefore
the integrated electro-magnetic field on shared patches does not equal to zero. It is
worth noting that, all the patches are designed to have the same width calculated
according to center frequency of Ku-band. Thus the shared patches can also res-
onate and emit microwave as the other patches and contribute to wider bandwidth
and higher radiation level.

Simulated S-parameters of 1x4 array are depicted in Fig. 4.2 while the four
horizontal ports H1 to H4 are fed separately. It can be found that the bandwidths of
the four elements in the linear array match very well and they are almost the same
with the bandwidth of individual cross-type antenna (Fig. 2.31). The simulated

return losses are similar at lower band but vary slightly as the operating frequency
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Figure 4.1: Topology of 1D linearly arranged cross-type antenna array
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goes higher. This can be explained as the gaps become more sensitive at higher

frequency. In such a linear array, only the horizontal arm of each element has patch

shared. The vertical arms are separated from each other, therefore simulated return

losses of vertical ports are totally similar with single element.
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Figure 4.2: Simulated return losses of antenna units in 1x4 array

4.1.2 Patch sharing technique

As can be seen from Fig. 4.1 that, the patches in deep color are now shared by

adjacent elements. The equivalent element could then be assumed as the prototype

illustrated in Fig. 4.3. The horizontal arm is composed of only 3 patches while

the vertical arm does not change. The inter-element distance w in Fig. 4.1 is now

quite smaller than the width of a single antenna. In this manner, the linear array

could be increased by arranging more equivalent units in the horizontal direction.

The method of arranging antenna array by sharing one patch of its element to de-

crease inter-element distance is called patch sharing technique, and to the best of our

knowledge, this technique is the first time proposed in antenna array arrangement

and is introduced detailedly in [93].
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Patch sharing technique could be applied to the cases of decreasing inter-element
distance in antenna array whose element uses parasitic patches to expand antenna
band.

0
D] = DF
= E

‘ shared

patch

single element equivalent unit
in 1D array

Figure 4.3: Equivalent unit in 1D arranged array

As mentioned previously that the single element cross-type antenna has a profile
of 0.94 )\, as patch sharing technique is used in the linear array, the inter-element
distance is as low as 0.7)\g. As can be seen from simulated S-parameters (Fig. 4.2)
that decreasing on inter-element distance does not impact on return loss of each

element in the linearly arranged cross-type antenna array.

4.1.3 1x4 array feeding network

The proposed 1x4 linear array has in fact 4 horizontal ports and 4 vertical ports.
These ports should be connected into two separate networks so as to maintain dual-
polarization performance. Fig. 4.4 presents a simple method to excite the 1x4 array.
We firstly consider the horizontal feed network for example. It can be seen that three
T-junction dividers are used in this network to equally distribute HF power from port
1 to the 4 terminals whose impedances have already been matched to each antenna
input port.

In such a feed network, both trapezoid and quarter-wavelength transmission
lines are used for impedance matching at each T-junction dividers. As we all
know that, trapezoid line can match a high impedance at the thin terminal to low
impedance at the thick terminal in a wide band if its length is long enough. Whereas
quarter-wavelength line applies to the same function, its impedance is the square
root of impedance product of two terminals and its length is quarter guided wave-
length as its name. However it is a kind of narrow band component. As the dedi-
cated space is too narrow to develop trapezoid TL at the second grade, only the first
grade applies trapezoid TLs. The second grade dividers apply quarter-wavelength
TL, as shown in Fig. 4.4 .
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Figure 4.4: Feeding networks for 1x4 array

It is worth noting that, each divider used in this kind of feed network has average
power distribution and all the terminals are with the same length. Therefore each

antenna element obtains power with the same magnitude and in phase.

4.1.4 Results and discussion

The proposed 1x4 array and feed network are realized in our laboratory. The
antenna array is printed on a substrate with dielectric constant 2.55 and thickness
1.524mm while the feed network is printed on the same substrate but with thickness
0.8mm. The feed board is located under antenna board, metallic probes with diam-
eter 0.6mm are used to connect antenna input ports to feed network terminals. Port
1 and port 2 in Fig. 4.4 are finally connected with SMA connectors, measurements
are carried out within the two main ports.

Fig. 4.5 illustrates the measured S-parameters of proposed 1x4 array. It can
be seen that the impedance bandwidths obtained at port 1 and port 2 cover the
required band which ranges from 10.7-12.7 GHz. However, the horizontal arms
in the linear array have adopted patch sharing while the vertical arm don’t, so the
return losses measured at port 1 and port 2 are not similar. The port 1 has a -
10dB impedance bandwidth from 10.2GHz to 12.8GHz and at port 2 it is from
10.2GHz to 14.0GHz. The deepest resonance measured at port 2 is at 12.35GHz
where the return loss is as low as -37dB. The dotted curve in this figure depicts the
transmission coefficient from port 1 to port 2, which indicates the isolation between
the two ports maintains better than 20dB at the lower frequency band. As frequency

goes higher, the transmission coefficient rises rapidly, thus the isolation becomes
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worse than 18dB at the higher frequency band but remains acceptable.
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Figure 4.5: Measured S-parameters of 1x4 array

Measured radiation patterns are presented in Fig. 4.6 and 4.7 which are carried
out at 10.56GHz and 11.68GHz. Fig. 4.6 illustrates the measured directivity when
port 1 is excited and port 2 is connected with a matched load. At each frequency,
we can obviously see a main beam at the broadside direction. Meanwhile each
main beam has a HPBW about 20°. At 10.56GHz, the measured cross-polarization
is about 20dB lower than co-polarization and sidelobe level is 13dB lower than
the main beam, while at 11.68 GHz the cross-polarization increases a few dB and
sidelobe rises at the left side as operating frequency becomes higher. The back
radiation level depicted in both patterns can be found very high due to the exposed
microstrip feed line at rearward.

When port 2 is excited and port 1 is loaded, the measured directivities are shown
in Fig. 4.7. The main lobe can also be seen at each pattern which is close to the
broadside direction, but when compared with the measured radiation patterns at
port 1, it can be seen obvious sidelobes exist at both sides, even more the cross-
polarization increases a few dB.

Fig. 4.8 depicts the measured polarization isolation when the linear array is
loaded on a motor which turns in the vertical plane (array turns along angle phi)
and port H and port V are excited separately. It can be seen that the cross-type
antenna array has very high quality linear polarizations, the two linear polarizations

are very well isolated that better than 20dB isolation could be observed.

Conclusion

Till now, we have successfully achieved a linear array which consists of 4 cross-

type antenna elements. In the proposed array, the inter-element distance is opti-
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Figure 4.6: Measured radiation patterns while Horizontal ports are excited
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Figure 4.7: Measured radiation patterns while Vertical ports are excited
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Figure 4.8: Measured polarization isolation

mized to only 0.7\ using patch sharing technique, although a single cross-type an-
tenna has a dimension of 0.94)\,. Both simulation and measurement indicate that the
required band could be obtained with such a linear arrangement method. Measured
radiation patterns show that the array has an integrated narrower main lobe com-
pare to single element due to the array factor. Both sidelobe and cross-polarization
could be limited below -15dB with only 4 elements in this array. However, simu-
lated result indicates that the gain of such a linear arranged array is only 12.5dBi,
which is only about 3dB higher compare to single cross-type antenna even if an-
tenna number increases four times in this array. That’s because the total number
of radiators has not been increased four times as patch sharing technique is used.
To increase cross-type antenna array gain much bigger, we have to find solutions to
arrange more antenna elements. The 2-D arrangement method is thus introduced in

the coming section.

4.2 2-D planar arranged cross-type antenna array

In the last section, the 1-D linearly arranged cross-type antenna array has pro-
vided us higher gain, narrower beam and better directivity performances. By using
patch sharing technique, the inter-element distance can be decreased to 0.7, an-
tenna array becomes smaller and more compact. In this section, the 1-D arrange-
ment method is extended to planar application to realize a 2-D array. Experimental

antenna array structure, feed network and measured results are given.
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4.2.1 Topology of 2-D array

In the linear array as shown in Fig. 4.1, the horizontal arms are connected one
by one and the patch in deep color is shared by two adjacent elements therefore
the inter-element distance could be decreased effectively. In this manner, we can
extend this method to a 2-D arranged array, in which antenna element are placed

along both x-axis and y-axis (like the planar CPW-fed monopole antenna array).

DD
(mln)

Figure 4.9: Topology of 2-D arranged cross-type antenna array

Fig. 4.9 gives the topology of 2-D arranged array. In such an array one can see
that cross-type antenna element is placed not only along its horizontal arm but also
along the vertical arm, and patch sharing technique is then used in both directions.
It can be found shared patches in deep color on x and y axis. In this case, the
inter-element distance in such a planar array can maintain 0.7\, with respect to
the central operating frequency. Probably we can say that the equivalent unit in
such 2-D arranged array is alike the simplified shape as depicted in Fig. 4.10. In
this manner, using 2-D arrangement method, cross-type antenna array is able to be
extended to big array which consists of large quantity of elements, so as to obtain
higher gain. Here we present an experimental planar array which is composed of 16
cross-type antenna elements and is arranged in the form of 4x4, by looking at Fig.
4.11.

The realized 2-D arranged planar array shown in Fig.4.11 is composed of 16
elements, and each element is dual-polarized. Therefore, the total number of feed-

ing port is 32, and located in a small area of 78.4mm in square. The complexity of
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Figure 4.10: Equivalent unit in 2-D arranged array.

Figure 4.11: Realized 4x4 cross-type antenna array using 2-D arrangement

feeding such an array is really a great challenge. Due to this reason, we would like
to firstly realize a single polarization excitation and then extend to the dual polar-
izations. The method of isolation enhancement will also be discussed in the coming

sections.

4.2.2 Circuit configuration of 4x4 array feed network using T-

Jjunction divider

As mentioned before in section 4.1.3 that the linearly arranged 1x4 array net-
work is realized with microstrip transmission line, in which quarter guided wave-
length TL and trapezoid TL are used to match impedance at each T-junction. With

such a parallel feed network, elements in the array are assigned with equal-magnitude
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Figure 4.12: Half upper part of 4x4 array feeding network

and in-phase power. The 1x4 array is thus able to obtain sufficient bandwidth and
obvious increment on gain. To extend this method, an enhanced feeding network is
designed for the proposed 4x4 array and is illustrated in Fig. 4.12.

It can be seen in this feed network that, all 16 terminals are enrolled in the same
circuit and each terminal has its impedance matched with antenna element input
port. Several T-junction (or Y-type) power dividers are used in cascaded mode to
equally distribute power from input port to each terminal. More over, quantities of
quarter guided wavelength TLs are applied to match impedances at each T-junction.
In this figure, Zy, Z, and Z;,, are 50 ohm, Z; is 70.7ohm, Z;, is 100ohm. In this
manner, it is worth noting that, the feed network can be enlarged to enroll more
terminals so as to satisfy the increment of antenna array elements.

The proposed microstrip transmission line feed network is easily realized on a
TEFLON substrate using printed circuit technique. The feed board is then placed at
the bottom of antenna board, probes are used here to connect feed network terminals
to antenna element input ports. The entire structure has been measured and the re-
sult is given in Fig. 4.13. One can see the strong resonance exists around the central
operating frequency (11.7GHz) and the achieved VSW R < 2 bandwidth ranges
from 11.2GHz to 12.1GHz. However, outside this frequency band impedance mis-
match could be clearly seen. The required bandwidth could not be achieved with
the proposed feed network.

Let’s recall that in the linear array feed network (Fig. 4.5), the achieved band-
width is decreased when comparing to single cross-type antenna (Fig. 2.31) by
using several T-junction dividers and quarter guided wavelength TLs, which are
known as narrow band components. In the 4x4 array feed network, much more
such components are used, therefore the achieved bandwidth has been decreased
significantly.

Measurement indicates that the proposed microstrip line feeding network with
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Figure 4.13: Measured return loss of 4x4 array with narrow band feeding network

T-junction and quarter guided wavelength can not satisfy required wideband appli-
cations. So we have to find substitute components which are specially for wideband
use to take place of the proposed components. In the next subsection, another kind
of wideband feed network designed for planar cross-type antenna array will be in-

troduced.

4.2.3 Circuit configuration of 4x4 array feed network using Wilkin-

son divider

In the last section, the 4x4 cross-type antenna array feed network constructed
with T-junction dividers and quarter guided wavelength TLs has been studied and
found narrow band. Several other kinds of feed network have been studied, either
serial [94, 95] or parallel [96, 97] or serial-parallel mixed [98] feed network have
been adopted to feed our 4x4 array, but the bandwidth is still hard to obtain. In
[99-101], feed networks composed of cascaded Wilkinson dividers are used to feed
wideband even ultra wideband antenna arrays, good performances are reported to
obtained. In this section, we would like to introduce such kind of Wilkinson feed

network designed for the cross-type 4x4 antenna array.

Single Wilkinson divider

As is known to us all, Wilkinson power divider is a power splitter/combiner
which has been widely used in microwave applications. The conventional two-way
Wilkinson equant-power divider is a lossless three-port matched network. Input
power can be split into two in-phase signals with the same amplitude [102—-104].

Fig. 4.14 shows the geometry of a Wilkinson divider, in which, the impedances
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have relations as follows,

Zy =2y = Z3
Zy =27, (4.1)
R == 2Z2

and as it is an equant and lossless divider, power received at port 2 and port 3

have the same level and equals a half of input power, as depicted in Equ. 4.2.
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Figure 4.14: Wilkinson divider with Figure 4.15: Comparisons of Wilkinson
stripline and T-junction dividers

Wilkinson divider is able to offer reasonably wide bandwidth even if it is based
around the use of quarter wave transmission lines. Fig. 4.15 illustrates the com-
parisons between Wilkinson and T-junction power dividers. It can be seen that
Wilkinson divider has better reflection coefficient along a wide bandwidth and its

transmission coefficient is also a little bit higher than T-junction divider.

Cascaded Wilkinson dividers

A cascaded Wilkinson network with multi-output ports is shown in Fig. 4.16
and its simulated S-parameters are illustrated in Fig. 4.17. Obviously it can be seen
that the central resonance which exists in single Wilkinson divider Si; is divided
into two resonances and are located at both sides. Wide bandwidth could still be
achieved even with cascaded Wilkinson dividers. More over, the return loss of cas-
caded network becomes more smooth along bandwidth compare to single divider,
power division is also very stable in achieved band. To sum up, simulation indi-
cates that Wilkinson power divider is a good choice of the corporate-fed network

for antenna array.
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Wilkinson divider

4x4 array feed network using cascaded Wilkinson dividers

Fig. 4.18 illustrates the circuit configuration of 4x4 cross-type antenna array
feed network using Wilkinson power dividers. It can be seen that quantities of
equant-division Wilkinson dividers are used in cascaded mode, and all the 16 ports
in the same polarization (16 ports for horizontal polarization and another 16 ports
for vertical polarization, only one polarization network is shown here ) are con-
nected in one network. Power from input port could be split into 16 ports with the
same magnitude and in-phase, when the array works in emitting mode. While in re-
ceiving mode, Wilkinson components work as combiners, signals received by each

antenna element will be combined and presented at the output port.

P3a

input / output port

To P9-P16

Figure 4.18: Half upper part of 4x4 array feeding network with wilkinson dividers

It is worth noting that, all the feed lines and impedance converters in the pro-
posed Wilkinson network (Fig.4.18) are designed with strip line technology. Strip
line is a kind of transmission lines like microstrip line, while the conductor is sand-
wiched by dielectric between a pair of ground planes. Comparing to microstrip line,

strip line has less losses and thinner line width and it is also a non-dispersive line.
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Transmission line radiation could also be limited by top and bottom ground planes.
More over, strip line format affords more isolation between adjacent traces[105,
106].

4.2.4 Results and discussion

The proposed cross-type 4x4 antenna array fed by cascaded Wilkinson power
divider network shown in Fig.4.18 has been realized. Similar with proposed feed
network composed of T-junction dividers, the Wilkinson feed board is still placed
at the bottom of antenna board and numerous of probes are used to connect antenna
ports and feed network terminals. In addition, to maintain good isolation between
terminals of Wilkinson dividers, surface mounted metal-film resistors (light-colored
rectangle) are connected at output arms of each divider. The resistance R of each
resistor here is 100 ohm.

Measurements are then carried out. Fig.4.19 gives the measured return loss of
proposed antenna array fed with Wilkinson feed network. Very wide S1; < —10dB
impedance bandwidth could be observed in this figure, which ranges from 10.2GHz
- 13.3GHz. Especially at around 10.8GHz, the measured S;; is found lower than
-31dB which indicates very less power is reflected back to the main input port. The
achieved band covers the band (10.7 - 12.7GHz) which satisfies the requirement of

receiving all the DBS satellites signals.
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Figure 4.19: Measured return loss of 4x4 array fed by multilayer Wilkinson network

Measured radiation patterns of proposed 4x4 cross-type antenna array fed with
Wilkinson network are shown in Fig.4.20. Obviously it can be seen the broadside
main beams which are much higher than the other lobes. Sidelobe level is obtained
13 dB at both measured frequency. Cross-polarization can be observed 15dB lower
than co-polarization at 11.04GHz and 18dB at 11.6GHz.
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Figure 4.20: Measured radiation patterns of 4x4 array (solid: co-polarization,
dashed: cross-polarization)

As strip line technology is used in the Wilkinson divider constituted feed net-
work, RF power is effectively limited between the pair of ground planes, thus the
back radiation could be significantly decreased. The Front-to-Back Ratio (FBR) in
Fig.4.20 is therefore found much higher than that of the array fed with microstrip
network shown in Fig.4.6 and Fig.4.7.

4.2.5 Conclusion

In this section, cross-type antenna element is arranged into a planar array using
2-D patch sharing technique. Shared patches are able to serve adjacent elements
and contribute to the entire impedance bandwidth of array. In such a 2-D array, the
inter-element distance is limited to only 0.7\ which is even lower than the profile of
single cross-type antenna. An experimental 4x4 array is designed and two kinds of
network are introduced to feed the proposed array, which are the T-junction divider
constituted feed network using microstrip line technology and the Wilkinson divider
constituted feed network using strip line technology. Measured results indicates
that T-junction divider constituted feed network suffers limited bandwidth and very
high back radiation, while using Wilkinson divider constituted strip line network the
required wideband is achieved and relatively high FBR is also obtained. Till now,
we have successfully achieved a kind of array which provides sufficient bandwidth
and which could be enlarged in infinite plane to obtain high gain. More over, this
kind of antenna has flat structure with thickness only 3.2mm.

As mentioned before that dual-polarization is a necessary requirement, the pro-

posed cross-type antenna array has also dual-polarization behavior. However, the
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feed networks introduced in this section can only excite one of the two polariza-
tions at the same time. In addition, resistors mounted on Wilkinson dividers have
a thickness that insert air gaps when we tried to realize the strip line structure,
which increase fabricating complexity and unstable factors to such feed network.
In the next section, the multilayer structure with thin film resistor technology will

be adopted to solve these problems.

4.3 Multilayer conception with thin film resistor tech-

nology

Cross-type antenna array feed networks proposed in the last section are not able
to excite both polarizations at the same time when antenna elements are arranged
in 2-D array. The two parallel feed networks will surely have quantities of inter-
sections if designed on the same layer. With strip line technology, feed network
is protected by a pair of ground planes, which provides us ideas of using stacked
strip line to design the dual-polarization feed network. However, this method in-
creases fabrication complexity, lumped elements are also difficult to place in such
conception.

In this section, we would like to introduce a very up-to-date multilayer PCB
technology with thin film resistor electroplating technique, which is able to real-
ize stacked strip line feed network with good isolation and very thin resistor on
each Wilkinson divider without soldering. Dual-polarization behavior of cross-type

antenna array is thus easily obtained.

4.3.1 Geometry of multilayer PCB technology

—ground plane
cond 1 /RN ~resistive layer 1
(17um) " | substrate substrate 1 500 um 3
—— feed network H
TICER\ substrate S ~»groundplane
(80nm) substrate 2 Probe 500 um I
glue
cond 2 (R °
(17um) | _substrate —resistive layer 2
substrate substrate 3 500 um feed network V'
cond 3
(17um) "~ —ground plane
substrate 4 Probe 500 um

Figure 4.21: Topology of Multilayer PCB technique

Fig.4.21 illustrates the configuration of proposed multilayer PCB technology. It
can be seen 6 conductive layers in this structure, which are separated by 4 dielectrics
with thickness 500um. The top three conductive layers construct the horizontal

strip line feed board, in which the Wilkinson dividers are distributed on the central
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layer. A resistive film is tightly electroplated on the central conductive layer. Very
thin resistors (80nm) are realized between the two output arms of each Wilkinson
divider. The resistance is determined by the length (L) and width (W) of resistive

ﬁlm, as the following equation depicts,
— k —— .
0 W onm 4

Where R is the resistance square equal to 25 €2 according to TICER PCB technol-
ogy. As 100 ohm resistors are required, we just need to maintain the length to width
ratio equal to 4 in this design.

In this structure, metallic Via holes act as probes are used to connect feed net-
work and antenna elements, which has decreased the fabrication complexity. Such
via holes are also used to connect strip line feed network to the main input and
output port on one of the two ground planes.

Similar with horizontal feed network, the vertical feed network is placed on
the fifth conductive layer while the fourth and sixth layer act as ground planes.
Vertical feed board is located below the horizontal board, long via holes are used to
connect the network to antenna element vertical ports. These probes are virtualized
as coaxial cables where numerous small via holes act as the outer conductors and
probes act as inner conductors, as shown in Fig.4.22. With this kind of structure,
the two feed network will not impact on each other even if probes passed by one of

the feed boards. Isolation between dual polarizations is expected to be enhanced.

4.3.2 Results and discussion

Fig. 4.23 gives the measured results of isolation between horizontal polarization
port and vertical polarization port of cross-type antenna 4x4 array using proposed
multilayer feed network. Very good isolation can be found in this figure when
working frequency is lower than 11.7GHz (solid curve with circular flags), where
transmission coefficient from port 1 (horizontal port) to port 2 (vertical port) is lower
than -30dB. As frequency goes higher, S5 increases rapidly but in our required band
from 10.7GHz to 12.7GHz, the isolation is always lower than -20dB. Comparing to
single cross-type antenna, whose isolation is found as high as -16dB along working
band, we can say that the method of using multilayer PCB technology is able to

optimize significantly the ports isolation of cross-type antenna array.

4.3.3 Summary

In this section, cross-type antenna array dual-polarization feed network real-

ized with multilayer PCB technology and electroplating thin film resistor technique
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To horiontal port

Figure 4.22: Feeding network with Wilkinson dividers for 4x4 array

is introduced. The given geometry and measured results indicate that, with such
structure, not only fabricating complexity could be decreased, but also polarization

isolation could be enhanced.

4.4 Conclusion

In this chapter, cross-type antenna has firstly been arranged linearly in a 1-D
array and then extended to 2-D array with planar arrangement. Patch sharing tech-
nique is used in the two kinds of arrays, inter-element distance has been successfully
decreased from 0.94 ), to only 0.7)¢. Accompanying feed networks for 1-D array
and 2-D array are also introduced. The feed network consists of T-junction dividers
is found not able to provide sufficient impedance bandwidth therefore an optimized
feed network consists of Wilkinson dividers is then introduced. With such a feed
network, the cross-type antenna array operates well in the required band, very good
resonating could be observed from the measured results. To obtain dual-polarization
performance, a very up-to-date multilayer PCB technology with thin resistive film
layer has been adopted to design the feed network of proposed antenna array. Isola-
tion enhancement is obtained. More over, the cross-type antenna array with multi-
layer feed network has strictly flat structure whose entire thickness is only 3.6mm.
Till now, we have successfully achieved a flat antenna which operates in the band

covers 10.7GHz to 12.7GHz with horizontal polarization and vertical polarization.
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Figure 4.23: Comparison of Isolation between 4x4 array and single element

This kind of antenna can be enlarged by increasing the number of elements in infi-
nite plane, 29dBi gain is expected to obtain.

As proposed previously, in our project, the required antenna is expected to
search and focus on satellite automatically, its main beam should be steerable in
sufficient angles. In the next chapter, we would like to look forward introducing
a phased array based on the proposed cross-type antenna array, whose main beam

shift performance will be presented.



Cross-type antenna array beam

adjustment

In the last chapter, the cross-type antenna arrays and corresponding feed net-
works are introduced. Using patch sharing technique, antenna array can not only
be arranged in line but also in infinite plane with the inter-element distance of only
0.7)g. Furthermore, as shown in previous chapter, the proposed cross-type antenna
array has achieved sufficient bandwidth which covers the desired band. With en-
hanced multilayer PCB technology with thin resistive film layer, horizontal feed
network and vertical feed network are able to be realized in the same structure
with good isolation, thus dual-polarization performance is also obtained for cross-
type antenna array. However, to realize required beam steerable performance, more

studies should be carried out.

In this chapter, we would like to firstly briefly introduce the theory of phased
array in the first section. And then in the second section, the methods of realizing
fixed beam shift on experimental cross-type antenna arrays will be presented. For
the reason of decreasing side radiation of experimental array, the beam gathering
technique is then introduced in the third section. In section IV, two kinds of voltage-
controlled phase shifters will be presented and the topology of beam electronically

steerable cross-type array will be given.

87
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5.1 Phased array theory

To realize a main beam steerable antenna, we would like to start with the theory
of phased array antenna.

Fig.5.1 illustrates the topology of a 1-D arranged array, which consists of N ele-
ment with constant inter-element distance d. In the far field, considering an incident
wave along the direction ¢ with respect to Z-axis, it can be inferred from Fig.5.1 that
this wave is delayed on each element due to the geometrical element distribution.

The phase difference ¢ of adjacent elements is then expressed according to:

Y = kdsinf (5.1)

where k = 27/ is the wave number in the medium where the field is propagating.
In the case of phased array antenna, the phase difference between k and k-1 elements

is then modified by introducing an electrical delay ¢

Aty = oy — by = kdsind + ¢ (5.2)

where ¢ is the electrical phase difference of element £ compared to element k-1. If
we consider a homogeneous array consisted in equi-space element, it is then possi-
ble to fully synchronize the incident wave from 6 direction by setting the electrical
delay ¢ = —kdsinf.

equiphase surface A Z

LA L

Figure 5.1: Phased array theory

Generally, the electrical phase delay ¢ in phased array is achieved by inserting
phase shifting which cancels out the electrical phase difference ¢ between adjacent
elements. In this case, all the elements in phased array could be assumed to be
located on the equiphase surface which slants at a angle of # respect to antenna array
surface, as depicted in Fig.5.1. In this manner, incident signal from 6 direction could

be received by each element in the array and combined in-phase. In other words, we
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can say that the main beam of antenna is steered ¢ degrees respect to the broadside

direction.

To achieve a beam steerable array and to study its beam steering ability, we
propose a method of inserting fixed phase shifting in experimental antenna arrays.
In the coming sections, the previously proposed 1-D and 2-D arranged cross-type
antenna array with fixed phase shifted network will be introduced. Their beam

steering behaviors will be studied and discussed.

5.2 Cross-type antenna phased array

In this section, the proposed 1x4 and 4x4 cross-type antenna arrays will be fed
with fixed phase difference networks, in order to find their beam steering abilities.
The fixed phase difference feed network can be directly printed on substrate, there-

fore no additional costs is needed comparing to in-phase feed network.

5.2.1 1x4 linear cross-type antenna phased array

The cross-type 1x4 linear array has already been introduced in chapter 4, which
is composed of 4 dual-polarized elements and the inter-element spacing is obtained
0.7 using patch sharing technique. An in-phase and balanced power division net-
work has been applied to feed this array, as shown in Fig.4.4. In such a network, hor-
izontal ports and vertical ports are fed separately. Each sub-ports in their network
gets RF power in the same magnitude as balanced T-type power dividers are used.
Several quarter-wavelength microstrip lines are applied between Z, (Impedance of
terminals, as also shown in Fig.5.2) and T-type dividers for impedance matching
in a narrow band. To minimize the limitation to bandwidth of quarter-wavelength
microstrip lines, tapered lines are therefore used to continuously convert impedance

from Z, to Z, along wideband.

To realize a beam switchable array, elements in the array should theoretically be
fed with equal-difference phase shifts. A simple way to have such phase difference

is to control the length of feed line, which its electrical length is expressed as below:
0 = pBl (5.3)

where [ is the length of microstrip feed line, and f is its associated propagation

constant which is expressed as:

f=— (5.4)
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Fortrd

Port V4|

First stage

Second stage

Figure 5.2: 1x4 Phased array with fixed phase difference

The Guided wavelength )\, is known as:

C

f\/Eerr

gefs 1s the effective permittivity of the waveguide line in the TEM and quasi-

(5.5)

TEM mode approximation. Taking the central frequency of our required band
f=11.7GHz into Equ.5.5, the guided wavelength is achieved about 17.56mm ac-
cording to material properties and configuration.

It can be inferred from Equ.5.3 that phase varies directly as length of microstrip
line changes, with operating frequency being constant. It is possible to obtain phase
differences by controlling the feed line length between adjacent element in array.
According to this theory, a simple phase-shifting network is thus designed, as shown
in Fig. 5.2. Such a feed network is able to supply an equal-different phase shift to
each element in the 1x4 array. Taking the horizontal feeding network as an example,
the first stage T-dividers shift a length of a(in mm), the adjacent ports in the array
should have a feed line length difference of 2a and phase shift of 6; = 2a * 27/ ),.
The second stage T-divider shifts a length of 2a and phase shift of 6, = 4a * 27/ \,.
Therefore in this 1x4 array, phase distribution could be expressed as in Tab.5.1. It
can be seen that, both in horizontal and vertical feed network, elements in the array
have the same equi-phase shifting of 2a * 27 /\,.

This feed network has been realized and measured in our laboratory with the
proposed linearly arranged cross-type 1x4 array. Very good resonance could be
observed on the measured S-parameters as shown in Fig. 5.3. About 27% relative
bandwidth on port H and more than 34% on port V are observed. The inter-port
isolation is always higher than 18dB along our required band. Comparing to the

measured results of in-phase feed network, it can be seen that the phase shifting
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Table 5.1: Phase distribution of 1x4 array.

Horizontal ports Vertical ports
Port H1 7 Port VI 6+ 6a *27/\,
PortH2 6+ 2ax27/\, Port V2 6+ 4dax21/)\,

Port H3 6 +4ax2n/\;, Port V3 60+ 2ax2m/),
Port H4 6+ 6a *27/)\, Port V4 6

in such a network does not disturb antenna resonance too much, in contract, the

resonances become better.
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phased array

Radiation characteristic of 1x4 phased array fed by equal-phase shift network

is measured in the anechoic chamber and the results compared with in-phase 1x4
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array are illustrated in Fig.5.4 and Fig.5.5. Very good radiation performances could
be observed both at H-port and V-port, the main beams are found at the broadside
direction and are obviously higher than other lobes. More over, beam shifting can
be observed at each pattern, about 5° beam shifting can be found at vertical port
both in 10.56GHz and 11.68GHz, and more than 15° beam shifting can be found
at horizontal port. Quite different beam shifting abilities are obtained at the two
polarizations of experimental antenna array. This result seems quite weird as equal

phase differences are applied on its dual feed networks.

10.56GHz 11.68GHz

) [
HbSEbOEbDaEr®d
e

Figure 5.4: Measured radiation patterns at Horizontal port. (Solid: in-phase,
dashed: phase shift)

An explanation of this is, the 1x4 antenna array does not present the same topol-
ogy in vertical polarization,. comparing with horizontal polarization topology pre-
sented at the bottom of Fig.5.4, the vertical polarization (shown at the bottom of
Fig.5.5) is consisted of four antenna elements which are located individually, the
inter-element distance is 0.7\, without any shared patch. Although the horizontal
polarization is consisted with the same number of antenna elements and with the
same inter-element distance, but some patches are shared by two adjacent elements,
phase shifting between two elements might be subdivided and becomes more con-
tiguous and smooth. According to measured radiation patterns, we can say that,
beam shifting angle could be enlarged with patch sharing technique in antenna ar-
ray. To prove this, we propose to realize a two dimensional 4x4 array, which is the

main purpose of the next section.
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Figure 5.5: Measured radiation patterns at Vertical port. (Solid: in-phase, dashed:
phase shift)

5.2.2 4x4 planar cross-type antenna phased array

In the last section, beam steering has been obtained on 1x4 cross-type antenna
array when a fixed phase shifting is applied in the feed networks. About 15° beam
shift on horizontal polarization is observed, which is much more than that on ver-
tical port cause patch sharing technique is used. In this manner, we can extend
this method to the 4x4 cross-type antenna array, in which patch sharing technique
has been used both on horizontal polarization and vertical polarization. Big beam

steering angle is expected to obtain on the two ports with quite the same behaviors.

In this section, we would like to focus on single plane (either xoz plane or yoz
plane) beam steering performance to simplify the feed network conception, even if

2-D arranged array is used.

Fig.5.6 illustrates a fixed equal-different phase shifting network for 4x4 phased
array cross-type antenna, which is based on the original in-phase feed network as
shown in Fig.4.18. In this feed network, the locations of Wilkinson dividers are
shifted a (mm) to —z direction, therefore adjacent horizontal ports have a fixed
phase difference of 2a * 27/ \,, and beam shifting in xoz plane is expected. In each
column, antenna elements are in phase, thus no beam shifting in yoz plane. This
kind of feed network has been fabricated and used to feed the dual polarizations of

cross-type antenna 4x4 array, measured radiation patterns are shown in Fig.5.7. As
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input/output

Figure 5.6: Fixed phase shift network (half upper part)
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Figure 5.7: Beam steering with fixed phase shift (Solid: in-phase, dashed: phase
shift)

the two polarization are totally symmetric, their radiation performances are almost

the same, so here we give only the radiation patterns of vertical polarization.

From Fig.5.7, it can be seen obviously beam shifting in the measured radiation
patterns. The dashed curves indicate the radiation of 4x4 cross-type antenna array
when the proposed fixed phase shifting network is used, while the solid one corre-
sponds to the in-phase case. The main beams are steered more than 15° with re-
spect to the normal direction at both measured frequencies. Comparing to the beam
shifting angle of vertical polarization of 1x4 phased array which is only about 5°,
improvement is obviously seen as patch sharing technique has been carried out in
this polarization. These results are consistent with those observed with the previous

1x4 array.
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5.2.3 Conclusion

For the application of reception of Ku-band satellite direct broadcast, a dual-
polarized and beam switchable patch antenna array is studied and introduced in
this section. The proposed array is formed with cross-type antenna unit cell and
fed by a phase variable power division network. By tuning the length of paths in
the feeding network, equal-different phase shift takes place among units. There-
fore beam-shifting could be obviously observed on the measured radiation patterns,
which indicates that the main beam of the proposed array is switchable as expected.
It is worth while noting that, as patch sharing technique is used in the array ar-
rangement, not only the inter-element distance is significantly decreased but also
the beam-shifting angle is distinctly enlarged in the case of same phase-shifting.

However, with such fixed phase shifting network, the main beam can only be
switched from broadside direction to a fixed angle. A beam continuously steerable
phased array is expected. In the coming section, we would like to introduce such
arrays integrated with voltage-controlled phase shifters which are able to supply

continuous phase shifting.

5.3 Beam continuously steerable array

Although beam shifting has been obtained for cross-type antenna array by re-
alizing fixed equal-different phase in the feed network, but the beam shifting angle
is not continuously steerable. To solve this problem, we have to use some kinds of
electrically-tunable phase shifters.

A lot of microwave companies provide commercial phase shifters which satisfy
the requirement of applying continuously voltage-controlled phase differences [107,
108]. However, these phase shifters are extremely costly, which are not suitable to
be used in our cost-sensitive antenna. We would like to find cheap ways to obtain
phase shifting.

In this section, two kinds of phase shifters constituted of microwave circuit and
varactor diode will be introduced, no exceptional cost is needed using PCB technol-
ogy. The circuit geometries of cross-type antenna array integrated with such phase

shifters will be presented.

5.3.1 Voltage-controlled phase shifters

Taichiro et al. have introduced us a simple structure Ku-band directional phase
shifter in [109], which consists of a /2 hybrid circuit and two varactor diodes, as
depicted in Fig.5.8 (a). A thin branch line (150ohm) connected to the main trans-

mission line is used to provide bias DC voltage for varactor diodes and decouple
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DC supply and microwave circuit. This kind of phase shifter has been simulated
in HFSS and its prototype has been optimized according to our working band, re-
sults are presented in Fig.5.8 (b). In (b) it can be seen that the simulated reflection
coefficient is always lower than -10dB along our required band (10.7-12.7GHz).
However the transmission coefficient raises slowly at the lower band until the cen-
tral frequency and decreases rapidly as frequency goes higher. About 10dB loss
is observed at around 12.3GHz, which indicates that this kind of phase shifter has
high insertion loss.

By adjusting the bias voltage from 0 volt to 20 volts, the capacitance of varactor
diodes in this phase shifter could be continuously tuned (normally, the capacitance
decreases as voltage increases.), thus phase difference happens between port 1 and
port 2. About 56° phase shift is reported by Taichiro, as referred from Fig. 5.8 (c).
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Figure 5.8: Proposed directional phase shifter

Even though the directional phase shifter is simple in structure and easy in fabri-
cation, but its insertion loss remains very high, moreover, the achieved phase shift-
ing can not provide sufficient phase difference for our antenna array.

In [110], the 90° branch-line coupler based phase shifters is introduced. Varactor
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diode is also used as active element to tuning phase shifting by adjusting the input
DC voltage. The geometry of basic branch-line phase shifter is shown in Fig.5.9(a).
109° phase shifting with an insertion loss of 1.8 + 0.3dB was obtained in Ku-band
by Chang-Lee et al. in [110] with only one varactor diode in each tuning arm. And
180° phase shifting is reported in [13].
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Figure 5.9: Basic Branch-line phase shifter

This basic branch-line phase shifter is simulated and the S-parameters are shown
in Fig.5.9 (b). Very wide operating band can be observed in this figure which covers
entirely our required band. Meanwhile, the transmission coefficient is very high
along whole band which indicates very low insertion loss using branch-line phase
shifter (about 0.5 dB).

In [13], Lambard et al. have optimized the branch-line phase shifter by using
two parallel varactor diodes, both in series with a quarter wavelength line and a third
varactor diode, as depicted in Fig.5.10 (a). More than 360° phase shifting between
11.5 and 12.5GHz has been obtained in (b), while at 12 GHz the 3.3 & 0.5dB
insertion loss is reported in their work.

The proposed branch-line phase shifter with one or three varactor diodes are

able to provide continuous phase shift by adjusting the input DC voltage, which
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Figure 5.10: Proposed branch-line phase shifter [13]

provide us ideal options in designing the beam continuously steerable cross-type
antenna array. Although the optimized branch-line phase shifter could provide more
phase shifting, its size becomes much bigger than the basic one, which increases the
complexity to integrate into our feed network. By considering 180° phase shifting
is enough for our experimental 4x4 array, we decide to adopt the basic type branch-
line phase shifter to realize the beam electrically steerable antenna array. In the next
subsections, the geometry of the 4x4 cross-type antenna array integrated with the

proposed phase shifter will be presented.

5.3.2 Beam electrically steerable array

The branch-line coupler and varactor diode based phase shifter is able to provide

continuously 0° to 180° phase shifting while tuning the driving voltage on varactor
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diode. This kind of phase shifter is thus adopted in the experimental 4x4 cross-
type antenna array. Fig.5.11 gives the circuit geometry of 4x4 array feed network
integrated with branch-line phase shifters. To avoid overlap displaying, only one

polarization feed network is illustrated here, the other feed network is absolutely

the same.
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Figure 5.11: Geometry of 4x4 beam continuously steerable array

It can be seen in this feed network that every four antenna ports be connected
in a branch and one branch-line phase shifter is used to adjusting the phase of each
branch. As branch-line phase shifter provides continuous phase shifting by tuning
the driving voltage, the 4x4 array is thus expected to obtain continuous beam shift-
ing performance. In this circuit, C1-C4 are capacitors which are used to decouple
input power with each branch. VD1-VDS are varactor diodes and DC1-DC4 are
adjustable DC suppliers for corresponding branch-line phase shifters.

With High-Performance Calculating (HPC) performance of HFSS, the entire
structure of antenna array and feeding network are able to be simulated entirely with
the software. (The method of configuring HPC function is detailedly introduced in
Annex 3.) In Fig.5.12, the simulated radiation patterns of 4x4 array with proposed
phase shifting network are presented. It can be obviously seen beam shifting in the
figure. The main beam at the broad side direction is able to be shifted while phase
differences taking place in this feed network. When 100° phase difference is added
in the feed network, the beam can be steered about 25° clockwise (negative phase

shifting will lead to counter-clockwise steering). However the sidelobe level can be
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seen increasing rapidly. A method to improve the sidelobe level is introduced in the

next section

Curve Info
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--- phase 41°
— - phase 100°

-120 120

-180

Figure 5.12: Beam shifting of 4x4 phased array

5.3.3 Conclusion

In this section, two kinds of voltage-controlled phase shifters have been intro-
duced, which are able to provide continuous phase shifting when the driving voltage
varies. With the integration of such kinds of phase shifters, the main beam of the
proposed cross-type antenna array is electrically steerable, which enables cross-
type antenna the abilities of searching and focusing on satellite with its main beam.
However, it can be found relatively high sidelobe level when antenna array enlarges.
In the next section, we would like to introduce a method to control antenna array
sidelobe level by managing the power distribution.

On the other hand, in order to stably receive satellite signal, the gain of cross-
type antenna array need to be increased to as high as 29 dBi. The most common
way is to increase the number of antenna elements, as well as the number of phase
shifters. In such a case, if each phase shifter has an independent power supply, the
circuit geometry might be too complex and these power suppliers will be too diffi-
cult to adjust. To simplify the phase shifter management, a module based on micro-
processor and digital-potentiometer to automatically manage the antenna beam is
introduced detailedly in the fourth annex. Nevertheless, we have proved the effi-

ciency of this kind of array for automatically steer the main beam of such an array.
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5.4 Power gathered array

It can be seen from the measured radiation patterns of experimental 4x4 array
(Fig.5.12) that the sidelobe level is relatively high, which is only about 13dB less
with respect to the main beam. As mentioned previously, the 4x4 array adopts an
equal-magnitude feed network, that is, all the antenna elements in this array receive
power from the input port with the same level, radiation from elements around the
array edge contribute much to the sidelobe level. To solve this problem, we would
like to propose a new power distribution of antenna array. Antenna elements in the
array center are assigned with more power than the ones around the edge, shown in
Fig.5.13. It can be seen that the 16 elements in the array are distributed with three
scales of power. The central 4 elements with deep color are assigned with power
pz. In the second scale, 8 elements are assigned with power px * ratio (ratio is a
variable to manage power distribution). And at the outer scale, the 4 elements are
assigned with power px * ratio®. As the input power is 1, we have an equation as

depicted below if taking no account of losses.

Figure 5.13: power distribution in a 4x4 array

4 % pr + 8 % px * ratio + 4 * px * ratio® =1 (5.6)
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yields:

1

pr = m (5.7)

Where 0 < ratio < 1, when ratio = 1, we will obtain the proposed equal-
power distributed array. The variable ratio enables us easily manage the power
distribution in the simulation. On the other hand, we have a variable ¢_phase to
manage the phase distribution of the array. To simplify the description, we have
listed Table 5.2 and Table 5.3 to show the power and phase distribution of the two
polarizations of experimental 4x4 array. With proposed High-Performance Calcu-
lating (HPC) of HFSS v15.0, the entire geometry of 4x4 array with two parameters

to manage power and phase could be rapidly and effectively resolved.

Table 5.2: Power and Phase distribution of 4x4 array Horizontal polarization.

Port H13 Port H5 Port H6 Port H14
Power = px x ratio® | Power = px * ratio Power = pz xratio | Power = px * ratio®

Phase = t_phase x 3 | Phase = t_phase *3 | Phase =t_phase *3 | Phase =t_phase x 3

Port H12 Port H1 Port H2 Port H7
Power = px x ratio Power = px Power = px Power = px * ratio

Phase = t_phase x 2 | Phase =t_phase *2 | Phase =t_phase x2 | Phase =t_phase x 2

Port H11 Port H4 Port H3 Port H8
Power = px * ratio Power = px Power = px Power = px x ratio
Phase = t_phase Phase = t_phase Phase = t_phase Phase = t_phase
Port H16 Port H10 Port H9 Port H15

Power = px * ratio® | Power = px * ratio | Power = px * ratio | Power = px * ratio®

Phase =0 Phase =0 Phase =0 Phase =0

Fig.5.14 illustrates the simulated radiation pattern of proposed 4x4 array with
power re-managed. Comparing to equal-power distributed array (dashed curve), the
solid curve indicates very low sidelobe level which is as low as 25dB and about
12dB improved. However, the main beam becomes wider and it can be seen that
the gain is decreased about 2dB. The method of power re-management sacrifices a
little antenna gain for better sidelobe level. Fig.5.15 gives the simulated radiation
pattern of antenna array when the parameter ¢_phase is set to 41° and ratio =
0.25. Obviously beam shifting can be seen from this figure, and compare to equal-
power distributed array (dashed curve), the steered beam also indicates extremely

low sidelobe level.
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Table 5.3: Power and Phase distribution of 4x4 array Vertical polarization.

Port V13
Power = px * ratio®

Phase = t_phase * 3

Port V5
Power = px x ratio

Phase = t_phase * 2

Port V6
Power = px x ratio

Phase = t_phase

Port V14
Power = px * ratio®

Phase =0

Port V12
Power = pzx * ratio

Phase = t_phase * 3

Port V1
Power = px

Phase = t_phase * 2

Port V2
Power = px

Phase = t_phase

Port V7
Power = px x ratio

Phase =0

Port V11
Power = px % ratio

Phase = t_phase * 3

Port V4
Power = px

Phase = t_phase * 2

Port V3
Power = px

Phase = t_phase

Port V8
Power = px x ratio

Phase =0

Port V16
Power = pz * ratio?

Phase = t,hase * 3

Port V10
Power = px *x ratio

Phase = t_phase * 2

Port V9
Power = px *x ratio

Phase = t_phase

Port V15
Power = px * ratio®

Phase =0

Summary

In this section, the method of re-manage power distribution in cross-type an-
tenna array is introduced. With this method, more power is assigned to the central
elements and less power to the elements around edge. Simulated results indicate that
obvious decreasing on sidelobe level could be observed. Even though the method
of power re-management sacrifices a little gain to improve sidelobe level, the total
gain of 4x4 antenna array is also as high as 18dBi1 and can be enlarged by utiliz-
ing more elements. To realize the method of power re-management, unbalanced
Wilkinson power divider is the best candidate. The work of improving cross-type

antenna array performances could be extended in this way in the future.

5.5 Conclusion

In this chapter, the theory of realizing cross-type antenna beam steering with
equal-different phase shifting in the feed network is firstly introduced. To obtain
such kind of phase difference in the feed network, feed line length is modified both
in the experimental 1x4 array feed network and 4x4 feed network, obvious main
beam steering have been observed. With this method, fixed phase shifting could
be provided thus the beam can be simply steered to a fixed angle. Moreover, mea-
sured results indicated that the cross-type antenna array beam shifting angle can be
increased by using patch sharing technique, which is another advantage of this tech-
nique excepting decreasing inter-element distance. Due to using voltage-controlled
and varactor diode based phase shifters, the phase shifting in feed network could be

continuously obtained. More over, as the micro-processor and digital potentiometer
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Figure 5.14: Radiation patterns ¢t_phase = 0

have been adopted, the main beam of the proposed array could be electrically and
automatically steerable. To decrease sidelobe level of cross-type antenna array, the
method of power re-management is introduced. By adjusting power distribution,
elements in the array center are assigned with more power than the ones at the edge,
simulation indicates that obvious improvement on sidelobe level could be obtained.

In pursuit of the required performances of antenna in our project, till now, we
have found the cross-type antenna array which applies sufficient bandwidth ranges
from 10.2GHz to 13.3GHz with dual polarizations. Using patch-sharing technique,
this kind of antenna array is able to be arranged in plane with inter-element dis-
tance only 0.7)\g. The experimental 1x4 array has a gain about 12.6dBi and the
gain of 4x4 array reaches up to 18.9dBi. The gain can be increased by enlarging
the array with more elements. A 29dBi gain is expected with a 16x16 cross-type
antenna array, if taking no account of feed network losses. With the integration of
voltage-controlled phase shifters in the feed network, the proposed array is able to
achieve continuous beam shifting, which applies the cross-type antenna array with
possibilities to realize satellite searching and focusing functions. As the proposed
beam management unit has adopted micro-processors and digital potentiometers to
manage all the phase shifters in feed network, the main beam of cross-type antenna

array could be managed automatically and accurately.



5.5. CONCLUSION 105

Curve Info

— ratio=0.25
- -ratio=1

-120

-180

Figure 5.15: Radiation patterns ¢_phase = 41°






Conclusion and perspectives

To replace beam fixed and non-planar parabola antenna, a low-cost, wide-band,
dual-polarized and beam steerable antenna is expected for TV signal reception of
Direct-Broadcast from Satellite (DBS) system. A mass of studies have been carried
out, finally microstrip patch antenna which has flat structure with low cost and could
be fabricated easily with PCB technology is adopted.

At the beginning of our study, a wideband, dual polarized and low profile CPW-
fed antenna is introduced. This antenna has inherently wide bandwidth as a monopole
antenna, even more, parasitical patch and arc slot are used to maintain bandwidth.
Therefore in a low profile as small as 6.2 mm in diameter, the CPW-fed antenna
achieves the required band which is from 10.7 to 12.7GHz. To achieve higher gain,
CPW-fed antenna has been arranged both in 1-D and 2-D arrays. Dolph-Chebyshev
current distribution method has been used to assign power to each element in both
kinds of arrays. However, as quantities of quarter-wavelength TLs are used in array
feed network, the bandwidth is hard to maintain. Nevertheless, if more studies are
carried out, the CPW-fed monopole antenna array with Dolph-Chebyshev magni-
tude distribution feed network is expected to have better performance.

As studies went on, a cross-type patch antenna consists of 2 driven patch and 5
parasitical patches to expand bandwidth was obtained. This antenna has a relative
bandwidth more than 38% which covers the required band (10.7-12.7GHz). Due to
its symmetric structure and orthogonal feeding method, dual polarizations are also
obtained [111]. The cross-type antenna is printed on a 1.524mm thickness Teflon
substrate and the feed part is on a 0.8mm thickness Teflon substrate, hence the entire

structure is flat and very thin. As we all know that the applied Teflon substrate is

107
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cheap and easy to find, therefore the cost and fabrication complexity of cross-type

antenna are both very low.

Since cross-type antenna has attractive performances, it is then adopted as ele-
ment and arranged in arrays. Cross-type antenna has firstly been arranged linearly
in a 1-D array and then extended to 2-D array with planar arrangement. Patch shar-
ing technique is used in the two kinds of arrays, inter-element distance has been
successfully decreased from 0.94)\, to only 0.7\ [93]. Accompanying feed net-
works for 1-D array and 2-D array are also introduced. The feed network consists
of T-junction dividers is found not able to provide sufficient impedance bandwidth
therefore an optimized feed network consists of Wilkinson dividers is then intro-
duced. With such a feed network, the cross-type antenna array operates well in the
required band, very good resonating could be observed from the measured results.
To obtain dual-polarization performance, a very up-to-date multilayer PCB tech-
nology with thin resistive film layer has been adopted to design the feed network
of proposed antenna array, isolation enhancement could be obtained. More over,
the cross-type antenna array with multilayer feed network has strictly flat structure
whose entire thickness is only 3.6mm. The required flat antenna which operates
in the band covers 10.7GHz to 12.7GHz with horizontal polarization and vertical
polarization is successfully achieved. The experimental 4x4 cross-type antenna ar-
ray achieves a gain about 18.9dBi. This gain of cross-type antenna array can be

continuously enlarged by increasing elements.

To realize main beam steerable ability, fixed and equal-different phase shift net-
work has firstly been carried out on cross-type antenna arrays, obvious beam shift
could be observed on measured radiation patterns [112] of 1x4 array and 4x4 ar-
ray. With the help of voltage-controlled and varactor diode based phase shifter,
the main beam of cross-type antenna array can be steered continuously and electri-
cally, which applies the cross-type antenna array with possibilities to realize satellite

searching and focusing functions.

During our studies, a simple method to stabilize radiation pattern over a large
bandwidth was found very useful to suppress side radiation of patch antenna. The
proposed method is composed of a conductor ring and circular slot both with the
width of a quarter wavelength, while the antenna part is located at the center of ring.
With this method, obvious decreasing on sidelobe level could be observed on mea-
sured radiation patterns [75]. Patch sharing technique, to the author’s knowledge,
is the first time proposed in patch antenna array arrangement. With this technique,
not only inter-element distance of antenna array could be significantly decreased,
but also the main beam shifting angle is obviously enlarged according to measured
results [93]. In addition, we found that, by using the power re-management method,

elements in the array center are assigned with more power than the ones at the edge,
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sidelobe level could be significantly decreased. With the development of phased ar-
ray antenna, there is a demand of simple method to control dozens of phase shifters
in feeding network. A new method which is able to transmit phase shifter control-
ling and polarization selecting commands associated with DC power supply and RF
signal all in one coaxial cable is also achieved in our studies (see Annex 4).

Cross-type antenna array was proved well satisfying the requirements of our
project. A much bigger array which consists of 256 elements in the form of 16x16
is in perspective, in that case, about 26dBi gain is expected to obtain thus satellite
signal reception experiment will be carried out. Although hundreds of cross-type
antenna elements are used, the 16x16 array will have a dimension of only 30cm
by 30cm and with a thickness of 4.7mm. Moreover, a prototype of electrically
beam steerable antenna has to be realized and measured. Further studies will be
carried out on phase shifters, gain controlled amplifier and unbalanced wideband
Wilkinson power divider. On the other hand, we can also propose to model the
cross-type antenna (in circuit view) as a filter to quantify power and phase on each
element (especially the parasitic patches) to show if optimization could be done on
the command to steer the main beam with the minimum phase shift variation.

This kind of cross-type antenna is attractive and we are sure it will be a powerful
competitor of parabola antenna in TV signal reception of Direct-Broadcast from

Satellite (DBS) application in the future.
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Annex 1: Dielectric measurement

A.1 Substrate relative permittivity measuring approach

Electromagnetic waves propagate at a speed that is dependent on the electrical
properties of the surrounding medium. In air, or vacuum, the velocity of propagation
is the speed of light. In a dielectric material, the velocity of propagation is slower.
The velocity of propagation and the effective dielectric constant have a relation

depicted in the following formula [113].

C

VEers

Where v, is the velocity of propagation in m/s and c is the speed of light

(A.1)

Up:

3x10%m/s. The effective dielectric constant is therefore expressed as:

2
Eeff = (v_(;) (A2)

and as we all know that in a substrate, the effective dielectric constant can also
be obtained by [21]:

1 -1 10n\ ~V/2
Stl e <1+ih) (A3)

Ceft = T T W

Thus, the relative dielectric constant of substrate ¢, could be yielded from equa-
tion A.2 and A.3 if the velocity of propagation in such substrate is known. A method

to obtain the velocity of propagation in a substrate is to measure the propagation de-

125



126 APPENDIX A. ANNEX 1: DIELECTRIC MEASUREMENT

lay for a known length line, as illustrated in Fig.A.1. The two narrow and wide line
have the same length L = 100mm. Using a Vector Network Analyzer, the reflec-
tion coefficient for each transmission line could be measured, which are given in
Fig.A.2 and Fig.A.3. The velocity of propagation could be obtained with the fol-
lowing expression and two random adjacent resonate frequency points from Fig.A.2
and Fig.A.3 [68].

vy =2 L (fi = fir1) (A4)

line 2 width=3.2mm

| |
line 1 width=1.0mm

Figure A.1: Layout of narrow and wide transmission lines
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Figure A.2: Measured reflection coefficient of narrow transmission line

With equation A.2, A.3, A.4 and Fig.A.2 A.3, the relative permittivity of given
substrate is able to achieved. In the band ranges from 10GHz to 13GHz, the average

gcrs of the measured substrate is about 2.875.
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Figure A.3: Measured reflection coefficient of wide transmission line

A.2 Matlab function to calculate substrate relative

permittivity

Here in this section, we give an example Matlab program which helps calcu-
lating the average relative permittivity automatically if transmission line length and

width is given and the measured s*p file output by VNA is specified.
clear all;clc;

h=0.8e-3; % substrate thickness (m)
c=3e8; % light speed in free space (m/s)
%

% transmission line characteristics

W=1.0e-3; % transmission line width (m)
L=100e-3; % transmission line length (m)
h_w=(1+10*h/W)"(-1/2);

%
% import measured file
%
A=importdata(’your file.s2p’, ’,7); % load file and change the value of start line
data=A.data;

clear A;
freqA=data(:,1);
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S11A=10."(data(:,2)/20).*exp(li*data(:,3)*pi/180);
dBS11A=data(:,2);
S21A=10."(data(:,4)/20).*exp(li*data(:,5));
figure(1);plot(freqA,dBS11A);grid
ylabel(’dB(S(1,1))’);xlabel(’freq’); hold on;

[pksA, locs Al=findpeak(-dBS11A,”MINPEAKDISTANCE’,5,NPEAKS’,20);
MINA=zeros(length(locsA),3);

for i=1:length(locsA)

MINA(G,1)=freqA(locsA(i));
MINA@,2)=S11A(ocsA(i));
MINA(,3)=dBS11A(locsA(i));

end

plot(MINAC(:,1),-pksA,’k"’,” markerfacecolor’,[1 0 0]);
hold off;

freq_point=MINAC(:,1);
Eps=zeros(length(locsA),1);
Fl=freq_point(1);

Eps_total=0;

freq_lowband=0;

for j=2:length(locsA)
F2=freq_point(j);
EpsEff=(c/(2*L*(F2-F1)))"2;
Eps(j)=(EpsEft-1/2+h_w/2)/(1/2+h_w/2);
F1=F2;

if(F2<1.6E+10)
freq_lowband=freq_lowband+1;
Eps_total=Eps_total+Eps(j);

end

end

figure(2);
plot(freq_point,Eps);grid

hold off;
freq_eps=zeros(length(locsA),2);
freq_eps(:,1)=freq_point;
freq_eps(:,2)=Eps;
Eps_average=Eps_total/(freq_lowband)



Annex 2: Chebyshev array weights

B.1 Matlab function for obtaining Chebyshev array
weights

chebarray.m [114].
function coefs = chebarray(M, sldb)

%CHEBARRAY Compute chebyshev excitation coefficients for a linear array.
%

% Calling sequence: coefs = chebarray(M, sldb)

%

% Input arguments:

% M The number of elements in the array.
% sldb The sidelobe level in dB. Note sldb > 0.
%
% Output arguments:
% coefs A vector of length M containing the real excitation
% coefficients of the array. They are normalized so that the end
% elements’ excitation is unity.
%
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% Language: Matlab 6.x

% Author: Peter S. Simon

% Date: 12/21/2003

% Reference: A. D. Bresler, "A new algorithm for calculating the current
% distributions of Dolph-Chebyshev arrays," IEEE Trans.

% Antennas Propagat., vol. AP-28, no. 6, November 1980.

%

% Copyright 2003 Peter S. Simon, peter_simonQieee.org

% This routine may be used by anyone for any purpose. I simply ask

% that acknowledgement be made to me.

if (sldb <= 0)
error(’sldb must be positive!”)

end

N = floor(M/2);

Meven = (M == 2*N); % True if even # elements in array.
sigma = 10 " (s1db/20); % Side lobe level as a voltage ratio.
Q = acosh(sigma);

beta = (cosh(Q/(M-1))) " 2;

alpha =1 - 1/beta;

if Meven

nend = N-1;

I = zeros(1,N); % Storage for half the array coefficients.
else

nend = N;

I = zeros(1,N+1); % Storage for half the array coefficients.
end

I(1)=1;

for n = 1:nend

np =1;

for m = 1:(n-1)

f m=m*M-1-2*n+ m) / ((n-m) * (n+1-m));
np =np * alpha * f_m + 1;

end

I(n+1) = (M-1)*alpha * np;

end
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if Meven

coefs = [I fliplr(I)];

else

coefs = [I(1:end-1) fliplr(D)];

end

return






Annex 3: HFSS fast and efficient

simulation

C.1 HFSS High-Performance Computing (HPC) op-

tions

The latest HFSS release contains a wide array of powerful new features and en-
hancements. Included are some dramatic additions to the product’s high-performance
computing (HPC) capability. These improvements allow efficient simulation of
large, complex problems and enhanced insight that would be difficult or impossible
to obtain any other way. HFSS offers three HPC solution options: multiprocessing
(MP) and the domain decomposition method (DDM), both used for exploiting mul-
tiple cores for a single simulation, and the distributed solve option (DSO), which
enables consideration of multiple design points using distributed processors. All
three options are designed to make efficient use of multicore and networked pro-
cessing power [115].

MP and DDM options can be executed on a single machine with several cores,
nevertheless, by using high speed network, DDM and DSO options will accelerate
the solution and save much time which manage more processors into computing.
Fig.C.1

In our studies, we have big antenna array with quantities of elements and dozens
of parameters to be solved in HFSS, one can imagine the complexity and time con-

sumption if the solution is calculated in a single machine. Thanks to the help of HPC
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Figure C.1: Network topology for HPC

options and the wonderful workstations in our laboratory, we have finally achieved
very good simulation results. We would like to introduce the configurations and

setups to experience HPC options.

C.2 Experience HPC options

In this section, we would like to introduce the steps of constructing both Multi-
processing computing and distributed analysis in the same computer, to experience
the fast and efficient simulation and parametric optimization.

Firstly, we have to install Ansoft Remote Simulation Manager (RSM) both in
user computer and workstations. Remote Simulation Manager allows users to re-
motely solve HFSS designs from any machine in the lab or one of the other powerful
lab workstations. In order to take advantage of this feature, several settings must be
configured in the HFSS desktop application.

Then we have to configure the user computer. From the menu bar of HFSS,
choose Tools -> Options -> General Options, choose Analysis Options, select Dis-
tributed as the value of Analysis Machine Options. Then edit the distributed ma-
chine configurations via IP address, as depicted in Fig.C.2.

In addition, we have to tell the software the total number of processors which
will take part in the solution. Simply by choose Tools -> Options -> HFSS options
-> Solver, and set the number corresponding to the total number of processors we
actually use, as shown in Fig.C.3. Fig.C.4 illustrates the screen when solution is in

calculation and we can see 9 threads are executing in parallel.
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Annex 4: Beam management unit

Due to the reason of enlarging cross-type antenna array gain by increasing el-
ements, a big quantity of voltage-controlled phase shifters will be used, which in-
creases also the circuit complexity of entire system. One problem seems very diffi-
cult, which is to provide the same quantity of power suppliers with phase shifters.
In addition, to manage all the phase shifters at the same time so as to construct the
steered beam is also a challenge.

In this section, we would like to introduce a microwave and digital circuit inte-
grated module which is able to manage antenna array phase shifters by using a serial
of digital potentiometers. Therefore only one DC voltage is needed which will be
distributed to each phase shifter by the potentiometers. A micro-processor is used
in this module to manage all the digital potentiometers and communicate with user
device to obtain beam shifting commands. In addition, a circuit which enables in-
termediate frequency signal, DC power and phase shifter command transmit in the

same coaxial cable will also be introduced.

D.1 Circuit configuration of Beam management unit

Fig.D.1 illustrates the topology of proposed beam management module, in which
it can be seen the integration of microwave and digital circuits. The microwave
circuit is consisted of transmission lines, power dividers and quantities of phase
shifters, which provides paths for RF signal transmission between input port and
cross-type antenna array. The digital circuit is consisted of micro-processor and

numerous of digital-potentiometers, commanded through an I°C' (Inter-Integrated
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Circuit) Bus. As each potentiometer MCP4662 has an hardware-programmable ad-
dress, so commands transmission between micro-processor and each potentiometer
is timely separated. Once a beam steering command is sent to the micro-processor
from user device, the processor will rapidly calculate the phase difference and ob-
tain the phase distribution table, which corresponds to the phase shifter driving volt-
age table. At last, the processor will command each digital potentiometer and send
the corresponding voltage value through I2C' Bus.

The digital circuit is directly connected with the LNB (Low-noise block) in-
put port, thus DC voltage is able to feed the micro-processor and potentiometers,
commands from user device can also be received by processor. A capacitor is used
between microwave network and input port to stop DC current flowing into mi-
crowave network. With this kind of circuit, there is no need to feed each phase
shifter with different power suppliers while only one DC voltage is enough to dis-

tribute automatically to phase shifters with the help of micro-processor.
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Figure D.1: Topology of entire system

D.2 Optical-isolated Command transmitting circuit

Beam steering command is executed by micro-processor by adjusting phase dis-
tribution in the feed network. Normally, we should have a DC power supply sep-
arated with command transmission path. however, to avoid using numerous of ca-

bles, we have specially designed an optical-isolated command transmission circuit
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integrated with DC power supply and IF signal transmission, therefore only one
coaxial cable is sufficient to connect phased antenna array and reception device.
The schematic of the proposed circuit is presented in Fig.D.2.

From Fig.D.2, it can be seen the command transmitting circuit is separated into
two parts which are the sending part and the receiving part. The unique coaxial ca-
ble is used as the transmission channel of all three kinds of signals. At the sending
part, commands are modulated and then loaded on a couple of DC voltages which
are 14V and 19V. DC voltage will be transmitted directly to the receiving part via
coaxial cable. At the receiving part, the DC voltage difference will cause the tran-
sistor Q1 turns on and off, therefore commands will be selected out from other
signals. Commands will finally be demodulated in the micro-processor of receiving
part. The DC voltage load on coaxial cable provides enough power consumption
for the receiving part, potentiometers, phase shifters and other components.

With the decoupling function of capacitors, IF signal can be easily separated

from DC voltage even though they are transmitted in the same cable.
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Figure D.2: Schematic of command transmission circuit

D.3 Command format

The previous section applies us an economic and simple method to transmit
command integrated with DC supply and IF signal from user device to phased array
antenna. To control the radiation of the proposed cross-type phased array antenna
which operates in Ku-band with wide bandwidth and dual polarizations, the com-
mands should contain plenty of information. Here we have constructed a standard

of command format, which has been presented detaildly in Tab.D.1.
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Table D.1: Command format table

Head Commands Value CNT | CRC
1 byte 1 byte 1 byte

0x55 ASCII Codes ASCII Codes

Polarization

+ degree

Beam_location
egree

+ egree

Beam_shift

- degree

Sum of total byte numbers
Cyclic Redundancy Check

Oscillator

1
o] | &
o o T

All commands start with 0x55

It can be inferred from Tab.D.1 that each command begins with a head byte 0255
and ends with total byte count and one Cyclic Redundancy Check byte, to ensure
the accuracy of command transmission. Considering the required function of our
antenna, we have summed up four kinds of commands to control antenna radiation
and local oscillators (generally two oscillators are used in antenna Low-noise Block,

reserved to cover wideband, as already depicted in Chapter 1).

D.3.1 command code: Polarization

This command code is used to set the current polarization of cross-type antenna

array. The optional values are Horizontal (O H) and Vertical (V 0).

e.g. Polarization : 0H

D.3.2 command code: Beam_location

This command code is used to locate the main beam of antenna array, the beam
angle has a accuracy of 0.1° and has a flag to determine beam shifting direction
(CW or CCW).

e.g. Beam_location : +10.1

to tell the slave micro-processor to shift antenna array beam to 10.1° CW.



D.4. RESULTS AND DISCUSSION 141

D.3.3 command code: Beam_shift

This command is to ask the slave micro-processor to shift antenna array beam
with a relative angle. A flag is also needed to determine the shifting direction (CW
or CCW).

e.g. Beam_shift: —1.5

to tell the slave micro-processor to shift antenna array beam 1.5° CCW relative

to the current beam direction.

D.3.4 command code: Oscillator

This command code is used to choose the local oscillators. Generally, there
are two oscillators in LNB, which are 9.75GHz and 11.6GHz. The value OL is to
choose the 9.75GHz oscillator and HO is to choose the 11.6GHz oscillator.

e.g. Oscillator : OL

D.4 Results and discussion

The experimental command transmitting modules are realized in our laboratory
and the photograph is presented in Fig.D.3 (DC power supplier and potentiometers
array are not illustrated here). Measured S-parameters are plotted in Fig.D.4, in
which we can see the command transmitting modules are well optimized in Ku-
band, very low reflection coefficient is obtained. It is worth noting that about 6dB
loss in transmission coefficient because of using dual capacitors and long transmis-
sion cable, however this loss could be made up by Low-Noise Amplifiers in LNB.

Fig.D.5 illustrates the measured voltage level at the sending module and receiv-
ing module with oscilloscope, which indicates that the commands loaded on the

couple of DC voltages could be accurately detected by the receiving module.
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Sending module Receiving module

Figure D.3: Realized command transmitting modules
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Figure D.4: measured S-parameters
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Conception et Réalisation d’un Réseau d’antennes a pointage électronique

pour les communications par satellite

Design and realization of an auto-focus antenna array for satellite

communications

Résumé

Actuellement, la réception des signaux émis par
les satellites géostationnaires s’effectue a 'aide d’an-
tennes paraboliques. Cette antenne est largement
utilisée en raison de ses performances et de son
colt. Cependant, celle-ci souffre de défauts inhé-
rents a sa conception (antenne 3D, faisceau fixe).Afin
de trouver une alternative a I'existant, la conception
d'une antenne planaire, large bande (20% de BP), bi-
polarisation, de gain élevé (29dBi), a pointage électro-
nique et a faible colt est envisagée pour la réception
TV par satellite (systeme DBS).

Pour répondre aux criteres de faible encombre-
ment et de faible colt, la technologie microruban a été
retenue. Deux topologies d’antennes élémentaires ont
été étudiées, optimisées et mises en réseau pour ré-
pondre aux autres critéres de ce projet : une antenne
monopole alimentée par acces coplanaire et une an-
tenne microruban a résonateurs couplés en croix.

Ces travaux ont abouti a un certain nombre de ré-
sultats originaux. La mise en oeuvre d’une méthode
simple a permis d’établir gu’il était possible de stabiliser
le diagramme de rayonnement dans le demi-espace
supérieur sur une large bande passante et d’atténuer
le rayonnement arriere. Un autre apport de ces travaux
réside dans le principe de partage des résonateurs lors
de la mise en réseau de I'antenne croix. Cette tech-
nique permet de limiter la distance inter-éléments (li-
mitation des lobes de réseau) mais aussi, pour un gra-
dient de phase donné, de réaliser un dépointage plus
important. Ces travaux prouvent qu’un tel réseau d’an-
tennes est une alternative crédible aux antennes para-
boles.

Mots clés

Antenne réseau, large bande et double
polarisation, communications par satellite,
réception TV.

Abstract

Nowadays, receiving signals from geostationary
satellites is performed using parabolic antennas com-
posed of a metal reflector and a LNB (Low Noise Block)
placed at the focus of the parabola. This antenna
is widely used because of its performance and cost.
However, this kind of antenna suffers from inherent
shortcomings (3D antenna, fixed beam).

To find an alternative to the existing, design of a
planar, broadband (20% BP), dual-polarization, high
gain (29dBi), electronically steerable and low cost an-
tenna is proposed for the reception of TV signals from
satellite (DBS system).

To meet the criteria of compactness and low cost,
microstrip technology is chosen. Two topologies of uni-
tary antenna have been studied, optimized and arrayed
to meet the requirements of this project: one copla-
nar fed monopole antenna and one cross-type multi-
resonator antenna.

This work has led to numbers of original results.
The development of a simple method shows that it is
possible to stabilize the radiation pattern in the upper
half space over a wide bandwidth and to decrease
the rear radiation part. Another contribution of this
work lies in the principle of sharing resonators when
arraying cross shaped antenna. This technique not
only reduces the inter-element distance (grating lobes
appearance), but also, for a given phase gradient,
achieves a greater beam steering. This proves the fea-
sibility of such an antenna to be a credible solution.

Key Words

Phased array antenna, Wideband &
Dual-Polarization, Satellite Communications,
Television Reception.
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