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RESUME

Un nouveau résonateur accordable utilisant des cristaux liquides comme diélectrique est
présenté dans ce projet de maitrise. Le cristal liquide est un matériau diélectrique non
linéaire et polaire dont la polarisation peut étre modifiée. En effet, ces matériaux peuvént
étre commandés par un champ électrique par le biais de leur permittivité diélectrique.
Ainsi, pour un cristal liquide nématique anisotrope incorporé dans du substrat
multicouche du résonateur, un changement de phase différentielle de 180° du coefficient
de réflexion est prévue en bande X Les varniations de phase et les pertes par réflexion
sont comparées pour des structures de cristaux liquides nématiques de la société Merck
avec des propriétés différentes et référencés BL0O06, K15 et la MDA-05-893. Les
recherches dans ce mémoire montrent qu'une faible tension (i.e. 5V) peut étre utilisée
pour faire varier la permittivité du substrat accordable et ainsi, le contréle de la phase du
signal réfléchi.

L'objectif principal de cette recherche est de parvenir a un résonateur accordable en
bande X en utilisant des cristaux liquides comme diélectrique et de caractériser leur

comportement en tant qu’antenne réseau-réflecteur microruban.

Au début, dans la partie théorique, quatre modéles différents: patch, microruban,
résonateur demi-onde et résonateur en épingle a cheveux ont été décrit en soulignant

leurs forces et faiblesses relatives. Les simulations sont effectuées a l'aide d'Ansoft -
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HFSS ® et / ou Ansoft - Designer ® en bande X. Afin d’avoir une structure compacte
avec de faibles pertes de rayonnement, la forme en épingle a cheveux est employée
comme la conception la mieux adaptée. En fait, la symétrie impaire de la répartition de
courant des deux cotés de l'épingle a cheveux conduit a l'annulation des champs
rayonnés. Ainsi,les pertes sont seulement attribuées a la dissipation dans les conducteurs

et les diélectriques.

Ensuite, dans la partie expérimentale, un résonateur en épingle a cheveux est fabriqué en
utilisant la technologie multicouche et le cristal liquide est injecté dans la cavité fermée.
Les coefficients de réflexion (S11) dans les cas parallele et perpendiculaire des cristaux
liquides sont mesurés en bande X a l'aide d'un analyseur de réseau. Les résultats
numériques sont comparés avec la phase mesurée, les fréquences de résonance et
l'atténuation du signal pour les deux orientations des molécules du cristal liquide. Les
résonateurs sont fabriqués et les caractéristiques mesurées se trouvent en trés bon accord

avec les données simulées.

Dans la derniére partie du mémoire, le comportement de la structure de résonateur en
épingle a cheveux utilisée comme élément d’antenne réseau-réflecteur est prédit, basé
sur des données expérimentales. Enfin, les diagrammes de rayonnement d'une antenne

réseau-réflecteur avec 301 éléments de cristaux liquides sont présentés.



ABSTRACT

A novel tuneable resonator using liquid crystal as a dielectric is proposed. Due to the
bias-dependent permittivity of an anisotropic nematic liquid crystal embedded in the
resonator’s multilayer substrate, a differential phase shift of 180° in the reflection
coefficient 1s predicted in X band. Phase ranges and reflection losses are compared for
structures constructed using K15, BLO06 and MDA-05-893 type liquid crystals which
have been engineered by MERCK. The research conducted in this thesis shows that a
small voltage (1.e.5 V) can be used to vary the permittivity of the tuneable substrate and

thereby control the phase of the reflected signal.

The primary objective of this research is to achieve a tuneable resonator in X band using

liquid crystal as a dielectric and characterizing its behaviour as a reflectarray.

First in the theory part, the four different types of designs: patch, microstrip, half wave
resonator and hairpin resonator were sketched along with their relative strengths and
weaknesses. Simulations are done using of Ansoft — HFSS ® and/or Ansoft — Designer
® in X-band. In order to provide compactness and low radiation losses, the hairpin shape
1s employed as the best suited resonator design. In fact, the odd symmetry of the current
distribution on both sides of the hairpin leads to the cancellation of the currents
responsible for the radiated fields. Therefore the most significant loss contribution left is

from the dissipation in conductors and dielectrics.
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Next, in the experimental part, the hairpin resonator is fabricated using multilayer
technology and the liquid crystal is injected in the closed-cavity. The reflection
coefficients (S11) in parallel and perpendicular liquid crystal states are measured in X
band using a network analyzer. Numerical results are compared with measured phase,
resonant frequencies and signal attenuation for two orientations of the liquid crystal
molecules. The resonators are fabricated and the measured characteristics are found to

agree very well with the simulated data.

In the last part of the thesis, the behaviour of the hairpin resonator structure used as a
reflectarrays element is predicted, based on experimental data. Finally, the radiation

patterns of a 301 element LC reflectarray antenna, are presented.
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CONDENSE

Dans tout systéme de radar et de communication |’antenne joue un réle primordial.
Cependant, I'incapacité des antennes a s'adapter a de nouveaux scénarios d’opérations
limite les performances des systémes [1]. L’antenne reconfigurable permet d'améliorer
ou d'é¢liminer ces limitations. Théoriquement, les antennes reconfigurables devraient étre
capables d'ajuster leurs fréquence d’opération, polarisation, impédance, largeurs de
bande et diagramme de rayonnement en fonction des exigences du systeme [1]. La
reconfigurabilité peut étre obtenus en utilisant des technologies telles que les
interrupteurs (par exemple diodes, MEMS), ou le changement de matériaux (par

exemple : ferrites, ferroélectriques et liquides).

Les antennes reconfigurables basées sur les changements de matériaux subissent
généralement plus de pertes en raison des fuites de courant a travers les lignes de
contréle ou des rayonnements non désirés des circuits utilisés dans les éléments
reconfigurables de l'antenne [1]. Il est trés important de réduire les pertes en vue

d'améliorer les performances de 1'élément rayonnant.

Plusieurs tentatives ont été faites pour avoir des antennes reconfigurables. Les diodes a
jonction PIN, les MEMS et les ferrites ont un grand potentiel, cependant ils créent
certains désavantages: I'usage des diodes semi-conducteurs est limité a la plage des

fréquences GHz inférieures (jusqu'a environ 15-20 GHz) en raison de capacités
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parasites et de pertes élevées. Les commutateurs MEMS montrent d'excellentes
caractéristiques dans la région GHz plus élevée. Cependant les dispositifs utilisant cette
technologie ont besoin d'un grand nombre de commutateurs MEMS avec chacun sa
propre ligne de polarisation, afin de minimiser les erreurs de phase et d’obtenir une
fiabilité et une complexité élevée [11]. D'autre part, en raison de la détérioration des
propriétés électromagnétiques a haute fréquence, les colits de fabrication élevés, une
grande consommation de puissance, ’encombrement et probablement de hautes pertes
d'insertion; les dispositifs a base de ferrites fonctionnent plus efficacement en dessous de
30 GHz et ont des problémes d'adaptation pour une opération au-dessus de 30 GHz, et

sont particulierement difficiles a utiliser au dela de 100 GHz [12].

Le cristal liquide est un matériau diélectrique non linéaire et polaire dont la polarisation
peut étre modifiée en appliquant un champ électrique. Les dispositifs accordables
utilisant la technologie des cristaux liquides présentent de nombreux avantages : faible
cout de fabrication, faible poids, encombrement réduit, compatibilité avec des circuits
hybrides, possibilité de mise en réseau, consommation électrique négligeable et plus
spécialement, leurs applications dans des circuits et les antennes reconfigurables. De
fagon générale, en tenant compte des inconvénients des autres dispositifs accordables
mentionné ci-dessus, les matériaux en cristaux liquides semblent supérieurs en termes de
cout, de l'intégration et de la facilité de fabrication par rapport aux diodes, MEMS ou

ferrites.
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Dans ce mémoire, le cristal liquide thermotrope est traité. Un cristal liquide est
thermotrope si l'ordre de ses molécules est déterminé ou modifié par la température. En
effet dans ces matériaux, les transitions de phases sont induites par des variations de

température.

Les différentes phases des cristaux liquides thermotropes (smectique, nématique,
cholestérique) ont été découvertes jusqu’aujourd’hui [26]. La caractéristique commune
de ces phases est leur stabilité¢ dans la plage de température ou le liquide isotrope et la

phase solide sont stables.

Ce mémoire examine uniquement le cristal liquide nématique. Les molécules qui
constituent la phase nématique sont disposées de telle maniere qu'il n'y a pas d'ordre
positionnel pour leurs centres de masse, comme dans le liquide isotrope, mais 1l y a un
large ordre d'orientation. Les molécules ont tendance a s'orienter sur la moyenne le long

d'une direction privilégiée au sein d'un groupe important de molécules.

Considérons le cas ou le cristal liquide est contenu entre deux surfaces solides
métalliques a travers lesquelles une tension peut étre appliquée. Dans le cas d’un champ
¢lectrique nul, les molécules de cristal liquide sont paralléles aux substrats et la
permittivité de cristal liquide est €, . Lorsqu'un champ électrique E, est appliqué, les

molécules de cristal liquide subissent une rotation de 90°. Dans ce cas, les axes des

molécules du cristal liquide sont paralléles a la direction de la tension appliquée et la
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permittivité devient €, . Pour une valeur intermédiaire de champ électrique (0<E<E),

la permittivité varie continliment entre € et €, .

La différence entre les valeurs de la constante diélectrique dans les cas paralléle et
perpendiculaire ie. AS =& —¢&, définit I'anisotropie di€lectrique du cristal liquide. La

variation de phase réalisée dans un résonateur accordable est fortement liée a la valeur

de Ag.

En raison de ce phénomene, 1l est possible de controler avec précision la fréquence de
résonance d'un résonateur en appliquant une tension continue, ou alternativement,

contrdler la phase de la réponse de réflexion a la fréquence de résonance.

Des cristaux liquides ont été insérés dans de différents dispositifs micro-ondes
accordables dont des déphaseurs [12] [14], condensateurs accordables [21], filtres
accordables [22] [23], lignes & retards variables [15], antennes réseau-réflecteurs [16]
[17] [19] [20], etc. La plupart d'entre eux utilisent une ligne de transmission ou une
structure patch ouverte. Des études récentes ont montré que des antennes électroniques
reconfigurables a réseau-réflecteur peuvent étre créées en plagant des éléments patch
imprimés au-dessus d'un métal soutenu par des cavités remplies de cristal liquide
nématique [13] [19]. Dans une antenne réseau-réflecteur a cristal liquide, la phase du

signal réfléchi par chaque élément est ajustée en appliquant une tension de polarisation
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pour contrdler l'orientation des molécules de cristal liquide. Suite a cet ajustement de

phase, un faisceau focalisé est généré.

Les cristaux liquides nématiques utilisés dans cette étude sont des produits
commercialisés par la société Merck KGaA avec des propriétés différentes et référencés
BLO06 [16], K15 [28], [24] et la MDA-05-893 [17]. Leurs données techniques et les

fiches de sécurité sont inscrites dans I'Annexe A.

Aﬁn d’atteindre le minimum de perte et le déphasage maximal du coefficient de
réflexion et donc la meilleure performance en termes de reconfiguration, quatre types de
conceptions : résonateur patch rectangulaire, lignes a retard micro ruban, résonateur
demi-onde et résonateur €pingle a cheveux sont présentées, et leurs points forts et
faiblesses relatives sont comparés. Des simulations ont été effectuées avec des outils de
simulation de méthode des éléments finis et de méthode des moments Ansoft - HFSS ®
et Ansoft - ® Designer. Toutes les conceptions ont été faites pour une fréquence

d’opération proche de 10 GHz.

Ensuite, la forme en épingle a cheveux a été adoptée, choisie poﬁr sa compacité et ses
faibles pertes par rayonnement. En effet, la symétrie impaire de la répartition de courant
des deux c6tés de I'épingle a cheveux conduit a I'annulation des champs rayonnés [18].
Par conséquent, la plus importante perte provient de la dissipation dans les conducteurs

et le diélectrique.
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Dans cette étude, nous envisagerons un nouveau résonateur accordable compos¢ d’une
épingle a cheveux repliée imprimée. Le résonateur et sa ligne d’accés en courant continu
sont placés sur la face inférieure d'un substrat d'alumine. Sur la face supérieure sont
posées les lignes d'entrée RF et de courant continu. Un via interconnecte les parties
supérieure et inférieure de la ligne de courant continu. Une ligne étroite de polarisation a
haute impédance a été utilisée pour empécher les fuites RF dans le réseau de
polarisation. La ligne d'alimentation RF est au dessus du cadre de 'alumine et est donc

moins affecté par I'état de polarisation des cristaux liquides.

Pour atteindre les meilleures performances possibles, les directives suivantes ont été

suivies dans la conception de la structure multicouche:

e Pour augmenter I’accordabilité, le pourcentage de stockage de 1'énergie RF du
résonateur dans le volume de cristal liquide est maximis€. Ceci est réalisé en
mettant I'épingle a cheveux métallique imprimée en contact direct avec le cristal

liquide;

e Veiller a ce que l''mpédance caractéristique de la ligne d'alimentation du
résonateur ne soit pas affectée par le changement de permittivité résultant de la
polarisation du cristal liquide, en maintenant un bon couplage entre le résonateur

et le port 50-ohm de test;
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e Eviter d'avoir les ports de connexion RF et DC en contact avec le récipient de

cristal liquide afin d’éviter les fuites et les déversements.

Certaines références consultées [11] - [19] ont indiqué qu'une certaine rugosité du
contact sur les surfaces de polarisation est nécessaire afin de favoriser 'alignement des
molécules polaires du cristal liquide dans I'état non-polarisé. A cette fin, ces articles
recommandent de couvrir les électrodes métalliques de polarisation d'une fine couche de
polyimide dont la rugosité est obtenue par le frottement avec un chiffon. Cette
procédure supplémentaire n'est pas adoptée par tous les auteurs [20] [24] et n'apparait

donc pas comme essentielle.

Avant de commencer la fabrication de résonateurs, un condensateur a plaques paralléles
opérant a basses fréquences a €té construit et mesuré afin de vérifier l'accordabilité des
cristaux liquides en contact avec les électrodes métalliques avec le procédé de

pulvérisation cathodique disponible dans notre laboratoire a Poly-GRAMES. La

différence entre € et €, est la plage d’accordabilité de la capacitance. Les résultats

[
montrent que I'augmentation de la tension de zéro a 32 volts a conduit a une variation

significative de la susceptance.

L’ajout de couches de polyimide sur les deux électrodes ne montre pas de différence
sensible par rapport au cas sans polyimide. Bien siir, ce condensateur n'a pas €té congu

pour une opération en bande X, cependant le résultat de cette mesure réveéle la capacité
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de réglage du cristal liquide en contact directe avec les électrodes en or. 1l est donc
possible d'utiliser ce processus simple dans nos essais sur des résonateurs, selon la

description suivante.

Deux structures de résonateurs en épingle a cheveux ont été fabriquées avec deux
épaisseurs différentes de la couche supérieure de I'alumine, soit 0.127 mm et 0.254 mm.
Le cristal liquide est injecté dans une cavité fermée. Afin d'augmenter l'accordabilité, le
résonateur métallique imprimé a été mis directement en contact avec 1;: cristal liquide.
Un étalonnage a un port circuit ouvert, court-circuit et charge adaptée avec la plan de
référence posé au niveau de la connexion coaxiale du dispositif sous test a été fait. Les
résultats numériques calculés par HFSS sont comparés avec les caractéristiques
mesurées de phases, fréquences de résonance et des pertes de retour pour les deux
orientations des molécules du cristal liquide. Les résultats de cette étude montrent que
méme une faible tension est suffisante pour moduler la phase d'un signal qui est réfléchi
par le résonateur. L'agilité de phase dépend du décalage de la fréquence de résonance de
la structure. Pour la tension donnée, la fréquence de résonance est déterminée par
l'anisotropie diélectrique des cristaux liquides. Trois cristaux liquides différents (BLOO06,
K15 et MDA-05-893) ont été mesurés et en raison de leur plus grand déphasage et de
leur perte minimum, MDA-05-893 et BLO0O6 sont les plus recommandés. Une plage de
phase accordable de pres de 180° a été atteinte pour les trois types de cristal liquide. Le

BL006 avec 0,254 mm d'épaisseur de la couche supérieure d'alumine a un déphasage
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maximum de 200° a la fréquence 9,636 GHz. Les niveaux de perte de retour dans les

états parallele et perpendiculaire sont de 15dB (0V) et de 10 dB (32V).

A notre connaissance, aucune des structures basées sur des cristaux liquides BL0O06
présentées dans la littérature n’a réalisé cette performance en bande X. En effet, avant le
résonateur en épingle a cheveux, la meilleure gamme de décalage de phase maximale a
été mesurée a environ 200° en utilisant des éléments patch [16] avec des pertes
maximales entre 18 et 12dB, tandis que ceux obtenus par la structure en épingle a
cheveux sont de 15 dB et 10 dB. Ainsi, les pertes de retour du résonateur a épingle a
cheveux sont d'au moins 2 dB inférieurs a celles de la structure patch. Cela est da au fait

que 1'épingle métallique imprimée est directement en contact avec le cristal liquide alors
que les éléments de patch ont été¢ imprimés sur un substrat de PTFE (&€= 29, tans =

0,0028). Ainsi, les pertes en PTFE ont €té ajoutées a la perte de cristal liquide.

En utilisant un mod¢le numérique combiné aux caractéristiques d'une cellule résonateur
en épingle a cheveux obtenues expérimentalement, il est démontré que l'anisotropie
diélectrique des cristaux liquides peut étre utilisée pour créer une antenne réseau-
réflecteur reconfigurable. Cette application du cristal liquide est montrée dans le

mémoire.

Les données expérimentales sont les coefficients de réflexion mesurés a la fréquence

d’opération (9,636 GHz) pour la cellule de résonateur en épingle a cheveux avec une
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couche d'alumine supéneure de 0,254 mm d’épaisseur, ou le BL0O06 est utilis¢é comme
cristal liquide. L’accord de la phase a ét¢ obtenu en faisant varier la tension de
polarisation de 0 et 32 volts et la direction du faisceau principal rayonné est controlée

par 1’ajustement des phases de réflexion.

Pour déterminer le diagramme de rayonnement théorique, I'optique géométrique est
utilisée pour calculer le champ a l'ouverture de l'antenne. La transformée de Fourier de
ce champ donne le diagramme de rayonnement en champ lointain du systéme. A fin de

simplification, l'analyse est faite uniquement pour un réflecteur en 2D.

Dans l'antenne réseau-réflecteur réel, il est nécessaire d'avoir une variation de phase de
360°. Selon les données expérimentales, cette variation n'est pas disponible. Il est
possible d'obtenir un circuit avec une variation de phase de 360° en combinant deux

cellules a cristaux liquides en série.

1] existe un compromis entre la plage de phases disponible et la perte. Cependant, de
nouveaux mélanges de cristaux liquides ont €té rapportés [33] qui présentent des pertes
diélectriques relativement faibles, puisque la tangente de pertes est de 0,004, ce qui est
suffisamment faible pour permettre un gain a l'antenne réseau-réflecteur lorsque ce

nouveau type de déphaseur est intégré dans la structure de 'antenne.
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CHAPTER 1. INTRODUCTION

Antennas are widely used in radar and communications applications, however, their
mability to adjust to new operating scenarios can occasionally limit the system’s
performance [1]. Reconfigurable antennas can improve or eliminate these limitations.
Theoretically, reconfigurable antennas should be able to adjust their operating
frequency, polarization, impedance bandwidths and radiation patterns according to
operating requirements [1]. Reconfigurability of antennas can be obtained with various

technologies such as switches, structural changes, and material changes.

Frequency-reconfigurable antennas are also called tuneable antennas. The most common
antennas (e.g. linear antennas, loop antennas, slot antennas, and microstrip antennas)
usually operate near resonance. The operating frequency 1s determined by the effective
electrical length of the antenna. For example, in a linear dipole antenna, the first
resonance occurs at the frequency where the antenna is approximately a half wavelength
long and the resulting current distribution results in a radiation pattern centered on and
normal to the antenna axis. To be able to use the antenna at a higher frequency, the
antenna should be shortened to the correct length corresponding to a half wavelength at
the new frequency. The new radiation pattern will have very similar characteristics to

the first one because the current distribution is the same, i.e. it 1s simply scaled with
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respect to the wavelength. The same theory applies to loops, slots, and microstrip

antennas also.
1.1 Reconfiguration methods

The change in the effective length of resonant antennas can be created by different
reconfiguration methods. The following methods are just some of the many mechanisms

which can be used to change the effective length of resonant antennas.
1.1.1 Switches

Different kinds of switching technologies can be used for changing the operating
frequency of the antenna. They operate by adding or removing parts of the effective

length of the antenna.
1.1.1.1 Diodes

Diodes in reconfigurable antennas have gained in popularity. They are less expensive
and require low biasing voltages too. The most common diode switch is based on the
PIN diode. Diodes may be placed in series, shunt or shunt-series combinations. The
series design favours low insertion loss over a wide frequency range whereas the shunt
design provides high isolation. Therefore, a series-shunt configuration of PIN diodes

offers a compromise of good isolation and low insertion loss over a broad frequency



3

range [2]. On the other hand, it is hard to integrate several diodes close to each other and
each diode requires a number of passive components around it for biasing and DC
isolation. Therefore, it is evident that PIN diode switches occupy a substantial amount of

space on the microwave circuits [3].

By the control voltage in PIN diode switches, the stored charge in the intrinsic region is
discharged. For instance, Yang et al. [4] used the PIN diode for connecting separate
parts of a patch antenna. In this case, a slot is etched in a standard rectangular patch. PIN
diodes should be placed at high RF current locations to maximize the obtained frequency
shift. Therefore, a switched PIN diode positioned in the center of the slot changes the
current paths on the patch more effectively. When the diode switch is open, currents
travel around the slot and the antenna operates in a lower frequency. When it is closed,
the effective length of the rpatch 1s shorter and the antenna operates in a higher
frequency. The slot length controls the frequency ratio between the upper and lower
operating frequencies. As long as the slot length is not too long, the radiation pattern of

the original antenna is largely preserved [1].
1.1.1.2 FETs

The advantages of the field effect transistors (FETs) are simplicity of circuit design
using three-terminal devices, high gain, good dynamic range, wide bandwidth, low

noise, and easy implementation in monolithic circuits [5]. The switching power of the
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FET is very low and because the device has three terminals, isolation between the DC
biasing circuit and the RF path 1s possible [6]. For example, Kawasaki and Itoh [7]
presented a one wavelength tuneable slot antenna loaded with two one-port reactive FET
components. By changing the bias voltage, the reactances of the FETs were varied,
which in turn changed the effective length of the slot and its operating frequency. The
resonant frequency of the slot shifted over a range of 1 GHz around the center frequency
of 10 GHz (10% tuning range) with negligible changes in the radiation pattern. So
although the radiation pattern properties were preserved in all resonant frequencies, the

~tuning range of the resulting antenna was very limited.
1.1.1.3 RF-MEMs

PIN diode or FET switches are not suitable to reduce the radiation efficiency of the
antennas. Furthermore, these devices also exhibit nonlinearities that contribute to
harmonic and intermodulation distortions in the upper GHz range [8]. Switches based on
Radio-frequency and Microwave Microelectromechanical Systems (RF MEMs)
minimize these undesired effects. The monolithic fabrication of RF MEMs with
antennas can reduce parasitic effects, losses and costs. More recently, a microstrip patch
antenna using integrated RF-MEMS capacitors has been proposed [1]. For instance, in
[9], a reconfigurable dual-frequency rectangular slot antenna integrated with MEMS
cantilever type capacitors to tune the operating frequencies is described. The structure

has a dual-frequency behaviour in which both of the resonant frequencies can be
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adjusted. By the actuation of MEMS, the lower resonant frequency shifts by 390 MHz,
whereas the higher resonant frequency has a shift of 880 MHz without any distortion on
the radiation pattern. In this case, approximately 1GHz tuneability for the desired
frequencies was achieved. MEMs can have very small losses at RF and microwave
frequencies and can handle higher power levels. However, they have some
disadvantages including low tuneability, slow switching speed, and high bias voltage
(50-100 V) however in more recent design this voltage has been reduced considerably.
They require sealed packaging, which is expensive and hard to integrate with other

circuits.
1.1.2 Material alterations

This reconfiguration method is making use of controlled alterations in the dielectric or
magnetic properties of materials such as ferroelectrics, ferrites and liquid crystals.
Reconfigurable antennas based on material alterations usually experience more losses
because of the presence of current leakage through control lines or undesired radiation

by the circuitry used to enable the antenna’s reconfiguration [1].

Generally, the relative permittivity of a ferroelectric or liquid crystal materials can be
changed by applying a static electric field, and the relative permeability of a ferrite can

be changed by applying a static magnetic field. These alterations in relative permittivity
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or permeability are the reasons for the change of the effective electrical length of the

antennas, which causes a shift in the operating frequency.

1.1.2.1 Ferrite and Ferroelectric

Ferrites and ferroelectrics can handle large power levels and have faster switching times
(few ps to tens of pus) than MEMS. However, the associated circuits may have a large
size and mass. They can be used in bulk form, so that planar circuits like coplanar

waveguide and microstrip lines can be directly fabricated on them.

As an example, the frequency-tuned performance of a ferrite-based microstrip patch
antenna is presented in [10]. A 40% continuous tuning range was achieved by varying
the DC magnetic bias field applied to the ferrite. The dimensions of the patch are
reduced because of the high dielectric constant of the ferrite substrate. However, the
efficiency of the antenna is poor because of losses in the substrate. The external magnet
used to apply bias makes it bulky. Finally, factors such as the non-uniform bias fields
and the multiple modal field distributions excited in a bulk ferrite substrate may prevent

its practical applications [1].

As mentioned, there have been various attempts to make reconfiguration. PIN diodes,
MEMS and ferrites have great potential; they also create a series of disadvantages:
Semiconductor diodes are limited in use to the lower GHz range (up to about 15-20

GHz) due to their high parasitic and losses. MEMS switches have excellent properties in
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the higher GHz region, but the devices with this technology need a large number of
MEMS switches, each one with its own bias line, to minimize phase errors and produce
reliability and high complexity [11]. On the other hand, due to deteriorating
electromagnetic properties at high frequency, high fabrication cost, high power
consumption, bulkiness and probable high insertion loss, ferrite-based devices operate
efficiently below 30 GHz and have adaptation problems for a satisfying operation above

30 GHz, and are particularly difficult above 100 GHz [12].

1.1.2.2 Liquid crystal

Liquid crystal is a polar nonlinear dielectric material. Its dielectric polarization can be
changed by applying an electric field. Due to their light weight, low cost, compact size,
and negligible power consumption, tuneable devices based on liquid crystal are
receiving an increased attention, in particular in view of their use in reconfigurable
circuits and antennas. In a general discussion about the disadvantages of other tuneable
devices, as mentioned above, LC materials are superior in terms of cost, integration and

ease of fabrication when compared with diode, MEMs or ferrites.

There are several distinct kinds of liquid crystalline phases reported. However, the
common characteristic of these phases is that they are stable in a temperature range
which is between the temperature ranges where the isotropic liquid and the solid phase

are established. The simplest liquid crystal phase is called the nematic phase. It has the
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lowest ordering of all the mesophases (the phases of the liquid crystalline compound
between the crystalline and the isotropic liquid phase) and precedes the transition to the
isotropic liquid, which occurs at the clearing point. When the temperature is increased
above the clearing point, the liquid crystal behaves as a simple liquid and it will be as
clear as water. The properties of liquid crystal will be described in more details in

Chapter 2. Molecules in a nematic phase tend to become ordered along parallel axes.

Various tuneable microwave components with liquid crystals have been proposed, for
example, liquid crystal phase shifter [12] [14], tuneable capacitor [21], tuneable filter
[22] [23], vanable delay-line [15], reflectarray antenna [16] [17] [19] [20], etc. most of
them use open transmission line or patch structure. Recent studies have shown that an
electronically reconfigurable reflectarray antenna can be created by placing the printed
patch elements above a metal backed cavity which is filled with nematic LC [13] [19].
In LC reflectarray antenna, the phase of the reflected signal from the individual patch
elements is adjusted by applying a bias voltage to control the orientation of the LC
molecules and then by phase adjustment, a focused beam is generated. For example, in
[13], the feasibility of using the anisotropic properties of liquid crystal to control the
reflection phase of a reflectarray patch antenna in X-band has been demonstrated. A
layer of liquid crystal was introduced in the region between the resonant patch array and
a conducting ground plane. The geometry of liquid crystal cells is shown in Figure 1.1

[13]. All the units are in millimetre. The liquid crystal molecules are parallel to the
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substrate surfaces. By applying an external electric field, the molecules become aligned
and are nearly perpendicular to the substrate surféce. This molecular orientation of liquid
crystal molecules in two states, parallel and perpendicular (or with and without the
applied bias voltage), causes changes in the permittivity and hence the electrical size of
the individual patches can be changed. Small changes in the electrical size of the patch
results in large changes in the phase of the reflected signal at frequencies close to
resonance. The difference phases of the reflected signal at resonance between the
parallel and perpendicular states can be named dynamic phase range that is close to the
150° for this structure. In Chapter 3, finite element simulations of the structures depicted

in this paper will be presented.
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Figure 1.1 Schematic of the two unit cells. All the units are in millimetre.

1.2 Thesis structure and overview

The aim of this thesis is to study the potential of using tuneable resonators in X band
using liquid crystal as a dielectric in a reflectarray element. Due to the bias-dependent
permittivity of the anisotropic nematic liquid crystal embedded in the resonator’s
multilayer substrate, a differential phase shift in the reflection coefficient is predicted.
Three liquid crystal namely K15, BL006 and MDA-05-893 from Merck KGaA will be

tested. This study includes two parts: theory and experiments. In the theoretical part,
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design, simulation and optimization of various microstrip resonators are done by finite
element modeling (Ansoft-HFSS®). In this study, we will consider a new tuneable
resonator consisting of a printed folded hairpin. The hairpin shape was adopted in order
to provide compactness and low radiation losses. In fact, the odd symmetry of the
current distribution on both sides of the hairpin leads to the cancellation of the radiated
fields [18]. Therefore the most significant loss contribution comes from dissipation in

conductors and dielectrics.

In the experimental part, the best suited resonator design is fabricated. The structure of
the resonator includes multiple layers and the liquid crystal 1s injected in a closed-cavity.
In order to increase tunability, the printed metallic resonator should be as close as
possible, and possibly in direct contact, with the liquid crystal. To prevent any leakage
and spills, RF and DC connection ports are kept away from the liquid crystal (LC)
container. The reflection coefficients (S11) in parallel and perpendicular hquid crystal

states are measured in the X band with a network analyzer.

Finally, experimental and predicted data are compared. Consistency between these

results provides confidence that the employed design and fabrication are accurate.

The outline of this master’s thesis is as follows: after the introduction of reconfigurable
antenna concepts in Chapter 1, the basic concepts to understand liquid crystal as a polar

dielectric material, such as the structure interaction, molecular orientations and physical
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characteristics is described in Chapter 2. In addition, dielectric tunability, phase shift per
mm and figure-of-merit of liquid crystals of the three different type of liquid crystal,

used in the project are calculated.

To achieve the minimum loss and maximum phase shift in the reflection coefficient and
hence the best possible reconfigurability performance, many kinds of microstrip
resonators and filters are studied and are simulated in Chapter 3. The best-suited
resonator design has been selected and fabricated. The direct comparison between
properties obtained from simulation with those found from experimental measurements

1s made in Chapter 4.

Besides, an experimental setup used to observe the experiments is described. Chapter 5
predicts the behaviour of the hairpin resonator structure as a reflectarray. The last

chapter, Chapter 6, includes the conclusion and suggests avenues for future work.
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CHAPTER 2. LIQUID CRYSTALS

“Liquid crystals are a mesophase emerging between liquid and crystalline phases and
have fluidity of liquid and anisotropy of crystal,”’[25]. Mesophase is given from the
Greek word mesos meaning middle and is referred to any of the phases of a liquid
crystal which is intermediate between liquid and solid. In this thesis, we will be
concerned with only the thermotropic liquid crystal. A liquid crystal is thermotropic if

the order of its molecules is determined or changed by temperature.

The various thermotropic liquid crystal phases (smectic, nematic, cholesteric) have been
discovered still now [26]. The common characteristic of these phases is that they are
stable in a temperature range, which is between the temperature ranges where the
1sotropic liquid and the solid phase are stable. This is depicted in Figure 2.1. In this
phase, the liquid crystal molecules are aligned parallel to each other but are able to rotate
about their long axes. “Liquid crystals of the nematic type are of by far the greatest
importance technically speaking,” [26]. On 1922 Friedel [27] assigned “the name
nematic from the Greek word nema, meaning thread, because of the thread-like

2

discontinuities which can be observed under the polarizing microscope for this phase, ”.

The molecules making up the nematic phase are arranged in such a manner that there is

no positional order for their mass centers, like in the isotropic liquid, but there 1s a long-
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range orientational order. The molecules tend to orient on the average along a preferred

direction within a large cluster of molecules, called the director 7.

Within a sufficiently large electric field, however, all the local directors will be either
‘ parallel or perpendicular to the magnetic field depending on the sign of the molecular
magnetic susceptibility anisotropy of the molecules. This thesis examines only the

nematic mesophase.
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Figure 2.1 Molecular order dependence on temperature.

2.1 Resonant performance of liquid crystal

Liquid crystal, as a nonlinear dielectric, is a polar dielectric material whose internal
dielectric polarizability can be changed by applying an external electric field. This is
illustrated in Figure 2.2. Consider the case where the liquid crystal is contained between
two solid metallic surfaces across which a voltage can be applied. Without electric field

the liquid crystal molecules are parallel to the substrates and liquid crystal permittivity is

€, . When an electric field E, is applied, the LC molecules rotate by 90°. In this case,
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the axis of LC molecules become parallel to the direction of the applied E-field and the

permittivity becomese, . For an intermediate value of electric field (0<E<E)), the
permittivity varies continuously between € ande, .
Due to this phénomenon, it becomes possible to control precisely the resonance

frequency of a resonator with an applied DC voltage, or alternatively, to control the

phase of the reflection response at the resonant frequency.
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Figure 2.2 Polarizability of nematic liquid crystals.

The difference between the parallel and perpendicular dielectric constant defines the LC
dielectric anisotropy, ie. A£ =& —&,. The phase varation achieved in a tuneable

resonator is strongly related toAg .

The tuning range and the resonance bandwidth are related to the intrinsic dielectric
tuneability 1, the phase shift per unit length AQ' and figure-of-merit (FoM) defined in
[28]. AD' corresponds to the achievable phase variation for a plane wave travelling over
Imm of LC, whereas FoM is the ratio of the achievable phase variation over the wave

attenuation due to the losses in the LC.
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2.2 Liquid crystal materials
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With a single hiquid crystal it is not possible to control all optimization aspects such as

temperature range, viscosity, tuning voltage and dielectric anisotropy. Only a mixture of

liquid crystal that may include up to twenty (20) types of hquid crystal can meet all the

desired specifications [28]. For this study, three different nematic liquid crystal mixtures

with various properties, namely BL006 [16], K15 [28], [24] and MDA-05-893[17] from

Merck KGaA have been used. Their technical data and safety sheets are included in

Appendix A.
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The melting and clearing point temperatures are used to describe the properties of liquid
crystals. At the melting point, the material transforms between a solid phase and a liquid
crystal(LC) phase. At a temperature below the melting point, the liquid crystal will be in
the solid state. At a temperature above the clearing point, it will enter the isotropic
liquid state. Normally liquid crystal is milky white below its clearing point but is as clear
as water above its clearing point. These temperature points are given in appendix A.
Comparison between LCs shows that their melting points are below 23°C and K15 has
the lowest clearing point (35°C). Therefore, in room temperature (26°C) all of them will
be in the liquid crystal state. MDA-05-893, due to its large temperature range (20°C-

110°C) 1s the most suitable LC for operation at room temperature.

The characteristics of the LCs at room temperature in both perpendicular and parallel
modes [16] [17] [24] [28] are summarized in Table 2-1. The values of &, and tnd,

correspond to the case where a bias voltage is applied to LCs. The table shows that the
dielectric anisotropy of BL0O06 at 10 GHz is greater than that of K15. Unfortunately, the

dielectric properties of MDA-05-893 at 10GHz are not available in the literature.
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Table 2-1 Dielectric properties of liquid crystals

e | feR | g s |2y g
f » 13;0‘;06» . e 10 251 | 0.032 27 | 0026
K15 o 10 26 | 0025 | 277 | 0.043
MDA05893 35 23 | 0025 | 265 | 0.01

By using Table 2-1 and formulas (2.1)-(2.3) dielectric tuneability, phase shift per mm
and figure-of-merit of liquid crystals can be calculated. The results are given in Table 2-

2.

MDA-05-893 used at 35 GHz has a higher tuneability percentage and figure of merit.
However, we should consider that LCs have high losses in the lower frequency range, so

its FoM could be smaller at 10GHz.
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Table 2-2 Dielectric tuneability, phase shift and figure-of-merit

c

%] f_@ [deg

min

:

FoMFe_g}
LdB |

 BLoO6

10

7.04

2.47

15.32

K5

10

6.14

0.62

16.97

,‘ ,MDAQO‘5'-893‘_‘ i i

35

13.21

4.67

38.73
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CHAPTER 3. FULL WAVE ANALYSIS

In this chapter, four different types of designs: rectangular patch resonator, microstrip
delay line, half wave resonator and hairpin resonator are presented along with the
relative strengths and weaknesses. Simulations were done with commercial finite-
element and method-of-moments simulation tools, namely Ansoft - HFSS® and Ansoft

— Designer®. All the designs were done for the operation frequency around 10 GHz.

3.1 Patch antenna

This structure was presented by Hu et al. [24]. The reason for the re-simulation of their
structure is to assess the feasibility of using the anisotropic properties of the LC to
control the reflection phase of a reflectarray unit cell. The permittivity of the LC
substrate and hence the electrical size of the individual patches can be controlled by

varying the applied DC bias.

Figure 3.1 shows the dimensions of two unit cells. All the dimensions are in millimetre.
The patches are separated from the ground plane by a 58.42 um thick dielectric layer
withg, =2.9, tan=0.0028, and a 500.38 um thick K15 liquid crystal. The patches

were printed on 42x27mm PTFE material. They show a predicted shift in the resonant

frequency from 9.44 GHz to 9.18 GHz for permittivity values corresponding to the



23

parallel and perpendicular orentation of the LC molecules. At the centre design
frequency of 9.30 GHz, the phase of the individual reflectarray cells can be continuously

varied over a range of 183°. The reflection loss is predicted to vary from -13 to -18dB.

P 6.2 3.125
1 <875 — ;
30 -

Figure 3.1 Top view of patch reflectarray cell geometry (Hu et al. [24],

©Electronics Letter 2006) ; (LC:K15). All the dimensions are in millimetre.

In our simulations, phase characterization is carried out by using the waveguide
simulator approach, which eliminates the need for larger arrays for the element design.
The virtual waveguide simulator is created using Agilent HFSS. The results are similar
to those obtain in [24].The results depicted in Figure 3.2(a) shows that the return loss

vary in the range of 15-19 dB. Figure 3.2(b) and (c) show that the maximum voltage
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controlled phase range is 210° at 9.4 GHz. The purpose of this simulation is to quantify

the voltage effect on the LC molecules.

a 15
@) 5 =27 tan5=0.04

me=2 O,tan5=0.03
6 88 9 92 94 96 98
Frequency

(c)

86 88 9 92 o4 o6 98
Frequency(GHz)

Figure 3.2 Patch structure simulation. (a) Return Loss; (b)
Reflection phase; (¢) Bias-induced phase difference, (LC:K15).

3.2 Microstrip variable delay line

The liquid crystal voltage-variable delay line is designed with two cases of the phase

difference; one with a bias voltage applied to the LC layer and the other without bias



25
[15]. By applying a bias voltage between microstrip conductor and ground metal, the
permittivity and thereby the transmission characteristics of the microstrip line, including
delay time can be controlled. In this section, we want to simulate its implementation in
microstrip implementation using Ansoft - HFSS®. The structure is shown in Figure 3.3.

The liquid crystal layer has a thickness of 0.254 mm and serves as the substrate of the
microstrip line. A strip conductor is plated on an alumina (&, =9.9 andtan & = 0.0001)

with thickness of 0.254 mm. The width of microstrip line W is 406.4 um and the
characteristic impedance is approximately50€). Dimension K is 11.684 mm and
structure is simulated for two different values of length of microstrip line L, 11.684 mm

and 17.78 mm respectively.

Ground plane

(a) (b)

Figure 3.3 Geometry of microstrip line cell (a) side view (b) 3D view.
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Simulations were done with the parallel and perpendicular dielectric properties of the
LC. Table 3-1 shows that the material-induced phase changes are small and increase by
only 3 degrees when the length of microstrip is increased from 11.684 mm to 17.78
mml. This is a direct consequence of the small variation of permittivity (only few
percents), which is an intrinsic limitation of the material. If we want to make a delay
line, it is not likely to be acceptable because the device will become very long and not

suitable for practical applications.

Table 3-1 Differential phase at 10 GHz for two different lengths of microstrip; (LC:K15)

11.684 mm 91.10(deg) 85.08(deg) 6.02(deg)

17.78 mm -48.09(deg) -57.01(deg) 8.92(deg)

Table 3-2 gives a comparison between the phase changes for three types of liquid
crystals at 10 GHz, for a 11.684 mmmicrostrip line length. For example, it can be seen
that for K15, the phase change is 0.51 degrees per mm. So changing the phase by 360
degree would require a line of about 700 mm. This is clearly impractical. By comparing
these results with those obtained with the patch resonator, it can be concluded that a

possible practical benefit of LC in these conditions is maybe in a resonator.
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Table 3-2 Differential phase at 10 GHz for three types of LC for microstrip delay line

3.3 Half-wave resonator

In the last section, it was concluded that the controllable phase shift in a LC based
resonant device is greater. In this section, we are proposing a novel coupled open-circuit
half-wave microstrip resonator, as illustrated in Figure 3.4. In order to increase the
sensitivity of the resonance frequency with respect to the variation in permittivity of the
LC, the resonator is put directly in contact with a tuneable material. As will be discussed
in the next chapters, this leads to some practical difficulties in the fabrication, in order to
have a sealed LC container in which a circuit has to be somehow coupled with a leak-

free excitation mechanism. The coupling scheme proposed here to address this issue is
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to use electromagnetic coupling from a simple feeding line printed on a different metal
layer, so that it is not in contact with the LC. As shown in Figure 3.4 (a) and (b), L1 and
Lv are the dimensions of the outer feeding line. L2 is the length of the half-wave
resonator. L2 and the DC bias line are embedded between 0.508 mm liquid crystal and
0.127 mm alumina layers. BL0O0G6 is used as liquid crystal. The length L2 determines the
resonance frequency of the structure. The distance between lines (S), L1, W1 and W2
are optimized for maximum phase change and minimum return loss (dB). The resonator
section is connected to a narrow DC bias line. Since the structure is planar, Ansoft

Designer, based on the method of moment technique was employed.

L1-

v R |-
$=0.254mm L

<+
! ' 50ohm line

s]

7mm

DC bias line

# Via
Lv

DC Port

o vGrOunq‘,p‘l'a‘n_e m Circuit on top surface of alumina layer

Circuit on boftom surface of alumina layer

(@)

(b)

Figure 3.4 Geometry of half-wave resonator cell (a) side view; (b) top view.
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The layout of the structure on both faces of the alumina layer is shown in Figure 3.5. All
the dimensions are in millimetre.The length of the DC bias line 1s fixed at Ag/4 for the
design frequency so that it behaves as an open circuit for the RF signal. In addition, the
width of the bias line is 0.127 mm. The DC bias pad is connected to the outer surface of
alumina by a via. Because of the soldering of the DC connector, the outer DC bias pad is

larger than the inner one.

—— 45593

4.5593

1.016

F1.524+

(a) ®)
Figure 3.5 Microstrip dimensions of a half-wave resonator on the alumina layer. (a) Top

surface; (b) Bottom surface. All the dimensions are in millimetre.

Figure 3.6 presents simulated results of the half-wavelength resonator. The maximum

values of return loss are 14 and 17 dB in the parallel and perpendicular states
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respectively. It is also shown that the predicted shift in the resonant frequency is from
9.25 to 9 GHz. Figures 3.6(b) and (c) show that the maximum voltage-controlled phase

range is 180.3 degrees, at a frequency of 9.144 GHz.

(a)
--s11] |
e "9 91 92 o3 94 o5 96
Frequency (GHz)
(b)
© 89 9 91 92 03 94 o5 o2
Frequency(GHz)

Figure 3.6 Half wave resonator simulation. (a) Return loss; (b)
Reflection phase; (¢) Bias-induced phase difference, (LC:BL006).
The model was re-simulated by considering lossless dielectrics (i.e. tano set to 0) and
metals taken as perfect electric conductors. All the layout dimensions were left

unchanged. This resulted in a decrease of the controlled phase range to 143 degrees. The
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worst case S11, in perpendicular and parallel modes, increased to substantially to -2.8dB
and -2.9dB respectively. These remaining losses can only be due to radiation or surface

waves in the substrate.

While this form of resonator has the advantages of compactness and convenient
fabrication, the radiation represents a limitation on the Q factor and the expected surface
waves or radiation may enhance unwanted coupling between parts of a microwave
integrated circuit module. Therefore, a resonator which has the advantages of the half-
wavelength open-circuit type, but with much reduced radiation, is quite desirable. So,
another open-circuit half-wavelength resénant structure is considered next. This
resonator has a hairpin shape, which provides a high degree of cancellation of the
radiation fields, as the two parallel arms of the hairpin carry equal and opposed currents

[18].
3.4 Reduction of radiation losses

To prove the effect of decrease of radiation loss resulting from the hairpin shape, it is
interesting to compare its performance with those of the unfolded resonator. Figure 3.7
depicts a schematic of the two types of resonator in top and side views. Simulations are

done using Ansoft — Designer ®.
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Unfolded coupled-line resonator Hairpin resonator

N4

RF port
RF port

N4

-

Ground plane

Circuit on top surface of upper alumina layer

DC Input Circuit on bottom surface of upper alumina layer

Figure 3.7 Top and side views of unfolded and folded coupled-line resonator structures.
Figure 3.8(a) shows that the simulated return loss in an unfolded half-wave coupled-line
resonator as resonance changes is between 15dB and 18.5dB. These values decrease to
13dB and 15dB in the hairpin resonator, as shown in Figure3.8(b). Thus, folding the
resonator to reduce radiation and surface wave losses led to an improvement of 2 to 3.5

dB.
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Figure 3.8 Simulated return loss (a) Half-wave coupled-line circuit; (b) Hairpin circuit.

On the other hand, by removing all losses in dielectrics and using perfect conductors in
place of metal, losses in perpendicular and parallel modes are changed to 0.13dB and
0.135dB. These amounts are significantly less than those obtained with the unfolded

resonator in similar conditions.



34

3.5 Hairpin resonator design

The adopted configuration is illustrated in Figure 3.9. The resonator and its DC bias line
are settled on the bottom face of an alumina substrate (%, ), which also has the RF input

line and the DC biasing line and pad on its top surface. A via hole interconnects the top
and bottom sections of the biasing line. A high-impedance narrow bias line (width of
101.6pm) was used to prevent RF leakage in the bias network. The RF feed line is above

the alumina frame and is therefore less affected by the bias state of the LC. The

thickness of LC (4,.) is 381um.
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e

7
/Bt hairpin microstrip (bottom surface
\hAl I - of the upper alumina layer)
LC |5
fooni e e o e F
N - RF connector

Upper alumina

Via (dc-biasing) layer

dc connector
Liquid crystal
cavity

Alumina frame

Figure 3.9 The structure of the hairpin resonator backed with a liquid crystal cavity.

In order to achieve the best possible performance, the following guidelines were

followed in the design of the multilayer structure:

» To increase tuneability, the percentage of the resonator’s RF energy storage in
the liquid crystal (LC) volume is maximized. This is achieved by having the

printed metallic hairpin directly in contact with the LC;

» To ensure that the characteristic impedance of the line feeding the resonator is
not affected by the change of permittivity resulting from LC biasing, a good
coupling between the resonator and the 50-ohm testing port should be

maintained;
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» To avoid having RF and DC connection ports in contact with the LC container to

prevent leakage and spills.

The magnitude and phase variations of the reflection coefficient measured at the RF port
depend critically on values of the coupling gaps S1 and S2. These parameters were

optimized by simulation using Ansoft-HFSS®. Two different simulation were done for
two different thicknesses of upper alumina layer (4,), i.e. 0.127 mm and 0.254 mm

respectively.
3.5.1 Results for a 0.127-mm thick upper alumina layer

The coupling gaps S1 (0.254 mm) and S2 (0.381mm) for this thickness were optimized
by simulation. The layouts of the structure on both faces of the upper alumina layer are
shown in Figure 3.10. All the dimensions are in units of micrometer. We will now

present the results obtained with the three types of liquid crystal previously used.
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4.953 10.668 h.f":

(b)

Figure 3.10 Dimensions of microstrip on the upper alumina layer (a) Top surface; (b)

Bottom surface; (72, =0.127 mm). All the dimensions are in units of micrometer.
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3.5.1.1 K15

Figure 3.11 shows that the resonant frequency of a hairpin resonator structure filled by

K15 decreases from 9.54 to 9.38GHz and gives a peak reflection phase variation of 174°

at a frequency of 9.48GHz. The return loss at the resonance varies between 24.5 and

13dB.

(a)

(b)

()

Ad(deg)
8

3 92 94 9.6 9.8 10
Frequency(GHz)

Figure 3.11 Hairpin simulation. (a) Return Loss; (b) Reflection phase; (c) Phase difference,

LC: K15, #,=0.127 mm.
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3.5.1.2 MDA-05-893

The calculated reflection phase plots of the hairpin resonator are shown in Figure 3.12.
The resonant frequency is shown to shift from 9.85 to 9.42 GHz. The reflection losses

are 10.5 and 6dB at the two resonances. The maximum dynamic phase range is 222.5 °at

9.65 GHz.
—~ _—-‘¥‘ ’ T __‘__——c’————i- -
(a) 0 5 R —S11L |
T .10 =stll
0
S ‘ | |
~~~
(o) —S11 N“\\
-+311] |
?200 :
%100 :
“ 92 94 96 98 10 102 104
Frequency(GHz)

Figure 3.12 Hairpin simulation. (a) Return loss; (b) Reflection phase; (c) Phase difference,

LC:MDA-05-893, #,=0.127 mm.
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3.5.1.3 BL.006

Figure 3.13 shows that the resonant frequency decreases from 9.6 to 9.4 GHz when the

LC is biased. The maximum phase shift is 156.5° and it occurs close to 9.5 GHz. The

maximum losses at resonance are 15 and 13dB.

(a)
(b) —s11L TSsS I g
=511 | TS -200%
g 100 /\ _
5
% 9.2 9.4 9.6 9.8 10
Frequency(GHz)

(c)
~ Figure 3.13 Hairpin simulations. (a) Return loss; (b) Reflection phase; (¢) Phase

difference, LC:MDA-05-893, /,=0.127 mm.

3.5.2 Results for a 0.254-mm thick upper alumina layer

The 0.127 mm thick substrate 1s quite fragile. So the thickness of upper alumina was
changed from 0.127 mm to 0.254 mm. To achieve to same frequency as for the 0.127-

mm case, S1, S2 and the dimensions of microstrips on both top and bottom surfaces of
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upper alumina layer were changed. In the new structure Sland is S2 are 0.2921 mm and
0.3429 mm. The layouts of the new structure on both faces of the upper alumina layer

are shown in Figure 3.14. All the dimensions are in units of micrometer.

| 45706604 |

.
:l-{_'_ Lss 56»!-—45 72_.[
5.08 11.684 h
=
| 15. 24.H‘—_|g1 5.08

(a)
S0 L—’O 48—»‘ L—30. 48-} e

1016 —I mE’IO.M

8.636 r_35'56—’[ ©3.81

(b)

Figure 3.14 Dimensions of microstrips on the upper alumina layer. (a) Top surface; (b)

Bottom surface, (/#,=0.254 mm). All the dimensions are in units of micrometer.

The results for each of the three considered liquid crystals are given in the following

sections.
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3.5.2.1 K15

Figure 3.15 shows that when the permittivity changes from the parallel to perpendicular
states, the maximum signal losses at resonance are 13 and 21dB respectively. The shift
in resonance frequency occurs from 9.8 to 9.7 GHz and the maximum dynamic phase

range is 154°.

(a)
200
(b) 0 _§
200T
[42]
* 400
094 96 98 10 102 104
(c) Frequency(GHz)

Figure 3.15 Hairpin simulation (a) Return loss; (b) Reflection phase; (¢) Phase

difference, LC:K15, #,=0.254 mm.
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3.5.2.2 MDA-05-893

Figure 3.16 demonstrates the computed resonant frequency shifts from 10.05 to 9.75

GHz, while the return loss level varies from 11.5 to 7.5dB. The maximum phase shift

(203°) takes place at 9.9 GHz.

O‘ I ! ' ‘ e —— Y
(a) a 5 --~~~\ ’,————— !
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0 | =-:S111 |
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5200 | | “ | o
8 00 /-\ |
F
0 94 96 98 10 10.2 104
() Frequency(GHz)

Figure 3.16 Hairpin simulation. (a) Return loss; (b) Reflection phase; (c) Phase

difference, LC:MDA-05-893, /1, =0.254 mm.
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3.5.2.3 BL006

Figure 3.17 shows the simulated S-parameter of the hairpin resonator. It can be
recognized that the maximum phase shift (147.6°) happens at 9.8 GHz. The return loss at

resonance frequencies of 9.85 GHz and 9.73 GHz is varying from 14.6 to 13dB.

(a) o
o
o
— 1200 5
g - —s11L R, 0 2
- =-s11] | -200%,
200—— 1 : ', ; *. -400
§1oo— :
=R
094 9.6 9.8 10 102 104
(c) Frequency(GHz)

Figure 3.17 Hairpin simulation. (a) Return loss; (b) Reflection phase; (c) Phase

difference, LC:BL006, /,=0.254 mm.

3.5.3 Comparison between structures

Phase range and reflection losses for the two values of the upper alumina layer
thickness, using K15, MDA-05-893 and BL006, are summarized in Table 3-3. It can be

seen that for the structure with 0.127-mm thickness, the maximum phase shift for each-
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LC is higher than that in the other structure. By changing the thickness of alumina layer,
reflection losses are not changed so much. Due to its maximum phase shift and
minimum losses, MDA-05-893 appears the most suitable of the three liquid crystals for

tuneable circuit and antenna applications.

Table 3-3 Computed data for two hairpin structures

h, 0.127 mm 0.254 mm
LC S,(dB)  S(dB) Agder) | S (dB) S(dB) Ag(deg)
K15 -24.5 -13 174.1 -21.3 -13 "154.2
MDA-05-893 -10.5 -6 222.5 -114 -7.5 203.5
BL006 -15 -12.7 156.5 -14.63 -13.1 147.6
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CHAPTER 4. EXPERIMENTAL VALIDATIONS

In the previous chapter, four basic designs (patch, microstrip, half-wave resonator and
hairpin resonator) were analyzed using simulations. This chapter will only focus on the
hairpin resonator design as it appeared to be the most promising in terms of losses and

phase tuneability.

Prior to manufacturing the resonator structures, a simple parallel plate capacitor
operating at low frequencies was built and tested in order to verify the tuneability of the
LC materials in contact with the metal electrodes fabricated with the sputtering process
available in our laboratory. In fact, some of the references consulted [11]-[19] indicated
that a certain roughness of the contact on the biasing surfaces was required in order to
favour the alignment of the LC polar molecules in the non-biased (perpendicular) state.
For this purpose, theses papers recommend to cover the biasing metal electrodes with a
thin layer of polyimide dielectric, whose roughness is obtained by rubbing with a simple
cloth. This extra procedure is not done by all authors [20] [24] and therefore doesn’t

appear as essential. Our tests with the capacitor served to validate this conjecture.
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4.1 Capacitor

As a first experimental step to prove the tuneability effect of the liquid crystal, a
tuneable capacitor was fabricated on alumina substrates with conductive electrodes
coated with gold. In this structure, a thin layer of a liquid crystal can modulate the
propagating RF signal with its birefringence. A source of RF signal generator is
electrically connected to the capacitor. The effective dielectric constant of the liquid
crystal layer is modulated by applying a DC voltage. The capacitance can thus be

changed by varying the effective dielectric constant of the liquid crystal medium.

Figure 4.1(a) and (b) show the schematic of tuneable capacitor. The bottom of the cavity

is a metallic ground plane and the sides consist of the inner edges of a 0.254 mm-thick (
h, ) micro-machined alumina frame. The liquid crystal is injected into the cavity
between the upper alumina layer and lower conductor layer. The thickness of upper
alumina (h, ) is 0.254 mm. The control voltage signal is superimposed on the RF signal

through a bias tee to vary the capacitance. The layout of the structure on the upper
alumina layer is shown in Figure 4.1(c). A view of the fabricated capacitor is shown in

Figure 4.2.
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[ RF and DC
Top alumina layer

Upper conductor(bottom '
surface of cap alumina layer) — Alumina frame

Liquid crystal cavity

Alumina frame ——=

Lower conductor
1

(a).

Figure 4.1 (a) Schematic; (b) Side view; (¢) Dimensions of LC tuneable capacitor. All the

dimension are indicated in millimeters.
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Figure 4.2 View of the fabricated capacitor.

In the first step, the capacitor was tested with olive oil as a dielectric (¢, = 3.1). At 1

MHz, the measured susceptance was 110x10° Siemens. However, in the experimental
data, besides the capacitance of the cavity, there is an additional capacitor formed
between the “RF and DC input port” (as shown in Figure 4.1(a) and (c)) and the ground

plane of dimension of ST 5mm | with 0.254 mm PCB as a dielectric (¢, = 2.9 ). This

capacitance should be subtracted from the experimental data. Therefore
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Ay = 0.005x0.005 = 0.000025(m°), dye = 0.01x2.54x107 = 0.000254(m)
£ =885x107 5/ | £ =29

4
C, ., =20bremles s 107 =25

PCB T
PCB

The admittance can be calculated by :

=|j =110x10° = C=17.6pF =C,,.. ;s + Cos = C, =15.1pF
Ol PCB Ol

live oil_experimental

According to the tabulated value of olive oil, we should obtain a capacitance of 14.8 pF,

as indicated below.

A=(11.68x107)* =0.0001365(m*),d = 0.01x2.54x107 = 0.000254(m)
£, =885x10 E/ o =3.1

:ﬁf_r__mﬁ:m 18 pF
: .

r_ Olive oil

Olive oil_theory
The values of capacitance calculated in theory and obtained in the experiment are found
to be very close. It shows that the capacitor structure works correctly. It should be noted
that the capacitance formula used does not account for the fringing fields at the edges of
the metal traces, which should contribute to a small capacitance increase. This effect was
omitted here, as its consideration would have no effect on the validation we want to

achieve on the LC contact effectiveness.

In the next step, the structure was tested without adding polyimide layer. The cavity was

filled with liquid crystal (BL006). As the DC control voltage (i.e., electric field
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mtensity) increases, liquid crystal molecules are forced to align more parallel to electric

field.
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Figure 4.3 Susceptance of tuneable capacitor.
Hence, the dielectric constants of the liquid crystal change continuously from &, to g, .

The difference between €, and €, 1is the mning ranges of capacitance. This

phenomenon is visible in Figure 4.3. As can be seen, increasing the bias voltage from
zero to 32 volts led to a significant vanation of the susceptance. The negative value of

the susceptance is due to inductive effect of DC and RF transmission line.

Also this structure was tested with adding the polyimide layers to pre-align the LC

molecules almost perpendicular to the RF-field. The 2um-thick polyimide films were
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spin coated on the upper surface of the lower conductor and the lower surface of the top
alumina layer, between which the liquid crystal layer is placed. The rubbing process was
also applied. No appreciable difference was observed compared to the case without

polyimide.

Of course, this capacitor was not designed for operation in X-band but the result of this
test nevertheless reveals the capability of tuning the LC by having it directly in contact
with the gold electrodes fabricated in house. It is thus possible to use this simple process

In our tests on resonators as described next.
4.2 Hairpin resonator

As shown 1n Figure 3.9, the bottom of the LC container is a metallic ground plane and
the sides consist of the inner edges of a 0.381mm-thick (/,.) micro-machined alumina
frame. The resonator and its DC bias line are sputter-coated on the bottom face of an
alumina substrate (%, ), which also has the RF input line and the DC biasing line and

pad on its top surface. A via interconnects the top and bottom sections of the biasing
line. A high-impedance narrow bias line (width of 101.6pm) was used to prevent RF
leakage in the bias network. The RF feed line is above the alumina frame and it is

therefore less affected by the bias state of the LC.
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The effective dielectric constant of the liquid crystal layer is modulated by applying a
DC voltage on the bias port, 1.e. between the bias line and the metal ground plane. The
ground plane was mechanically rubbed to favour the alignment of the ligmd crystal
molecules perpendicular to the RF electric field in the 0-volt bias state. However, no

extra layer of polyimide was used, as in [11]-[19].

Figure 4.4 shows a photograph of this resonator. LC is inserted in the cavity via using

the injection holes. Two different prototypes using two different thicknesses of the upper

alumina layer (%, = 0.127 mm and 0.254 mm) were fabricated.
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Injection holes

Figure 4.4 Photograph of the 10 GHz hairpin resonator.

4.2.1 Liquid erystal and applied field polarizations

When the RF input transmission line is excited, power couples to the hairpin resonator
on the bottom surface of the upper alumina layer and the RF electric field is polarized
vertically between hairpin microstrip and ground plane. With a 0-volt bias, the RF

electric field is orthogonal to the axis of liquid crystal molecules and liquid crystal
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permittivity becomes €, . On the other hand, the LC molecules can rotate up to 90° in a

region surrounding the resonator when a DC voltage ( E;) is applied. In this case, the
axis of the LC molecules becomes parallel to the direction of the excited RF E-field and

the permittivity becomes ¢. For an intermediate value of electric field of the applied DC

voltage (0<E<E,;), the permittivity varies continuously between €, and g. Due to this

phenomenon, 1t becomes possible to control precisely the resonance frequency of the
hairpin with the applied DC voltage, or alternatively, control the phase of the reflection

response at a fixed frequency.
4.2.2 Analysis and measurement results

Finite element modelling of the proposed structure was done using Ansoft-HFSS® in
the previous chapter and these results are now compared with the measurements. The
measurement setup is shown in Figure 4.5. The DC voltége is applied to the hairpin
resonator through a bias-T. Principally, the use of such a component in RF circuits
prevents coupling of the RF signal to the DC supply and decreases the losses associated

with.

The reflection coefficients (S11) in parallel and perpendicular LC states have been

measured in the frequency range 9-10.5 GHz with an Anritsu 37369D network analyzer.
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A one-port short-open-load calibration was done prior to measurement, with the

reference plane at the DUT’s coaxial connector level.

Vector network analyzer

o,
DUT — Bias-T

3

50Q

Vdc
(0-32v)

Figure 4.5 Measurement setup

4.2.2.1 Results for a 0.127-mm alumina layer

Figure 4.6 represents the simulated and measured return loss at the coaxial input port
over the frequency range of interest. It can be seen that the resonant frequency changes
from 9.327 GHz (0V) to 9.154 GHz (32V). In the experiments, the resonant frequencies
in both 0V and 32V states have shifted by about 250 MHz in comparison with the HFSS
predictions. The measured return loss levels at resonance are however in very good

agreement with predictions in both states.
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Figure 4.6 Experimental and predicted return loss (%2, =0.127 mm, LC: BL006).

Figure 4.7(a) illustrates the reflection coefficient phase results. The phase transition
exhibits a nonlinear behaviour near the resonance. Bias-induced phase differences are
shown in Figure 4.7(b). In the experiments, the maximum phase change (177°) occurs at
9.24 GHz. A good agreement between the measurement and simulation result can be

observed despite the fact that the liquid crystal permittivity is not known accurately.
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Figure 4.7 a) Measured and simulated reflection phase; b) Measured and simulated bias-

induced phase difference, h =0.127 mm, LC: BL006.

The 0.127-mm substrate layer was very fragile and it was accidentally broken during

cleaning after the first measurement with BL0O06.Therefore, there is only measurement

data with BLOO06 for this structure.

4.2.2.2 Results for the 0.254-mm thick upper alumina layer

The measurements using three different liquid crystals BL0O06, K15 and MDA-05-893

were done and the experimental data and simulation data are now compared.
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4.2.2.2.1 K15
Figure 4.8(a) shows experimental and measured return losses over the frequency range
of 9.3 GHz to 10.1 GHz and change of the resonant frequency from 9.79 GHz (0V) to
9.65 GHz (32V). Figure 4.8(b) illustrates the reflection coefficient phase results. In the

experiments, the maximum phase change of 183° as it is shown in figure 4.8(c) occurs at

9.744 GHz.
(a) _
g
0 X 202232Vde
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%)
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Figure 4.8 Measured and simulated results. (a) Return loss; (b) Reflection phase; (c¢) Bias-

induced phase difference, hA, =(0.254 mm, LC:K15.
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4.2.2.2.2 MDA-05-893

First of all, it should be considered that the only available permittivity values in the
literature for the MDA-05-893 mixture were for a frequency of 35 GHz. Since our tests
are done near 10 GHz, some discrepancies are to be expected. This 1s visible in Figure
4.9 where the resonant frequencies in both 0V and 32V states have shifted and more

losses are measured in comparison with the HFSS predictions.
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Figure 4.9 Measured and simulated. (a) Return loss; (b) Reflection phase; (c) Bias-

induced phase difference, /,=0.254 mm, LC: MDA-05-893.

Figure 4.9(a) shows experimental and predicted return loss over the frequency range of

9.3 GHz to 10.5 GHz and the shift of the resonant frequency from 9.91 GHz (0V) to

9.64 GHz (32V). The reflection coefficient phase results are shown in Figure 4.9(b).The
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maximum voltage controlled phase range, as it is shown in Figure 4.9(c), is 187.4° at

9.784 GHz.

4.2.2.2.3 BL006

Simulated and measured return losses over the frequency range of interest are
represented in Figure 4.10(a). It can be seen that the resonant frequency changes from
9.804 GHz (0V) to 9.52 GHz (32V). The reflection coefficient phase results are shown
in Figure 4.10(b). Figure 4.10(c) illustrates that the maximum phase shift is 200° at
9.636 GHz. The experimental data of this section will be used in the next chapter to

predict the performance of a reflectarray based on tuneable LC cells.

-15 ) I I 1 I | L 1 I ' : ¢ I
S 91 92 93 94 95 96 97 98 99 10 101 102 103 104 105
Frequency(GHz)
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Figure 4.10 Measrued and simulated. (a) Return loss; (b) Reflection phase; (¢) bias-

induced phase difference, /,=0.254 mm, LC: BL006.

The magnitude and the phase of the complex reflection coefficient of the measured
hairpin resonator cell are shown in Figure 4.11 for finer tuning voltage steps, as it will

be required in the reflectarray design procedure.



64

S11(dB)

-3;1:
-j
_4 L i I L L i I L i L . .

a1 92 83 84 25 88 87 98 98 10 101 102 103 104 103

(a)

A
b 81 82 83 84 45 85 87 86 a9 10 107 12 103 104 105
)

(b)

Figure 4.11 (a) Magnitude and (b) phase of the reflection obtained when the control

voltage is swept from 0 to 32V with the step of 1V, /#,=0.254 mm, LC: BL006.

The distribution of S11 at the operating frequency of 9.636GHz in a polar diagram is
shown in Figure 4.12. This figure illustrates how the biasing voltage determines the

angle of reflection coefficient S11. The biasing voltage is varied between 0 and 32V for

this figure.
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LC:BLO06 & =9.636GHz
0 o5

Figure 4.12 Polar diagram of S11; /2, =0.254 mm, LC: BL006

This data is presented in Cartesian magnitude and phase formats in Figure 4.13. It can be
observed that the tuneable phase range is approximately 203 degrees. It is apparent that
the return loss due to dielectric and conductors are expected to be about 12dB in the

Wworst case scenario.
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Figure 4.13 Extracted magnitude and phase of the free standing LC hairpin resonator when

the DC control is varied between 0-32V; {=9.636 GHz, /2, =0.254 mm, LC: BL006.

4.2.2.2.4 Comparison between LCs

The summary of experimental results of two structures is presented in Table 4-1. In this
table, the maximum voltage-controlled phase range and the maximum return loss at
resonant frequency when the control voltage is zero and 32V, of each type of LCs are
shown. Due to maximum phase shift and minimum losses obtained, MDA-05-893 and
BLO006 are thus recommended. Achievement of phase differences greater than 180° for

three types of LCs can be seen in this table.
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Table 4-1 Comparison between measured characteristics of the three resonators filled with

three different LCs

. LCs - Maximum phase, Maximum LO,S,S (dB)
. hAL . ,,shift (degree) Cov | 32V
0127 1 Broos 177 -16 125
mm it
| Brooe 200 -14.8 -10
UL KIS 183 29.5 -16
M “
- | MDA-05-893 187.4 -15.8 9.4

4.2.2.2.5 Comparison with the patch structure

In this subsection, the results of the hairpin resonator are compared with the patch

structure of [16]. Both of them are filled by BL006. The patch elements were printed on

a 125um thick glass reinforced PFTE substrate (¢ =2.9, tan6=0.0028) which is mounted

on a 500um cavity containing the LC. Patch elements were biased from zero to 20V.

The maximum phase shift and the maximum magnitudes of reflection coefficient at

operating frequencies, when the control voltage is switched between zero and Vmax, for

each type of structures are summarized in Table 4-2.
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It can be seen that hairpin with h, =0.254 mm and patch structure has the same

maximum phase shift (200%) but the return loss of the hairpin is at least 2dB less than the
patch structure. This 1s possibly due to the fact that the printed metallic hairpin is
directly in contact with the LC whereas the printed patch elements were separated from

the LC by a PFTE substrate (¢, =2.9, tand=0.0028). So, PTFE losses were added to LC

losses.

Table 4-2 Comparison between the characteristics of the patch and hairpin resonators.

| Maximum phase | Maximum Loss (dB)

v 177 -16 -12.5

200 -14.8 -10
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CHAPTER 5. REFLECTARRAY DESIGN BASED

ON A TUNEABLE LC CELL

For space applications, the low-cost, low-mass, deployable antennas with large surface
area that can be rolled-up or folded for launch and then deployed in space are needed.
For such applications, a reflectarray based on LC is suitable model. “4 reflectarray is
made up of an array of radiating elements that provide a preadjusted phasing to form a
focused beam when it is illuminated by a feed. Printed reflectarrays combine certain
advantages of reflector antennas and phased arrays. They are manufactured on a planar
substrate using printed circuit technology and offer the possibility of beam steering as
phased arrays; on the other hand, the feeding mechanism (as in a reflector antenna)
eliminates the complexity and losses of the feeding network used in planar arrays, thus
providing a higher efficiency. Recently, some potential applications of reflectarrays in
space have been researched, such as contoured beam antennas for Direct Broadcast

" Satellites and very large inflatable antennas.” [29]

Reflectarrays typically use variable-length patches [30], patches with tuning stubs [31],
or CP patches [32] with rotations to achieve required reflection phases. A flat array of
microstrip patches is excited by a feed antenna and the reflection phase from each
element leads to a planar reflected phase front. The radiation pattern 1s subsequently due

to the fields scattered by each patch.
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In this work, we consider the design of a reflectarray using a tuning voltage to control
the reflection phases of the unit cells. It can be modelled (and designed) by considering
reflection from patch elements which are printed on LC cells. Reflectarray alters the
scattered EM field to form a radiation maximum in a desired direction. The reflection
phase of the individual array elements (LC cells) is thus modified to form the desired
scattered beam pattern. In the case presented here, each unit cell is designed at 9.636
GHz with an adjustable phase range of nearly 180°. The direction of the radiated main
beam is controlled by adjusting reflection phases. The goal of this chapter is to predict
the performance of a reflectarray based on the proposed tuneable hairpin resonator
structure used as a reflectarray cell. This implies that a radiating element, such as a patch
or a dipole, is used to couple the incident and scattered waves to the input port of the
resonator. The design of this radiating element has not been addressed, as it is usually
not a limiting factor in previously realized reflectarrays. It is assumed that each
resonator 1s coupled to a broadband radiating element (e.g. patch on a thick substrate)
laid on the reflector’s surface. By following the standard reflectarray design process, the
total reflection phase of a given LC cell can be determined. The experimental data is the
reflection coefficient at the operating frequency of 9.636 GHz for the hairpin resonator
designed with a thickness of 0.254 mms for the upper alumina substrate and the LC

cavity is filled by BL0O06 as the liquid crystal.
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To determine the theoretical radiation pattern, geometrical optics is used to calculate the
field at the aperture of the antenna. This field i1s then Fourier transformed to obtain the
far-field radiation pattern of the system. For simplicity, the analysis is done for a 2D

reflector only.
5.1 Analysis process

The analysis process can be summarized in the following steps. First, the desirable
reflectarray is created by getting a minimum of two samples per wavelength to prevent
grating lobes. The number of samples determines the size of the reflector. Then by using
experimental data and the desired reflection coefficients of the reflectarray, the
achievable reflectarray is synthesized. The feed pattern and spreading losses are taken
into account in this perfect reflectarray design. Finally by using the achievable
reflections coefficients for the LC resonator together with the perfect reflectarray design,

the real reflectarray based ono the hairpin resonator is designed.

5.1.1 Geometry considerations for the reflectarray synthesis

Figure 5.1 shows the geometry used in the synthesis process. Suppose /' =1001,
R=501and O0<x<R. It will be assumed that ray], incident in the center of the

reflector has a specular reflection that is parallel with the direction of the desired main

beam of the reflector. So its angle of incidence i1s equal the angle of reflection (
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r

6 =6, :%0_). The three angles in the triangle (AOC) must add up to 180 degrees,

therefore ¢ = % . On the other hand, Al=Xx,cot(6,)=2x,cot(2cr) and A2=x,tan(cr)

‘ also Al+A2 =F thus

[ x R
6, =arcs1n(?°j,xo =3 (5.1
1. ( R j
o =—arcsin| — (5.2)
2 2F
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] e
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Figure 5.1 Central beam geometry.
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If A= (0,F), C= (%, X, tan(x)) and 6 =(x,, F') by using vector geometry, /, = AC

and l(') = 6(5 can be calculated as follow,

l(') =|F~—x0xtana| (5.3)

\2
I =% +(1) (5.4)
The phase obtained on aperture plane has to be uniform and thus is equal to

A, :‘/8(10 +l£))+¢oa @y =k (5.5)

5.1.2 Desirable reflectarray

In order to have a planar phase front, the phase of all the rays in the aperture plane

should be equal as depicted in Figure 5.2.

Ap,=Ap, = Agp, :...=A(pm . (5.6)

Consequently, for each element in the array, the reflection phase @,is computed by the

following formula.
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Ag, =—,B(l, +l,')+(o1 :...:—,B(l, +l;)+¢(i)

, 5.7
=@, =Ag,+ (1, +1)+2kx 7

Where each ray path / and l, can be described by using vector geometry; i.e.

l; =|F—xl. tanc4 and /, :,/xi?' +(l;)2 . For a perfect reflector, the magnitude of the

reflection coefficient should be unity. So reflection coefficients on each cell of the

desirable reflectarray are given by:

— Py L)
P =Ly =€ (5.8)

Constant phase
aperture

i P8

;o4
P g2

Reflectarray
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H
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.
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Figure 5.2 Phase demonstration of a reflectarray with arbitrary antenna element.
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5.1.3 Achievable reflectarray

Synthesizing the reflectarray with the LC elements requires finding among the various
LC state cells those who give the closest reflection phases to those predicted with the

perfect reflectarray design. In other words, for a given cell of the perfect reflectarray

requiring a desired reflection coefficient I, the achievable value I, is among the set

of reflection coefficients rexp obtained experimentally that is closest in phases to I, .

Thus, for each cell we have:

1—‘ach = nI:lin(Zrdes - Z1—‘5'36;7) - (59)

5.1.4 Perfect reflectarray

The feed pattern and spreading losses are taken into account in the perfect reflectarray

design. As shown in Figure 5.3, we suppose that ray £ is in main lobe direction of the

feed.
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Figure 5.3 Scheme of the design of the perfect reflectarray.
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I, <1,

(5.10)

Feed pattern and spreading loss can be taken in consideration by applying the following

factor to the incident field.

| <I>‘_

cos’(y,)
e ‘ (5.11)

Where g 1s the exponent of the feed pattern. In [35], g (feed beamwidth) has a value of
10.5. Here due to some practical considerations the selected q=12 which a little bit

deviates from optimal.

The propagation phase is calculated by
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L9y =~ +) (5.12)
So perfect reflectarray can be explained by r‘(i),l,fm ‘—’F(l.)(b.v(i)

5.1.5 Real reflectarray

By using the achievable reflection coefficients and the electrical length associated with
propagation from the feed to the aperture plane, the reflection coefficient of the real

reflectarray can be described as follows

It

=[T | ¥ 0| (5.13)

ireal

£T =LV + LT o (5.14)

(Yreal

where index i is used to designate each ray.

The angular distribution of the reflection coefficients of reflectarrays are presented in a
polar diagram in Figure 5.4. In the real reflectarray, it is necessary to have a 360° phase

variation, which is not available with the experimental data.
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Figure 5.4 Polar diagram of calculated reflectarray.

5.2 Providing 360° phase variation

It is possible to obtain a circuit with a phase variation 360° simply by combining two
liquid crystal cells in series as it is shown in Figure 5.5. By looking at the reflection plot
of the experimental results, it is noticed that there is a need for phase compensation at

each element.

Adding two pieces of transmission line with different lengths L1 and L2 followed by
two LC cells, provides reflections I';and I, that are approximately different by 180-

degree in phase. Such different is a rotation in the polar diagram illustrated in Figure 5.6.
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It is worth to mention that due to practical considerations, we added a common

transmission line segments to both phase shifter in advance (027).

L=, " (5.15)
I,=I """ (5.16)

Curves of I} andI', are represented in Figure 5.6(a) and (b). And the impedances Z

and Z, are connected in series to form a total impedance Z,,,, .

14T,

A I-T, (5.17)
1+T,

Z, =11 (5.18)

Zlutul = Zl + ZZ (5.19)
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Figure 5.5 Schematic of two L.C cells in series.

The reflection coefficient of Z_, makes a full rotation of the polar diagram. Since this

circle is not centered in the Smith chart, it causes large variations of the magnitude on
the reflectarray surface. This can be alleviated by using an impedance transformer which
renormalizes the impedance, so that the circle is better centered in the smith chart. An
impedance renormalization of 2.2 (i.e. use of a characteristic impedance of 110 ohms)

gave a good compromise on the magnitude uniformity. Thus, we have:

Z o — 2.2

I“ — total
total Z , + 22 (5.20)

tora,

Finally as shown in Figure5.7(c) a variation of phase 360° of I, is obtained. Such a

variation allows for a maximum in-phase contribution of all elements in the desired main

beam direction, and thus for any desired beam angle.
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(a) (b) (c)

Figure 5.6 Curves (a) r] vs voltage; (b) rz vs voltage; (¢) rm, vs voltage.

5.3 Predicting the radiation pattern

To find the radiation patterns, all the analysis steps are done again using I',,, instead of

experimental data (rexp ). So r(,-)ad, 1s changed to r(,-)ac,,_z c-

r(i)ach__ZLC =min(/T (f)d% - total) (5.21)

First, the radiation pattern of each element of reflectarray is calculated as define in

equation-5.22.
E(x)= v(i)r(i)ach_2LC (5.22)

Then the total radiation pattern of the designed reflectarray consist of 301 identical

elements 1is obtained using equation 5.23.
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E(H) — ZE’I (x)e(jﬂxcos(ﬁ)),_? <@ S_Z_ (523)

Figure 5.7 (a) shows a normali’zed radiation pattern of a 301- element reflectarray
antenna. The antenna was simulated using the approach presented in the previous
section. Figure 5.7(b) shows a closer view of the main beam and its first side lobes. The
pattern of LC reflectarray compared with the pattern of a perfect reflectarray antenna.
This figure shows that the main beams of LC reflectarray and perfect reflectarray are
basically in the same direction. This means that the phase distributions of two antennas
are similar. Moreover they also have the same beamwidth. The comparison between the
two radiation patterns also shows that the sidelobe level is 1 dB higher for the LC
reflectarray (LC reflectarray:-14.6dB, perfect reflectarray: -15.6dB). The lower level of
the maximum is due to loss in the LC resonators, whereas the highest sidelobe is
attributed to the modulation in the aperture field magnitude coming from the non

circular shape of the LC element characteristics (see Figure 5.6(c)).
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Figure 5.7 Radiation patterns of the perfect and LC-based reflectarray designs. (a)
—50° £ @ £50°; (b) Closer view of the main beam and the first sidelobes.

Figure 5.8 (a) shows the comparison between the aperture fields of the LC-based and

perfect reflectarray. As it is shown, there are some ripples in LC reflectarray diagram in



84

both magnitude and angle. Figure 5.8(b) demonstrates that the discrepancies between the
achieved and expected phase of the aperture field are less than 0.01 radians. This
expected low level of phase error is only limited by the numerical accuracy of the

minimum search function used to implement equation 5.21.

The Matlab codes (m-file) which have been developed to calculate the required

parameters are provided in Appendix B.
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Figure 5.8 Comparison between the aperture field distribution of perfect and LC-

based reflectarray designs. (a) Magnitude; (b) Phase (radian).
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CHAPTER 6.CONCLUSION

6.1 Outcomes

This M.A.Sc. thesis addressed the feasibility of using a reconfigurable resonator based
on liquid crystal for use in a reflectarray antenna. A new tuneable hairpin resonator
implemented with a nematic liquid crystal for an operating ffequency around 10 GHz
was proposed. Reduction bf the radiation losses using a folded hairpin shape was
demonstrated. Two hairpin resonator structures were fabricated with two different
thicknesses of upper alumina layer, i.e. 0.127 mm and 0.254 mm. In order to increase the
tuneability, the printed metallic resonator was put directly in contact with the liquid
crystal. A one-port short-open-load calibration was done, with the reference plane at the
DUT’s coaxial connector level. Numerical results using Ansoft HFSS were compared
with the measured phase characteristics, resonant frequencies and return losses for two
orientations of the liquid crystal molecules. The results of this study show that even a
small voltage is sufficient to modulate the phase of a signal that is reflected from the
resonator. The phase agility is dependent on the shift in the resonant frequency of the
structure. For the given voltage, the resonant frequency is determined by the dielectric
anisotropy of the liquid crystals. Three different liquid crystals (BL006, K15 and MDA-
05-893) were measured and due to maximum phase shift and minimum losses, MDA-

05-893 and BL0O6 are the most recommended. A tuneable phase range of almost 180°



87
was achieved for the three types of LC. Compound BL006 with 0.254 mm thickness of
upper alumina layer exhibited the maximum phase shift, 200°, at a frequency of 9.636
GHz. The return loss levels in biased and unbiased states were obtained to be 15dB (0V)

and 10dB (32V).

To our knowledge, no other structure based on liquid crystal presented in literature
achieved this performance with BLO06 in X band. Indeed, before the hairpin resonator,
the best range of maximum phase shift was measured to be about 200° using patch
elements [16] with its maximum losses between 18 and 12dB; while those obtained by
hairpin structure are 15 dB and 10dB. So, return loss of hairpin is at least 2dB less than
those of the patch structure. This is due to the fact that the printed metallic hairpin is

directly in contact with the LC whereas the patch elements were printed on a PTFE

substrate ( £, =2.9, tan 0 =0.0028). So, PTFE losses were added to LC loss.

By using a numerical model combined with experimentally obtained characteristics of a
hairpin resonator cell, it 1s demonstrated that the dielectric anisotropy property of liquid
crystals can be used to create a reconfigurable reflectarray antenna and this application
of the LC 1s demonstrated in the thesis. The experimental data is the reflection
coefficient at operating frequency (9.636 GHz) for the measured hairpin resonator cell
with an upper alumina layer of 0.254 mm and BL.O06 used as liquid crystal. Phase tuning
was obtained by varying the biasing voltage between 0 and 32 volts. There 1s a trade-off

between the phase range and the loss, however new liquid crystal mixtures have been
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reported [33] that have loss tangent values of around 0.004 which is sufficiently low to
give a reflectarray gain when this novel type of phase shifter i1s integrated into the

antenna structure.

6.2 Future works

The results of the extensive study on the liquid crystal and its applications in microwave
engineering demonstrate its promising future in this field. It can be used in very high

frequency applications at 35 GHz or 60 GHz due to its lower loss behaviour.

Response time is a critical concern for a liquid crystal device. The phase transition
exhibits a nonlinear behaviour near the resonance. The transient response between the
states i1s mainly predicted by the relaxation time of the LC’s molecules. By using the
transient nematic effect [34] the phase transition can be accelerated. A short response
time results in a better performance for the LC device. Future works is however

considered on reducing the response time and providing a fast switch liquid crystal.
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APPENDIX A - TECHNICAL DATA AND SAFETY

SHEETS OF LIQUID CRYSTALS
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Material Safety Data Sheet

| . Section1.Prodictand Company tdeniification

Product Neme LCG K15 Licristal® LC Mixture Prodact Code 058300
M anufactarer EWD ChemicalsInc Effedive Date 3872010
Pigments Division Print Date )

7 Skyling Drive
Hawtherne, NY 0522

¥or Mor: Information Catl in Cese of Emerpency Cuf
{914) 5624850 B00-424.5300 GHEMTREC {USA)
WM& SAM-420 P EST 813-536.5566 {Canada) ! !
24 HoursDay: 7 Days'Week
Materisl Uses Electronics Dispiays
Chemics Family  Osganiz Uiguid Crystal Misume
l ... Section 2. Composition and Information on Ingredients .~ . o o I
Cemporent AR 2 % by
Weight
LCG K15 Liorista? LT Midhure Wixture {(LCY 100

*Cremizalidenily withheld as & Tide Sawet ynder fhe O5HA Hararwd Communicstion Standed, ZE0FR SIS TS § {1

“Section 3. Hazards ldentification T
Physical State and Liguid. {Ddorless, milky-white free flowhg organi: fiquid

Appes Fanee

Emerpency Overvigw MAY BE HARMFULIF INHALED, ABSORBED THROUGH SKIN OR SWALLONED.
MAY CAUSE RESPRATORY TRACT, EYE AND SKIN IRRITATION.
&Y CAUEE ALLERCIC RESPIRATORY AND SKIN REACTION.

Rouivs of Entry Cermalcontact. Eye contact inholation. ingeston

Potentisl Acute Health Effecs
Eyes My be hanedows i case of eye contect {byvitant.

Skin May be hazardous s case of skin contect {pemneator, imitant, sensitizer). Sk nflammation
is characterized by #iching, scaling, reddening, of, oocasionslly, blistering.

Indadarion May be harardous in case of nhalation {lung iritant, lung sensitizer.
Ingestinp Way be hararious s case of hgestion.

Potentisd Chropic Besith Effects
Lercinogenic Effeces This matedsl s not known fo cause cancer in animals or hurans,

Addibiongl infurmation See Toxivotugical lidonmetion (sectivn 113

Medical Condifions Fepeated or projonged inhaladon of vapors may aggravete respiratory medical conditions.
Ageravaied by

Cryurrapmsare:
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[ co ks Licristar L mixture 058300 Paga:izh |

[ "/ Section' 4, FtrszidMeasures B LT o J

Eye Contact

Check for and remove any contadt lenses. In case of contact, immediately flush eyas with
plenty of water for at least 15 minutes. Get medics! sftention.

Skin Contact in case of contact, immediately flush skin with plenty of water for at least 15 minutes whie
removing contaminsted ciothing and shoes. Cover the irritated skin with an emollient. Wash
cisthing before reuse. Thomughly dean shoes before reuse. Get medical attention.

Inhalztion if inhaled, remove to fresh air. if not breathing, give artificial respiration. ¥f breathing is
difficult, give oxygen. Get medical attention.

Ingestion Do NOT induce vomiting unless directed 1o do so by madical personnel. Never give anything
by mouth 1o an unconscious person. If iame guantties of this material am swallowed, call a
physician immediately. Loosen tight clothing such as a collar, tie, belt or waistband.

r Section 5. Fire Fighting Measures : : 2 SR ‘ Lo J

¥lg mmahitity of the
Product ’

May be combustible st high temperamre

Auntp-ignition
Tempeminre

Not available.

Fluash Points

Closed cup: 113°C (236, 4°F}.

Flammable Limits

Mot available.

Products of Combuastion

Thes€ products are carbon oxides {CO, GO, nitogen oxides {NO, ND...}1

¥Fire Hazards in Presence
of ¥arivus Substanges

Flammable in presence of open flames, sparks and static discharge, of shocks, of heat.

Explosion Hazsrds in
Preseoce of Varous
Substances

Risks of explosion of the preduct in presence of static discharge:
Flammabie in presence of open flames, sparks and static discharge.

Risks of explosion of the product in presence of mechanical impact
Flamnmble in presence of shocks,

Fire Fightng Media
and Instractions
Protective Clothing {Fire)

in case of fire, use water spray {fog), foam, diy chemical or COZ,

Wear seff-contained breathing appamtus and fill protective dothing.

Spocia! Remarks on Fire
tiarands

Special Remarks on
Explosion Hozarnds

Keep away from heat and flame,

Kesp away from sources of ignition.

r Sectmnﬁ Acmdental Release Measures S e s ]

Smalt Spilf and Leak

Large $pill ang Lesk

Spilt Kit Information

Use & tood to sc00p up solid or atzmrbe" matena! and sslace ame appmpr;m;e iabeded waste
container Finish cleaning by apreading water on the contaminated surface and dispose of
sccording to local and regiongl authonty mguirements,

Use appropriate tools to put the spilled material into 2 labeled waste disposal container. Finish
cieaning by spreading water on the contaminated surface and dispose of according fo local
and mgicnal reguiatory requiremants. Check TLY- Section 8 of MSDS.

No specific spill kit required for this poduct
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I LCG K15 Licristal® LC Mixture 058300 Page: 3/
r . Section 7. Handling and Storage’ . L L T ]
Handling Do not ingest.  Avod contsct with eyves skin and daﬁmg szxd br&atmm Vapors of spwy

MIsts. AVGId breathing aust. Use with adeguate ventliaticn. Wash W&Igh]y aner haniing.

Storage Keep contsiner tighlly closed  Keep container in 3 cool, wellventibted area. Store between
16 to 30°C {5C {o BE°F).

| ‘Section 8. Exposure Controls/Personal Protection. S R " J

Engineering Conirols Frovide exhaust ventilation or other ergineering controls lo keep the aitbame concentrations
ol vapo s Delow thel sespeddive socupelional expusure Bnils. Enswe Ukl eyewasl stations

&nd safety showers are proximal to the work-staion location.

Personal PFrotechion
Eyes Splash goggies.

Body Lab oost.

Respirarory Yapor mapimtor. Bz sume to vae a MSHANIOEH spproved respiraior or cquvselent.
Hamds Nitnie glowes.
Feet Not appiicable.

Protective Clothing
{Pictograms}

Fersonol Protection ia Splach goggles. Synthetic apron Nitrile gloves, Weaar MSHAMNIOSH approvad self-contained

Case of 3 Larpe Spill treathing appamius or eguiveient and ull protective gear.
Product Name Exposure Limits
LULB RIS Licnstal L Mdwe Not avasiable.

~ Section V. Physical and Chemical Properties

Odor Odoriess.

Color 1ilky-white

Physical State and Liguid. (Odorless, milly-white free flowing organc liguid )
Appearance

Madeonds r Wakicht 746 4 gimnd

Molecular Formuls Mot spplicable.

pli Not availsble.

Boilin g/Condensatioa 140 10 150°C {284 t2 302°F)
Point

MeltingFreczing Yoint 22 t025°C{71.8 o F7°F)

Specific Gravity Not available.
Vapor Pressure Not availabie.
Vapor Densify Not availabie.
Odor Threshold Hot availabie.
Evaporston Kate ot avaliatie.

Lopka, Hiot avsilable.
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I LCG K15 Licristal® LC Mixture

088300 Page: 478

Sulubility

insoluble in water.

[ Section 10. Stakility and Reactivity

Stability and Reaschivity

Conditipas of Instability

Stable under recommended sorage ani hzm:ﬁm conditions {see section 7).

Avoid excessive heat

Ineomipatibility with
Various Substance

Reactive with cuddizhg agents, moisture,

Hazardows Dreomposttion These products ae sabon oddes {0, GOy, nitroge weides {(NO NOz.)

Prisdurts

Hazardois Polymerization Will not ooy,

| Section 11. Toxicological Information

HTECS Namber:
Toxicify

LG K1E Licnistal® LC Mivture bt ovalistis.
#cute oral toxicity {LDsc): 4080 mgikyg [Rat].

Aoute dermal toxidty (LDx): =4000 mghg [Ratl

CRrpme LIects 98
Humans

Agute Effects on Humans

CARGINDGENIC EFFECTS: Not avaliabia.

MUTAGENIC EFFECTS: Notavailable.

TERATOGENIC EFFECTS: Mot svaiable.

CEVELOPMENTAL TOXICITY: Mot available.

Fepeated of projonged inhaladon of dust may lead to chrovic respiratory irritaion.

May be harardous in case of eye conlact {arilanl). May be hazardous in case of skin contact
{pemmeator imitant, sensizer). Skin inflammation is chamderized by Rching. scaling, reddening,
or, cocasionally, blistering May be hmadous in case of intalation (lung Imtant lung sensilizer).
May be hazardous in case of ingestion.

Sypergepc Prodine
{Toxicolopicallyy
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Terastoperic Effects

Mutapenic Effects
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Craize Teg: Not avalable.

Repeated or prolonged exposure 16 the substance at concentrations above the expasure limits
may cause respiratony fract anc skin sensitization.

THiS Matedal & na Ko 10 SIS Cancar in Snimals of hurmans.

ot availgble.
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Not availsbie.

- Section. 12. Ecol’ogicai information

Farmiud to &guatsc OIGSNINGS, May Cause cvrzgmtgrm adverse effects in the ﬁquauc:

Ecvtoxicity
environment.
BODS avd COB Kot availatie.

~ Section 13. Disposal Censiderations - -

EPA Waoste Nomber

Frestment

hon-hazardicue chamisal waes,

Lispose of according {o all federal, stste and local regudations.
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LCG K15 Licristal® LC Mixture 053300 Page: 5/6

r' Section 4. Transport information

DBOT Clssification Not regulsted.

TG Classificafion Kot reguiated.

IMOAMDG Classiication hol segulaksd.

1CAQANTA Classificstion Not requialed.

| Section 15. Regulatory mformation .~~~ .o . e o]

UX. Foderai Repuiagtions  TSCA B{blinventory LCG KI5 Licrista® 1 C Mixture
SARA 302730473 11/212 extremaly hazadous susstances: No produsts were ‘ound.
SARA 3021304 emergency planning and notification No products were found
SARA I02304/3 117212 hazardous chemitals: No products were found.
SARA 2111212 MEDS distribition - chemical inventory - hezserd identificstion: Mo products
vezre found.
SARA 313 Form R Reparting Requirements-No podudts were found.
SARA 313 Supplier Notification- No products were found,
Clzan Wiater Act {CWA) 307 No products were found.
Clzan Waler Act {CWA) 311: No products wers found,
Clean air 5ot {CAA) 112 scdidental reisase prevention: No products were found.
Clean air zot (CAA) 112 regulated flammable substances: Mo products were lound.
Clean air oot {CAA) 112 requiated toxic substances: No produnts wers found.

WHMIS (Canada) Ciass D-24 Material causing other toxic effects VERY TOXIC).

CEPA NESL. LCG K15 Lichasla® LC Miture

This product has been classifed in accordance with the hazard criteria of the Controlied
Product Regulations and the MEDS contains all mauired information.

Inierastional Regoisions

EINECS LG K15 LicristalP LC Mixture 255.083.2

DICLAEED) This product 1s not classified according to the EU reguistions.,

internationailists  Australia [NICNAS): LCG K15 Licrista® LC Midure
Yorea {TCCL): LCGK15 Licrista®® LC Midure

Philippines (RAGESD) LOG KI5 Liciste® LG Midure

State Hegntations T progucts were found.
Calfomia prop. 65 Ng products-were found.
L Scction 16 Other Information - - 1o e e ]
z'.\,mmu:f]. Fire Fire Harand
Protection . N
Associstion Bedth <2 ) > Heactivity
{{; S.A) Epevific Hazard
Other Special Warning - this preparation contains a substanoe not yet tested completely.

Considerstions
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I LCG K15 Licristal® LC Mixture 058300 Page: 6/6

Changd Sinee Last
Revising

Notice 1o Reader

The stements avnained heein are haved uposs technicel date thet END Chemioaly Iine. befieves to be reliohle, ere offered for
i fermration Ly poses only aid o 8 guidy w iy sppropriae precausion oy and ciergency hamding of e marerial 0y a propaly
trained persou having the nroeysary technivel skills. Users should consider these data only ox a supplement to other information
patherad by tem and must meke independent doteryinaions of suitability and conipletenexss of informution from I sonrces to
QESHIE Propey ¥se, storage and disposal of Bhese moreriols and she sfely end heaith of employees and rustorsers and the
protection of the environment. EMD CHEMICALS INC MAKES M) REPRESENTATION OR WARRANTY OF ANY KIND,
EXPRESS OR IMPLIED, INCLUDING MERCHANTABILITY OR FITNESS FOR A PARTICULAR USE, WITR RESPECT
TO THE INFORMATION HEREIN OR THE PRODUCT TO WIHCH THE INFORMATION REFERS.
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Technical Data Sheet

LCG BLOQ06 Licristal LC
Mixture Product No. 200216

preliminary data shsst

PDLC Fluid
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Technical Data Sheet

{n.o. voltages measured in s S0

EMD ZRemisals INC.; Eawhloone, Row Yok, LO030-D156, Tel: $14-59%0-9880 l
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Technical data sheet ®
The data found on this sheet may be subjact to change without prio? notice. Lﬁfﬁ’igtﬁ 1
MDA -D5-
833

Physical Propariies
Clearing Paint 1453 °C
Rotadena Viscosity ¥y +20°0 &7 mPas
Qptical Antcotropy An 588.3nm +29°C 0.2573

(1S 589.3 nm +20°C 1.7834

fly 388.3nm +20°C 1.5133
Cielectric Anisoropy Ar 18 kHz +20°C 33

£, 10kHz +20°C BE

G 1.8 kHz +29%C 38
Elastic Constants ¥ +20°C 129 pN

Ky +20°C 177 pN

WKy +20°C 1.37
iLow Temp. Siorage {Cells) 20 *C Passed
Low Temp. Storage {Celled 36 °C  Passed
Low Temp. Storage {{Celic) -43 *C Pazsed
Low Temp. Sterage {Bulk} +2*C Passed
HTF Dopant: §-811 +20°C -113 am”
Electro-Opiical Properties
Twisi Angle 24~

dan 485 pn
dip £.53
Polyimide Type
Threshold Voltage Vg, oty +20°C v
Saturation Vokage Mg, it +20°C v
Sieepness +*20°0C %o
EMD: Chemieals Inc., Hawthorne, New York, 10532-21:536, Tel:
$14-552-4860 g

'\EMD
§l.ivis

v b
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Safety Data Sheet '

According to BU Directive $1/155/ERC
Daie of issus: G0 2000

1. ldentificatinn of he substance/preparation and of the companyindertaking
Tdentification of the produc
Catabosne Moo 136443

35003 Licristal §

Product name:

Lise opf b substomes Saraiion

Laguid-crvstal display sechaology

Comparyinderiaking identificarion

Comgany: Merck K{aa ® 64271 Darmsiadt * Germarsy * Phone: 4% §151 72-6
Emergeney sistephone Neu Pleast contucs the regionnd Merck represcataiion
18 your CouRiry.

2. Conpasitienidnformation on ingredicnts

Mixtare of Tignid covstals.

Hazardouy mgrediewiy:

Ey

S AR

Classrfication et

A d-trans-Viryd-{ 1, U -bivyclobersd -4 -rans-335-1, 2<up robenzens
142406-92-8  430-860-6 B33 P 0%

d-cthylovelohensd-4 -cyannbensrne
T2828-54-2 277842 A 280
* A5 Triflporo-d-propel-1.17:4", 1 weephony!
1-1 RE3 -2 %

4-{4-Einyi-La-difluorophoyy l-cthing 1 1-4" propyibipbenyd

321526-72-3 233 2R

§Full wxi of R-Phrases o heading 16]

3. MHazards identification

May cause long-ierm adverse effecty in the aguatic envirmament,
Attention - s preparation containg & sehstance which has nol bees fully testod s far.

The test resulty availeble o far do ool permit 3 complets evaluation, Farther sisks
canedt br excluded i e product s handled ineppropriaiely.
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Merck Safety Data Sh eei

wording in EC

THrective &

Catalogue Mo
Pepduct nzme; \V‘an’fb-w.a Laoristal

Firsd aid measnves

After inhafsfion: trests zir. Coasedt dootor i Fecling wowedl.

After skine sontart wash ot with plesay of waler, Remeove conlamingied clotling. Coonsult dovtar in

the event of any complainiz,
Aficr vye contsct rinse natwith pleniy of waier with the eyohid heeld wide opes. Call in
Qg:éh;..lmiu 1k i F nevissasy
Afier swallowing: immediz *Fy meake vicsim drink plenty of weater, Call in ph

Fire-fighting seeasnres

Suitabic extingwishing media:

L. foam, poveder.

Special rigks:

Combustible. Tevedopmen: of hayardous COTRBESEIND FRSCS OF vapd
fobtowing mey develep is ovent of fire: hydrogen Ssaride, nisrogen mv:”;ts

Special protective squipment & fise ighting:

Do ot stay in dangerons zonr withou! selfconiained he.f.ﬂax%., apparstus. o oxder to

aveid comtact with skin, keepa mi‘m* distagee and wesr 5

itsble protective clothing.

Chiber nthemation:

Contaln cscaping vapours with water, Prevent fire-fighting water from entering sarfuce water of

grousde ater.

urs pussible i B event of fire. The

Avvidental rellease measarey

Person-rehaled precandipnury miessgres:

Avnid substanee vontact, Deonot dghale veprurvacrosels, Ensure supply of fresh air b enclosed

ORI,

Envieonmenial-protoection Rucassres:
Do nod gllow & CORT SUWCTEgn spsien.

Procaduras for cleani zhserption;
Take up with hguid-ahsorbost materizl {o.g. Chepprory
ATeE,

Forwerd fir disposal Chean up stfected

Handling and storage

Hondling:

Sroee tobtly closed In 5 oool dey plece.

Sorape:

Tightly closed. Starage wmperatire: ne resirictions.

Exposure comiysls’personal profection

Fergonal profeciive equipmeny:

]’micuive ciothing should be seleoied speaifically for the working %’m t.-‘gamﬁmﬁ o
copcentration and guantity of the havardoe substances handled, The sesistanee of the
;vm(cmw chothing o chemicals shoubd be ascertainod with the respactive wppdﬂ:r.
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Merck Safety Data Sheet
According 0 EC Disective 917155 ERC

{latg o N 1364495

Froduet amwe: MDAAS-HR3 Licrsstal

Respiraron: protectiogs: revgired when vapoars‘acesols gee pensrated.

; ¥ P P

Eye protection: Teguirsd

Hand protocticn: T fall contzct:
{Howe rugeral; nitrile Tubbey
Laver thickesa: 21l

Breakthriug > 450 Din

witrile rublee

Bresilwough o

The f’fm i fted m he mm mzm mmplv with the specificasions
d& 1
amgaic LLL Ty Immmm
*’xmtatt 5
’I’Ius mmﬂmwdamﬂ nﬂpzwx m&h o thg: prmhnm mmﬁ m the aaf%x

her suhsmnets and nodor
o mmf sme.; m EXG74 pleass contact e
e KL Greb, 136424 Bichearoll,

ns. ‘),“]m: thswh
gomdlinons gov rs-m
supplicr of |
Intemnet W

tmﬁ’

Endustrist hygione:
Uhange comaminated Gothing. Applicatios of 4l
ufter wintking veith substmoe.

in- poptective barsier creams recommonded. Wash bands

9. Physical and chemical properifes

Farm: Tzl

{okogs: milky-white

Trdonar: admipst adourless

pH value et avaiZable

MeMing poing i gvatiable

Boiling podnt st svisilalle

Somatinm tomperanme et avsifable

Flash point Bt s bl

Explosion limirs Waves reist, pvaiiuble
wfipes sy gy fiabde

Densiny {230

Sohsbality i Water s ervaridulate

18, Stability and resclivi

Cawniditions in be o
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Merck Szfety Data Sheet

According to BC Derectve SUISSEEC

Catglogue No.: 93
Provdact namie: AMDBA-US

11, Teaicological informatios

Cuantitative datz on the exieity of this peoduc are md avaiizhle.
Faerilser toxicologica infimmpation

Hazsrdons properties canset be exiduded

Furiber dofa

The product should be hendled with the tare usial when desling with obemicets,

12. Eeologics] information

myadverge effers e S aguatic emvitonment.

Further cesingic data:
Ihr o udliow gep oy waders, wissle waler, ur gl

13, Divposal considerationy

Fooidui:

Chemizals mrost be dsposad of B complismes with
wywwrorddogistibde you sl Gad comtry- and se
COMICt Pazbicrs,

the rospectve nationsd repuistions, Under
fo o mtpration as wall ag

Paciaging:

Marek produet puckaging mast e disposed ofin compliance with the country-spiific egalations
or mwgt e passed to g oeckaging roure systern. Uinder waa retrslegistibde vou il find speoml
infounntion on the reapootive maitonzt coaditions as well es contat perlsors,

14, Transport infremation

Mot subjed o wunspert regelitiens,

1%, Reguistory inbormativn

Laatwdliveg vrasvalissy v B€ Divecelves
Symbiog -

Roplrases: B Moy sabse lery flects in the sgEalic
SISMIIREnL

S-plrases. 51 Avis telewe b

] Fie Chyimmmets. Boler i 4pasind
solzacisonsd snloly

e sheets.

Agidzipna tubethng (45t el SUEee Wi T e bivg
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Merck Safety Data Sheet

Accordit U Directive 171 58/EEC
ratadogie No RIS LR
Prociuel, pame MDA-5-893 Licostali:

Recduced Babeliing 19994

Swmbal: .
R-plrases: 3 sy earse fokg-tens adverie effecss in de sgearic
LayroRinesi.
S~phrases:
16, Orther infonmation
Tt of azy R phrases reforned to under heading 2
22 Harmmifid 1f swallowed.
33 Moy casse long-tenn adverse efforss i the aguatic snvircament.

R s@tm‘rw. FEPPER Govriit i

This mbermmation is ghven oo the asthorised Safery Daie Sheal
Aisr vasier commiry.

she e ,gp;:m et 5 o, B ey wosy

of dhoet grecnifuss
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APPENDIX B - MATLAB CODES
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Workl.m

clear;
clc;
load VCG
load
load =

VC1l.t=t;load VCZ.txt;

txt;load VC7.txt;

t;load VC10.txt;load VC1li.txit;
zt;load VC1l4.txt;load VC15.tz
z;1load vCl1¢8. ; load VC20
load
load

load VC31.txt;load V{32.%

z0=complex (VCO0 (340,5),VC00 (340,6));
r0 = abs(z0);theta0 = atan2(imag(z0),real (z0));

zl=complex (VC1 (340,5),VC1(340,6));
rl = abs(zl);thetal = atan2(imag(zl),real(zl));

z2=complex (VC2 (340,5),VC2(340,6));
r2 = abs (z2);theta2 = atan2(imag(z2),real (z2));

z3=complex (VC3(340,5),VC3(340,6));
r3 = abs(z3);thetald = atan2 (imag(z3),real (z3));

z4=complex (VC4 (340,5),VC4(340,6));
r4 = abs(z4);thetad = atan2 (imag(z4),real (z4));

z5=complex (VC5 (340,5),VC5(340,6));
r5 = abs(z5);thetab = atan2 (imag(z5),real (z5));

z6b=complex (VC6(340,5) ,VC6(340,6));
r6 = abs(z6);thetaé = atan2(imag(z6),real(z6));

z7=complex (VC7(340,5),VC7(340,6));
r7 = abs(z7);theta7 = atan2(imag(z7),real (z7));

z8=complex (VC8(340,5),VC8(340,6));
r8 = abs(z8);theta8 = atan2(imag(z8),real(z8));

z9=complex (VC9 (340,5),VC9(340,6));
r9 = abs(z9);theta%9 = atan2(imag{z9),real(z9));

z10=complex (VC10 (340,5),VC10(340,6));
rl0 = abs(z10);thetall = atan2 (imag(z1l0),real (z10));

zli=complex (VC11 (340,5),VC11(340,6));
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rll = abs(zll);thetall = atan2{imag{zll),real{zl1l)):

zl12=complex (VC12 (340,5),VC12(340,6)) ;
rl2 = abs(z12);thetal2 = atan2(imag(zl1l2),real (z12));

z13=complex (VC13(340,5),VC13(340,6)):
rl3 = abs(z13);thetal3 = atan2(imag(z13),real(z13));

zl4=complex (VC14 (340,5),VC14(340,6));
rl4 = abs(zl4);thetald = atan2(imag(zld),real(z14));

z15=complex (VC15(340,5),VC15(340,6)) ;
rl5 = abs(z15);thetalb = atan2(imag(zl1l5),real (z15));

zlé=complex (VC16(340,5),VC16(340,6));
rlée = abs(z16);thetal6 = atan2(imag(zl6),real(zl6));

z17=complex (VC17(340,5),VC17(340,6));
rl7 = abs(z17);thetal7 = atan2(imag(zl17),real (z17));

z18=complex (VC18(340,5),VC18(340,6));
rl8 = abs(z18);thetal8 = atan2(imag(z18),real (z18));

z19=complex (VC19(340,5),VC19(340,6)):;
rl9 = abs(z19);thetal9 = atan2(imag(z19),real(z19));

z20=complex (VC20 (340, 5),VC20(340,6));
r20 = abs(z20);theta20 = atan2 (imag(z20),real (z20));

z21=complex (VC21 (340,5),VC21(340,6));
r2l = abs(z21);theta2l = atan2(imag(z21),real(z21));

z22=complex (VC22 (340,5),VC22(340,6));
r22 = abs(z22);theta22 = atan2(imag(z22),real (z22));

z23=complex (VC23(340,5),VC23(340,6));
r23 = abs (z23);theta23 = atan2(imag(z23),real (z23));

z24=complex (VC24 (340, 5),VC24 (340,6)) ;
r24 = abs(z24);theta24 = atan2({imag(z24),real (2z24));

z25=complex (VC25(340,5),VC25(340,6));
r25 = abs(z25);theta25 = atan2(imag(z25),real (z25));

z26=complex (VC26(340,5),VC26(340,6));
r26 = abs(z26);theta26 = atan2(imag(z26),real(z26));

z27=complex (VC27(340,5),VC27(340,6));



r27 = abs(z27);theta2?

atan2{imag(z27),real (z27));

z28=complex (VC28 (340,5),VC28(340,6));
r28 = abs(z28);theta28 = atan2(imag(z28),real (z28));

z29=complex (VC29(340,5),VC29(340,6));
r29 = abs(z29);theta29 = atan2(imag(z29),real (z29));

z30=complex (VC30(340,5),VvC30(340,6)):
r30 = abs(z30);theta30 = atan2(imag(z30),real (z30));

z31l=complex (VC31(340,5),VC31(340,06)):
r31 = abs(z31);theta3l = atan2(imag(z31),real(z31));

z32=complex (VC32(340,5),VC32(340,6));
r32 = abs(z32);theta32 = atan2(imag(z32),real (z32));

rz=[r0,rl,r2,r3,r4,r5,r6,r7,r8,r9,rl0, ...

rll,r12,r13,r14,r15,r1l6,r17,r18,r19,r20,r21,r22,r23,r24,x25,1r26,

r27,r28,r29,r30,r31,r32);

T pm e o - . TN -
Zre=interpirz, 100} ;

tetaz=[thetal, thetal, theta2, theta3, ...
thetad, thetab, theta6, theta7, theta8, theta9, ...

thetalOl, thetall, thetal2, thetal3, thetald, thetalb, thetalb, thetal’,
thetal8, thetal9, theta20, theta2l, theta22,theta23,theta24,theta2s,

theta26,theta?27,theta28,theta?29, theta30, theta3l,theta32];
$tetaz=interp{tetaz,100);
z_experimental = rz.*exp(i.*tetaz);%sexperimen

=1 dat

Gl=z experimental*exp(i*0.2*pi);
G2=z experimental*exp(i*1.118*pi);

P

z1=(1+G1l) ./ (1~-Gl);
22=(1+G2) ./ (1~G2);
ztot=z1+z2;
G=(ztot=2.2)./(ztot+2.2);
mag=interp (abs (G), 100);
pha=interp (unwrap(angle(G)),100);
G3=mag.*exp (i*pha) ;
figure (10)

polar (angle(G3),abs (G3));
figure (3)

polar (angle (Gl),abs(Gl));
figure (4)

polar (angle (G2),abs (G2));
save (‘worki');
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Radiation Pattern,

clear;

clc;

load workl.mat
z 2patch= G3;%Z;

£f=10e9;
c0=3e8;
lambda= cO/f
s=lambda/6; nigh
beta= 2*p1/lambda,
R=50*1lambda;
F=100*lambda;
=(R/s)+1; $number

flO O
x0=R/2;
tetalO=asin (x0/F)

alpha=tetal/2;

lpO=abs (F-x0*tan (alpha)) ;

10=sgrt (x0"2+ (x0*tan (alpha)-F) ."2);
deltaflo——beta*(lO+lpO)+f10

gama=ones (1,N);

xx=linspace (0,R,N);
NN=linspace (0, N, N)

rt(- x (n )-2+(‘x><(n
abs(F xX (n) .*tan(
1

=deltafiO+beta.* (1(n)+1lp(n))
3 calcoulating cosine{zal) versus numk f samples
cos_sai(n)=(x0.*xx(n)+ (x0*tan(alpha)-F)* (xx(n)*tan(alpha)-F))./...

(10 *l( V)

z_ d = abs(gama).*exp(i.*(fi));%refliection
z p =2z d. *abs( V) .*exp(i.* (-beta* (1+1p)));

X
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for n=1:N,
for n_achiv=1:3300
% Z~t(H vy={z _d(n)~z Zpatchi{n_achiv}));
Z_t(n_ achlv) (angle(z d(n))~angle (z 2patch(n_achiv)));
end
[Z2_t min,Index min]=min(abs(Z t), ],
r t(n) = abs(z_2patch(1ndex_m1n)),
teta_t(n) = angle(z_Zpatch(Index min));
end
for n=1:N,
v_real phase(n)=-beta.*(l(n)+lp(n))+teta t(n);
v_real abs(n)=abs((v(n)).*r_t(n));
end

oo
5 He——

set (0,
clf
figure(1);

polar (fi,gama, 'rs
hold on;

polar (angle(G3),abs(G3))%Zpatchdata
hold on;

polar(teta t,r_ t,‘'gp’')% a
hold orni;
polar (angle(z_p),abs(z_p), 'u<
hold on;
polar ((v_real phase),v real abs,’

% Radiati
Ntheta= 1800
ttheta=linspace (~pi/d,pi/4,Ntheta)
theta=linspace (pi/4, 3*p1/4 Ntheta);
v_ achieved=v.*r _t. *exp(j*teta t).*
A5 I-_B”ll‘z,;vsil heta)
for m = 1:Ntheta
e ff achi(m)=v_achieved*exp (j*beta*xx*cos (theta(m)))."
e ff ideal (m)=z p*exp(j*beta*xx*cos(theta(m))).';?
end
norm_ach=max (max (abs (e ff achi)));
norm_ide=max (max (abs(e_ff ideal)));
figure (2)
theta=theta*180/pi-90;
plot (theta, 20*1logl0(abs(e_ff achi/norm ach)),
theta,20*logl0(abs(e_ff ideal/norm_ide)))
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figure (10)
polar(angle(e ff ideal),abs(e ff ideal))
hold on:
polar(angle(e ff achi),abs(e_ff achi),'z-")

index=[1:1:301]

figure (3)

plot (index, angle(v achleved) 1ndex angle(z P

xlabel (*Numbe : . ,25);
ylabel (7

legend(‘'a

figure (4)

plot (index, abs (v_ achleved),lndex abs(z _p)*0.11);

xlabel (' Numi y f les', 'For
ylabel (F

legend (’ac
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