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Abstract

In this work, the nodeled performance of gold (Au)/
Ba, ,,Sr,,110Q (BSTO ferroelectric/ magnesium oxide (MO
two- | ayered tunabl e copl anar wavegui de (CPW fed fol ded-sl ot
antenna (FSA) is presented. BSTO naterials have electric
field dependent dielectric properties. Upon application of
electric fields the dielectric constant can be tuned over a
wi de frequency range. The Finite D fference Tine Domain
(FDTD) nmethod is applied to analyze the output responses.
The return loss, input inpedance and el evation patterns of
the CPWfed FSA design are included. The designed antenna
structure is operational at Ka-band, matched at 50 ohnms with
m nimum reflections and tunable bandwidth of 7.10 GHz for
23.33% around 30.47 GHz. A total frequency shift of 4 G
and input resistance shift of 28.54 ohns are obtained. The
gain is approximately 2.98 dBi. This thesis research
denonstrat es anot her advant ageous appl i cation for
ferroelectric thin-filnms for enhancing the perfornmance of a
CPW fed FSA designed for Ka-band frequencies.
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Resunen

En este trabajo se presenta el desenpefio de una antena
de ranura plegada de dos capas alinentada por guia de onda
coplanar. Su estructura se conpone del plano de tierra (Au),
una capa de material ferroeléctrico, Ba,,Sr,,TiO (BSTO vy
de una capa de sustrato, Oxido de Mgnesio (MJO. La
sintoni zacion de dicha antena se debe a |as propiedades
di el éctricas del BSTO A aplicarle un canpo el éctrico a
este material su constante diel éctrica se puede sintonizar
en un rango de frecuencia anplio. El nmétodo de diferencias
finitas en el domnio del tienpo se aplica para el analisis
de | as respuestas de salida. Las reflexiones, inpedancia de
entrada y el patron de elevacion de la antena estan
incluidas. La antena presentada opera en |la banda Ka, esta
pareada a 50 ohmos, tiene reflexiones bajas y la
sintoni zacion de su ancho de banda es de 7.10 GHz para
23.33% alrededor de 30.47 GHz. Dicha antena presenta un
despl azam ento total en frecuencia de 4 GHz y en inpedancia
de entrada de 28.54 ohm os. Su ganancia es de
aproxi madanente de 2.98 dBi. Esta tesis de investigacion
denmuestra otra aplicacion ventajosa para nmateriales
ferroel éctricos para real zar el desenpefio de una antena de
ranura dobl ada al i nentada por guia de onda copl anar di sefiada
para frecuencias de | a banda Ka.
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CHAPTER 1

| nt roducti on

1.1 Background

The recent explosion in wreless comunications has
fueled the interest in tunable devices for mcrowave and
mllinmeter-wave applications. Next-generation nobile phones
and other w reless comuni cation systens nust be capable to
adapt to and operate in systenms with different standards,
networks, and operating frequencies. Such systens nust
provi de very |large bandwi dths to cope with the |arge nunber
of users and the high data rate service users demand.

In order to achieve higher data transm ssion rates,
| arger bandwi dths and nore efficient use of the avail able
bandwi dth is necessary. This need for higher bandw dths and
thus higher data transmission rates will push the wreless
comuni cations systens to higher frequency bands in the
m crowave and m|linmeter-wave regions. Because the frequency
spectrum is already crowded at frequencies up to Ku-band
(12-18 GHz), it is inperative that |owcost nobile units
capable of transmtting and receiving signals at K-band (18-
26.5 GHz) and Ka-band (26.5-40 GHz) be devel oped to nake
br oadband service available to nobile users.

The need for this mxed-traffic, high nobile networks
require that special consideration be given to the antennas
used. In order for these antennas to be wuseful it is
necessary that they provide |arge bandw dths and nust be
small and | ow profile to be located at the nobile term nals
while keeping the termnal size and weight down. At higher
m crowave frequencies and at the mllineter-wave frequency
range, the use of slot antennas is nore prevalent. Folded
slot antennas are attractive for active devices due to



relatively | arge bandwi dth, fabrication sinplicity, and ease
integration with devices. In order to reduce the size and
i nprove the performance of the antenna a copl anar wavegui de
feed technique is applied to the folded slot antenna.
Because of the need for |ow capacitance and |low |oss for
tunabl e devices, there is substantial interest in thin-film
tunable dielectric materials. Devices wth thin-film
mat eri al have configurations that are conpatible with planar
m crowave circuits, and thus are preferred to bul k devices.
The concept of exploiting the voltage-dependent
dielectric constant of ferroelectric and tunable dielectric
materials such as BaSr, TiO (BSTO for mcrowave tuning
applications are being devel oped for use in next-generation,
br oadband wirel ess comruni cati on systens. At mllineter-wave
frequencies, ferrites become nore attractive because the
devi ce size decreases with increasing frequency and thus the
drive powers for the tuning circuitry also decreases. Sone
of the characteristics that nake tunable dielectric
materials attractive for wreless comunications are
reasonably high Q at mcrowave and mllineter-wave
frequenci es, planar structures, which make them conpatible
with mcrostrip and finline configurations, |ow dc power
consunption, high RF power-handling capabilities at Ka-band,
and | ow manufacturing cost. These characteristics can be
advantageous in a wide variety of devices. Devices that use
these materials as the control elenents may potentially play
a mpjor role in the evolution of broadband w rel ess systens.



1.2 bjectives

This thesis has the inportance to investigate the use
of ferroelectric materials in the design and fabrication of
tunabl e folded-slot antennas. The nain objective of this
investigative work is to design and characterize a tunable
fol ded-slot antenna with thin film ferroelectric material.
Explore the effects of the antenna l|ayout and the
application of thin ferroelectric film on the matching
resonant frequency (f,), reflections (S,), bandw dth (BW,
i nput inpedance (Z, and gain (Q. Al so, throughout this
research optimum dinensions for the antenna will be obtain
in order to have better performance.

It is desirable that the antenna be tunable, operation
at Ka-band, with mninmm reflections (S, < -20 dB), wde
bandwi dth (BW > 3 GHz), and inpedance matching at 50 ohns
with gain greater than 2 dBi. The antenna configuration
consists of two layers: one is the substrate and on top of
this, there is the dielectric (ferroelectric material) and
on the ground plane, the fol ded-slot antenna fed by copl anar
wavegui de transmssion line. To the knowl edge of the
aut hors, tunable slot antennas using thin filmferroelectric
have not been reported in literature.



1.3 Thesis Organi zation

Chapter 2 of this thesis presents a literature review
of the nost coormonly used antenna structures and
ferroelectric materials at mcrowave frequencies. The
results of +these previous investigative works wll be
introduced, as well as the antenna and ferroelectric
characteristics. In Chapter 3, the materials and net hodol ogy
used to acconplish this thesis research are described. The
proposed antenna structures, design process, sinmulation
software and results (f, S, BW Z and G wll be
presented. The developnment of a design of experinent to
obtain a nodel of the antenna structure is also included.
Chapter 4 consists of presenting, analyzing and expl aining
the obtained results. Chapter 5 consists of presenting a
sumary, achi evenents and concl usi ons concerning this thesis
and recomrendations for further designs.



CHAPTER 2

Literature Revi sion

2.1 Mcrostrip Antenna Technol ogy

M crostrip antenna technol ogy has been the nost rapidly
devel oping research topic in the antenna field, because of
the huge demand in the markets of personal and satellite
comuni cations, wreless local networks and intelligent

vehicle systens. These devices are well known for their
highly desirable physical characteristics such as |ow
profile, light weight, |ow cost and ruggedness and they are

also well suited to integration with integrated circuits and
MM Cs.

At  mcrowave frequencies, the nobst comonly used
antenna structure is the rectangular mcrostrip patch, since

it is well known and easy to fabricate. The rectangul ar
patch has the advantage of being planar and relatively
smal |, depending on the substrate used. In conparison to
traditional antenna el enents, however, the electrica

performance of the basic mcrostrip antenna suffers from a
nunber of serious drawbacks, e.g. narrow bandw dth; high
feed network | osses, poor cross polarization, and |ow power
handl i ng capacity.

At higher mcrowave frequencies and at the mllinmeter-
wave frequency range, the use of slot antennas is nore
prevalent. Slots also suffer fromlimted bandw dth probl em
and few bandwi dth enhancenent techniques for slots can be
found in the literature. Folded slot antennas (FSA), on the
other hand, are attractive for active devices due to
relatively | arge bandwi dth, fabrication sinplicity, and ease
integration with devices. Currently, there is little design
information for t hese antennas, especially on thin



substrates. Relative to the sinple slot antenna, the fol ded-
slot is approximately the sanme physical size at the first
useful resonance and provides input inpedance that is four
times lower. The fol ded-slot can provide significantly w der
bandw dths, in the order of 10% than patch antennas. Fol ded
slots can be inplenmented wthout the need for matching
networ ks when using the inpedance matching technique (1 M)
presented in [1]. This IM varies the width of the FSA in
order to reduce its input inpedance to 50 ohnms w thout
varying the length of the antenna.

2.2 Feeding Techni ques

The popularity of the coplanar waveguide (CPW

transm ssion |line has increased significantly in recent
years. CPWtransm ssion |lines have |ower radiation |oss and
| ess dispersion than mcrostrip lines. Furthernore, the

characteristic inpedance and phase velocity of CPWare |ess
dependent on the substrate height and nore dependent on the
di mrensions in the plane of the conducting surface. The nain
advantage of CPW is easier integration with solid state
devices by elimnating the need for via holes.

2.2.1 CPWfed Antenna Publications

Many studies have been nade on antennas fed by CPW
transm ssion |line such as patches [2], slots [3] and fol ded-
slots [1, 4, 5]. CPWfed antennas have been used as the
radi ati ng el ement in quasi-optical, circularly polarized and
planar arrays [6, 7, 8]. The characteristics for CPWfed
antennas have been described in [1, 4]. The follow ng
sections present sone published results.



2.2.1.1 CPWfed Patch Antennas

Copl anar patch antennas (CPA) have been wused for
operation at mcrowave frequency [2]. This antenna consi sted
of a patch surrounded by closely spaced ground conductor.
The background conductor provides unidirectional radiation
pattern and easy nounting, packing and integration wth
other mcrowave circuit devices. The CPA configuration is
shown in Figure 2.1 where as its design di nensions are shown
in Table 2.1. The antenna |ooked very simlar to the |oop
antenna but it was discovered that the antenna behaved nore
like a microstrip antenna because its resonant frequency was
determined by the patch length (L) and its inpedance
mat chi ng by adjusting its width (W.

ground conductor

dielectric substrate

Figure 2.1. Configuration of CPWfed CPA. (Taken from[2]).



Table 2.1
Dielectric Substrate Paraneters and CPA CGeonetric D nensions
(Taken from[2])

1 w
Dielectric substrate 5 tan 5 Thickness Metal
(DICLADS80. ARLON) (@ 10GHz) | of substrate film s :|‘
' 2.17 0.00085 0.508 Cu 18um
Coplanar Waveguide $-w-$ Liine "
(CPW) 1.0-1.6-1.0 10 Unit: mm E
L W S

Coplanar patch antenna 0.55 310 10 =

The CPA was operational at X-band (10 GHz) on a
conduct or backed dielectric wth relative dielectric
constant of 2.17. There was a good agreenent between the

measured and sinulated return loss results. The antenna had
a bandwidth of 3.4% at -10 dB return | oss.
pol ari zati on was under -23 dB in E-plane while there was a
maxi mum value -17 dB in H plane. The CPA had a gain 7.8 dBi

which was 1.1 dB | ower than the simulated gain of 8.9 dBi.

Measured cross

2.2.1.2 CPWfed Sl ot Antennas

Vari ous sl ot antenna  configurations have been

investigated and reported in literature. Sone of these have
been center-fed slots and copl anar wavegui de fed slots [3].
These slots were fed by an inpressed magnetic field by MM
which were used to describe by interference the resonant
node on the finite slot [3]. The center-fed and CPWfed sl ot

structures were characterized by appropriate entire donain

basis functions with respect to the center of the finite
slot to describe the magnetic currents. The configurations
are shown below and its insets show the detail of the feed.



Figure 2.2. GCeonetries of various slot antenna configurations.
a) Center-fed slot. b) CPWfed slot. (Taken from

[3]).

The structures were inplenmented to operate at 500 Gz
with a slot length (I) and width (w) of 210 and 10 pm
respectively. For both cases the dielectric constants were
g, = 11.7 (silicon) and g, = 1. Through sinulation it was

rl

proved that the CPWfed slot antenna represented the
practical realization of the center-fed slot when assum ng
that the inner conductor of the CPW had the sane w dth of
the center-fed current w dth.

2.2.1.3 CPWfed Fol ded- Sl ot Ant ennas

Many studies have been made on fol ded-slot antennas
(FSA) fed by CPW transmission line. There have been
publications introducing the characteristics of FSA [4],
descri bing the problenms encountered in the analysis of such
structure [5], as well as inpedance matching techniques [1].

In [4] the behavior of a FSA was conpared with a center
fed slot antenna. A schematic of the FSA and the self-
i npedance for the sinple and folded slot antennas are shown
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in Figure 2.3. The FSA dinensions were W/W,/S/L, =
0.10/0.20/0.10/10 and its feed dinensions were WS =
0.10/0.40, all dinmensions in mm The dielectric was silicon

with ¢= 11.7.

L,

END VIEW i TR 5" X

INFINITY

(a)
180 ' . - . W,
150 | .‘_L .......... SLOT | — —

[ 1 — .
o L P FOLDED-SLOT |
La SLOT

90

60

30

SELF IMPEDANCE [Q]

FOLDED
SLOT

Figure 2.3. Folded slot antenna (a) Schematic diagram (
Cal cul ated self-inpedance for a FSA and conparab
sl ot antenna. (Taken from|[4]).

2.5 45 6.5 8.5 105 125
FREQUENCY [GHz]

(b)

b)
e
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Rel ative to the slot antenna, the FSA was approxi mately
t he sane physical size at the first useful resonance and its
peak in Re(Z.,,) provided input inpedance four tinmes |ower.
The sel f-inpedance of each antenna at its respective second
resonance however was 16 ohnms. As presented, the FSA in
conparison with the slot antenna is suitable for mllineter-
wave applications.

In [5] a FSA structure was nmeasured and sinulated at 10
Giz on a high dielectric constant (g = 9.8) A umna
substrate with thickness of 0.635 nmm The slot dinensions
were L =7.2mm W=S=G=0.3 m The FSA was studied in
order to understand the influence of antenna |ayout and
substrate paranmeters on the input inpedance and bandw dth. A
sinple transmssion line nodel for the folded slot
suggested, and sinulations confirned, that the total slot
length around the ©periphery determned the resonant
frequency. It was al so denonstrated that an increase in the
substrate thickness caused the resonant frequency to
decrease. On the other hand, the input inpedance was an
increasing function of thickness. In addition, the wdth of
the slots had a marked influence on the antenna bandw dth
As this width increased so did the antenna bandw dt h.

A nmethod for controlling the inpedance over a wde
range through nultiple slots was also presented in [5].
Since the inpedance was an increasing function of thickness

for the range h/L < 0.4, the required nunber of slots to

achieve the desired inpedance wll depend critically on
these paraneters. The following figures illustrate the
i npedance scaling with the nunber of slots.
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Figure 2.4. Inpedance scaling by multiple-slots. (a) Antenna
l ayouts. (b) Sinmulated results. (Taken from[5]).

The input inpedance of the folded-slot (2 slots)
antenna was approximately 118 ohns; where as 5 slots
produced approxi mately an inpedance of 50 ohnms. Therefore,
i ncludi ng additional parasitic slots was found to provide an
excellent nmeans for adjusting the input inpedance over a
wi de range. The limtations in this technique were that the
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slots nust be situated close to the original slot; there is
alimt to the nunber of slots that can be added in order to
mai ntain the currents in each slot of equal nmagnitude and in
phase.

A new inpedance matching technique (IMI) for FSA was
presented in [1] in order to inprove the limtations of the
techni que presented in [5]. In the previous publication the
slot wdths were equal; in this work, the top slot wdth
(Wa,) was increased to control the antenna input inpedance.
The main advantage of this technique over the nultiple-slot
technique is that the antenna input inpedance can be natched
to any desired load and that the antennas are sinpler to
fabricate. Figure 2.5 presents the proposed FSA schematic
operational at 3 GHz. This antenna was sinulated wth
various substrates. The substrates tested had relative

permttivity (g) of 2.33, 6.15 and 10.2, each wth
t hi ckness (h) of 0.64, 1.30 and 1.90 mm

W, SUBSTRATE
! /
[ ¥ |
ET g S L, ELWM
WaZ
[—>|
Se
Wi plle—
| METAL
]
METAL METAL

Figure 2.5. Schematic of microwave FSA with paraneters. (Taken
from[1]).

It was noticed fromsinmulation that the input inpedance
foll oned an exponential nodel wth respect to the increnent
in Wa, and that substrates with higher relative permttivity
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needed a w der WA, di nension to achieve |ower inpedance. The
FSA with dinmensions La = 15.32 nm Wa, = W4,= Sa = W =0.25
mm Sf = 0.606 nm and substrate with ¢ = 2.33 and h = 1.3
mm showed that an increase in Wa, from 0.25 to 1.1 nmm was
able to reduce the input inpedance from 128.05 to 50.7 ohms.
This was an increase fromO0.58%to 2.56%w th respect to the
di mensi on La.

This structure was also matched through the nultiple-
slot technique. Four slots were needed to obtain input
i npedance of 54.5 ohns, resulting in an increase from 2.71%
to 8.13% w th respect to La. The proposed i npedance matchi ng
technique was sinpler since its performance depended on
increasing just one paraneter, and from nodifying this one
paranmeter exact values for the input inpedance were
obt ai ned.

2.2.1.4 CPWfed Array Antennas

Solid-state power conbining in free space offers an
attractive alternative to vacuumtube sources for high power
mllimeter wave applications. In [6] a quasi-optica
anplifier cell suitable for power conbining arrays was
presented. Othogonally pol arized patch antennas are coupl ed
to the input and output of a resistive feedback MESFET
anplifier. Reflection anplifiers are attractive because they
are conpact, and the signals do not propagate through the
substrate so the backside can be used for waste heat
renoval, which wll be «critical in high-power, high-
efficiency designs.

The proposed configuration, with blowup of resistive
feedback anplifier and measured power gain in conparison
with frequency response of patch antenna are shown in
Figures 2.6 and 2.7. The substrate had a dielectric constant
of 10.8 and thickness of 0.635 mm A NE32184A WMNESFET
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anplifier wwth feedback resistor of 511 ohnms and source and
| oad i npedance of 125 ohnms was used to operate at 4 GHz. A
typi cal patch antenna gain is around 5 dBi; the peak gain of
this array was approximately 17 dBi at 4.2 Gz wth 1%
bandw dt h. The resonant patch antennas on a thin substrate
with high dielectric constants Iimted the bandwi dth of this
anplifier.

bias bias

[} patch I"—ﬂ

antenna
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patch ;'

i measured i 1

0 i Y response &

i gain _11‘./ =

10 ¢ fay
2 !
T 20 e,
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% 30 f
i Ay .-.'I
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g i irhl | W
" 1 L W vy
-60 1il .!1.11'. .ﬂf. u_"
3.9 4.0 4.1 4.2 43 4.4 4.5
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Figure 2.6. Quasi-optical anplifier <cell. (a) Plan view of
anplifier circuit. (b) Measured forward and reverse
power gain of amplifier cell. (Taken from[6]).

A linear array of a circular polarized slot |oop

antenna fed by CPW was investigated in [7]. The advantages
of this antenna are sinple structure and easy formng an
array wthout conplex feed line. Figure 2.7 presents the
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circularly polarized antenna array and antenna el enent. The
array was conposed of three pairs of the antenna el enent
producing the circularly polarized wave. The pol ari zati on of
the el enent can be switched by changing the |ocation of the
feed point. It was shown that the part al-bl serves as a
slot line and the part bl-cl acts as a slot antenna. The
phase difference between A and B is alnost 90°. This
distribution nmet the condition of producing circularly
pol ari zed wave. The neasured gain was about 12 dBi and this
showed that the efficiency of this antenna is very high.

= -
| —Dielectric substrate L == __
_|;_i- MR AN Dielectrie aubstrate

¥ 1L 27 mm =10. 0
[ aabeliets  |J1ma, ; (5100

A Conductor backing @ z

(a) (b)

Figure 2.7. Crcularly polarized slot antenna. (a) Antenna array
fed by CPW (b) Antenna elenent fed by slot |ine.
(Taken from|[7]).

In [8] a broadband planar anplifier array and a single
cell using orthogonally polarized CPWfed folded-slot
antennas coupled to a resistive feedback singl e-stage MESFET
anplifier was reported. The use of folded slots gave an
order of rmagnitude inprovenent in bandwdth over a
previously reported anplifier based on patch antennas [ 6]
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and can be wused for either transmssion or reflection
anplification. The anplifier and substrate design paraneters
were the sane as in [6]. The dinmensions for the FSA were L =
18 mMm W=7 mmand a gap width of 1 mm Its configuration
and nmeasured results are shown below. The peak effective
isotropic power gain in the transmssion node is 11 dBi at
4.3 GHz with 10% bandw dth for the single cell, a factor of
ten i nprovenment in bandwi dth over a simlar cell using patch
antennas, and 32 dBi at 4.24 Gz wth 8% bandwidth for the
array.

':'Pf'—!

1|
Res. :
Feedback
Res. # i

Bypass Cap
‘,‘ 100 pf
i
Res.

Air Bridge
metal

Figure 2.8. Plan view of the folded-slot planar anplifier cell.
(Taken from[8]).
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Figure 2.9. Measured effective isotropic power gain of the
pl anar anplifier array. (Taken from[8]).

2.3 Dual Frequency Mcrostrip Antennas

Dual frequency mcrostrip multi-functional antennas
generally have two types of appl i cations in the
t el ecomuni cations area: applications in which two types of
standards are conbi ned such as personal handsets comnbi ning
GSM and DCS1800 nodes in Europe, and applications in which
multi frequencies are used for em ssion and reception such
as personal satellite comunications and cellular network
syst ens.

In mcrostrip antennas, tuning is achieved via
variations in the antenna physical structure. Methods for
controlling the resonant frequency by varactors and pin
di odes have been proposed in [9]. The method with varactors
requires a large and continuous range of bias voltages,
where as the pin diode nethod can be sufficient if dual
narrow bandwi dths are desired with a couple of voltages
only. The pin diode method presented in [9] was used to
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obtain a dual -band operation of a capacitive coupled patch
antenna fed by CPW The originality of this work consisted
in altering the electrical length of the excitation slot
with pin diodes instead of the electrical dinensions of the
radiating elenent, which greatly sinplifies the biasing
circuitry. In this nmethod, when the diodes were in the ON
state, they behaved as equivalent short circuits reducing
the length of the slot. Wen the diodes were in the OFF
state, the length of the slot remained unchanged. As a
result, different resonant frequencies were expected for
each di ode state.

The geonetry of the CPWfed antenna consisted of thin
slits (wwdth = 100 um which were used for DC isolation and
were covered by netal-insulator-netal capacitors. A patch
wth width Wb = 20 mm slot with wwdth (W) and length (I)
of 0.5 and 18 nm and CPWfed dinensions of S = 0.2 mm and G
= 4.4 mm The substrate had a relative permttivity of 2.2
and thickness of 2.3 nm It was observed through nmeasurenent
that at the ON state the active antenna resonated at 4.28
GHZ and at the OFF state it resonated at 3.51 Giz.
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2.4 Ferroelectric Antennas

Vol t age-tunabl e materials are technol ogically inportant
for frequency-agile mcrowave applications. The ability to
el ectronically tune the frequency of operation of such
devices, by changing the mterial permttivity under an
applied electric field, wll enable many high-performance
m crowave applications. Tunable Barium Strontium Titanate
Oxide, Ba,,Sr TiO (BSTO, ferroelectric antennas achieve
their tuning by the variation of the naterial properties,
opposite to the mcrostrip antennas which achieves tuning
via variations in the antenna physical structure.

The nost popular ferroelectric for room tenperature
operation is BSTO where varying x can vary the maxi num of
the dielectric constant from 20°K to 395°K. Ferroelectric
mat eri als should exhibit |ow | oss tangent over the range of
operating dc bias voltages, insensitivity of dielectric
properties to changes in environnental conditions and
maxi mum reproducibility of the dielectric properties wth
respect to the applied DC voltage. Material characteristics
showing large tunability property associated wth high
di el ectric constant are shown bel ow

The capabilities of dual band nulti-functional antennas
have triggered intense research on mcrostrip antennas
printed on high dielectric substrates with multi-frequency
and nmulti-functional operations. Mcrostrip antennas on high
permttivity substrates suffer from narrow bandw dth and
poor efficiency that is due to the energy |oss associated
with the excitation of surface nodes [10]. Passive designs
that could solve this problem are generally classified into
mul ti-resonator antennas, such as multi-layer patch antennas
[11, 12]. The stacking of antenna elenents could provide a
solution to enhance the gain, bandw dth and introduce dual
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band performance. The optim zation of nulti-layer antennas
requires sinultaneous variation of the dielectric constant,
t hi ckness of air gap, and thickness of substrate |ayer. No
publ i cations have been made on single layer BSTO slot or
f ol ded-sl ot antenna structures.

2.4.1 BSTO Publications

In [10] the behavior of a single layer BSTO antenna
structure (Figure 2.11) was experinentally tested. A
mcrostrip patch of size 4.6 cmlength and 3.35 cmw dth was
printed on a BSTO substrate of thickness 2.35 mm for
operation at 0.85 GHz. The dielectric constant of the
substrate before biasing was 28. \Wen the antenna gain was
nmeasured with respect to a standard-gain | og-periodic dipole
a negative gain was observed as shown in Figure 2.12. Such
gain value inplied that the power radiated was smaller than
t he i nput power, making such antenna rather inefficient.

) DC Bias Voltage
Fenroelectric substrate

+

RF Input

Figure 2.11. Schematic diagram of a single l|ayer tunable BSTO
ferroelectric antenna. (Taken from[10]).
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Figure 2.12. Measured unbi ased reflection | oss and gain
performance. (Taken from[10]).

In view of the problem of an inefficient tunable
ferroelectric ant enna, a mul ti-1ayer structure was
fabricated in [11]. In this structure an air gap separated
the previous ferroelectric antenna from a superstrate cover
(h =1.6 nmand ¢ = 120). Here the superstrate |ayer served
as a protective shield and enhanced the gain of the
otherwise low gain single layer structure. The air gap
spacing allowed biasing connection to be set up on top of
the bottom tunable |ayer. The structure and neasured gain
performance at different air gaps are presented bel ow. Note
that varying the air gap thickness optimzed the structure
gain. These results clearly illustrated a gain inprovenent
of at least 5 dBi conpared to the single | ayered structure.
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Figure 2.13. Ferroelectric antenna wth superstrate cover. (a)
Schematic diagram (b) Measured unbiased gain
performance. (Taken from|[11]).

In [11] an inproved design of gain enhancenent is
presented, where a conductive |ayer was deposited on top of
the superstrate cover as shown in Figure 2.14. This new
structure consisted of a feeder resonator at the bottom and
a parasitic radiator at the top. The parasitic radiator was
etched on the superstrate cover and electromagnetically
coupled to the feeder resonator. A gain inprovenent was
observed when conpared to that of the original single |ayer
antenna. In this case, an inprovenent of at least 6 dBi was
achi eved.
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Figure 2.14. Miltilayered antenna with parasitic radiator. (a)
Schematic diagram (b) Measured tunable gain
performance. (Taken from[12]).

In all the previous structures air gap spacing was
present, resulting less attractive for a space constrained
envi ronnment. A solution was proposed in [12] by stacking the
ferroelectric layer and its biasing circuitry directly on
top of a conventional mcrostrip antenna, elimnating the
air gap spacing. The feeder-radiator in this case excited
el ectromagnetic energy for the director element and served
as the ground plane for the ferroelectric substrate |ayer.
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From Figure 2.15, the bottom patch (feeder el enent) designed
for resonance at f, = 2.45 GHz was printed on a substrate

wth dielectric constant (g) of around 3. A ferroelectric
material (g = 79.8) with a patch (f, = 3 GHz) printed on its
upper surface was placed directly on top of the feeder
patch. The entire antenna structure was nmade tunable by
applying a DC biasing voltage across the top ferroelectric
substrate. As denonstrated in Figure 2.16 a gain inprovenent
of at least 7 dBi was achieved when conpared to that of the
original single |ayer antenna.

Parasitic Radiator

Ferroelectric Substrate

Feeder-Resonator

Ground Plane
Biasing
Circuitry

Biasing
Voltage

Microstrip Line
Feed

Figure 2.15. Schematic diagram of a nultilayered direct stacking
dual band antenna. (Taken from|[12]).
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Figure 2.16. Measured unbiased gain perfornmance. (Taken from
[12]).

2.5 Sinulation Software

The mpjority of conputer aided design software for
m crowave planar circuits is based on nodels of circuit
elements that are valid for a limted range of dielectric
constant. Therefore designing mniaturized circuits on high
dielectric constant substrates requires a full wave anal ysis
approach. The Finite Difference Tinme Domain (FDTD) techni que
anal yzes different types of planar antennas on dielectric
substrates with different thickness.

A pulse excites the planar antennas. The FDID space
steps (Ax, Ay and Az), are chosen to allow integral numnbers
of unit cells to fit exactly all the dinensions of the
circuit. These space steps can not exceed their space limt
of 2(Ax) > Ay and Az, also, A < AM10. The stability of the
nmethod is assured by the Courant stability criterion.

Perfect matched |ayer (PM.) absorbing boundary conditions
are inplenented on all sides of the conputational space to
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absorb the incident wave and elimnate reflections into the
conput ati onal space. After the excitation is |aunched, the
fields are conputed at successive tinme steps until the
entire field intensities in the domin decayed to a
negli gi bl e steady-state value. FDID has been applied in the
analysis of a circularly polarized slot [3] and CPWfed
folded slot on thin substrates [5] for active arrays and for
circuits on high dielectric constant substrates [13].

The FDTD design specifications were not presented in [ 3]
and [13]. In [5] a Gaussian derivative pulse (Ex(t)) wth
unit anplitude excited the CPW Iline. The FDTD space steps
were AXx = 0.3 mm Ay = 0.5 mmand Az = 0.271 mm and the tine
step used was 4 ps. The antenna structure dinensions and
i npedance response have been previously described. Figure
2.17 shows the conputation domain wused in the FDID
simulation of the CPWfed fol ded-slot antenna and excited
pul se.

Ex

substrate

Figure 2.17. Conputational domain of CPWfed FSA (Taken from
[5]).
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2.6 Chapter Concl usions

This chapter presents a literature review of the nost
commonly used antenna structures and ferroelectric materials
at m crowave frequenci es. The results of previ ous
i nvestigative works were introduced, as well as the antenna
and ferroelectric characteristics and sinulation software.
In the next chapter, the materials and nethodol ogy used to

acconplish this thesis research wll be described. The
proposed antenna structures, design process, sinmulation
software and results will be presented. The devel opnment of a

design of experinment to obtain a nodel of the antenna
structure will be al so included.



CHAPTER 3
Met hodol ogy

3.1 Purpose

It is of great interest to nodel and experinentally
verify the performance of a two-layered electrically tunable
copl anar wavegui de transm ssion |ine fed fol ded sl ot antenna
(CPWfed FSA) with double resonance at Ka-band. The
structures schematic and its design paraneters are shown in
Figure 3.1 and 3.2. Athin filmferroelectric material |ayer
is deposited on top of the substrate |ayer and on top of
such ferroelectric layer is the ground plane, where the FSA
is fed by CPWtransm ssion |ines.

CPWfed FSA

Ground Pl ane

Ferroel ectric
Layer

Substrate
Layer

Figure 3.1. CPWfed FSA schematic.

30
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Figure 3.2. CPWfed FSA design paraneters.

The dinmensions under consideration were the FSA top
slot length (L1) and the top, side and bottom slot w dths
(W, W2, and WB), the separation between the top and bottom
slots (S) and the length (Lf), width (W) and separation
(Sf) of the CPWfeed. These are shown in Figure 3. 2.

The materials used in the antenna configuration were:
Barium Strontium Titanate Oxide, BaSr, TiO (BSTO, a thin
filmferroelectric material with a thickness of 0.4 pum and
relative permttivity of 800 varied by DC biasing voltage.
This material was deposited on a Mgnesium Oxide (MO
substrate with a thickness of 0.305 mm and with a relative
permttivity of 9.8. The FSA netallization consisted of gold
(Au) with a thickness of 2 mcrons.

3.2 Procedure

First, the prelimnary dinensions for the antenna
conmponents were obtained and the structures were simnulated
with and without the ferroelectric material in order to
study the effect of this filmon the structure. Second, the
antenna with the applied ferroelectric material was matched
to 50 ohnms and its optinmm di mensi ons were obtained through
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a design of experinent. Also, the filmrelative permttivity
was changed and its effect on the output responses studied.
Goal -nodel s were generated for the desired structure out put
responses. And finally, a prototype was fabricated for
val i dati on purposes.

3.3 Simul ati on Software

The use of sinulation software was essential in order
to achi eve our goals. Software, such as LineCalc by Advanced
Design System was wused to obtain prelimnary design
dimensions; the Finite Difference Tinme Domain (XFDTD)
software by Rentom 1Inc. was used to sinulate all the
antenna structures in order to obtain the output responses.
The Design Expert software by Stat-Ease was used to obtain a
goal -nodel of the optinmum di nensions and output responses
for the desired structure.

3.3.1 LineCalc Software

The prelimnary antenna dinmensions were calculated
through LineCalc. This software required as input, the
substrate relative permttivity (9.8) and thickness (0.305
mm and the matching resonant frequency (30 GHz). Qur
desired prelimnary dinmensions were obtained from CPW
transmssion lines. In order to calcul ate these dinensions,
the software allows you to either fix the separation between
the transmssion lines (G or its width (W to a desired
dimension. It was decided to fix G at 0.249 mm The I|ine
characteristic inpedance (Z, = 50 ohnms) and electric length

(¢ = 180°) of the CPWtransm ssion lines were synthesized in
order to obtain its width (W and length (L). An electric
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length of 180° was used because the antenna length, L, is
approxi mately A/ 2.

3.3.2 XFDTD Software

The antenna structures were sinulated in XFDTD. Anong
many nunerical techniques for electromagnetic problens, the
FDTD net hod was selected for this work because it can handl e
a variety of circuit configurations with a m ninmal anmount of
programm ng effort. Also, it analyzes different types of
pl anar antennas on dielectric substrates with different
t hi ckness.

3.3.2.1 FDTD Met hod

A Gaussian derivative pulse with unit anplitude given
by,

—10)2 /T2 )?
EX(t):eZ((tt) ™ (3 1)

was excited in the CPW Iline, where T was the pulse half
wdth in the tinme domain and to=4T. The maxi nrum frequency
from the GGaussian spectrum that can be relied on is

f ..=1/2T. The FDTD space steps, Ax (0.083 mm, Ay (0.0625

mm, Az (0.0762 mm), were chosen to allow integral nunbers
of unit cells to fit exactly all the dinensions of the
circuit. These space steps were obtained from the small est
slot width and the total naterial thickness, given by,

Ax. Ay — slot _width Az — h, +h,
Y unit _cells unit _cells (3.2)
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where h, and h, were the ferroelectric and substrate materi al
t hi ckness. These space steps can not exceed their space

[imt which was 2(Ax) > Ay and Az, also, A < A10. The

stability of the nethod was assured by the Courant stability
criterion,

\/[Alxj +éyJ +(A12) (3.3)

where k is the Courant factor and c is the speed of |ight.

At =

Anot her aspect required for accuracy in the results is
the refinenent of the nmesh. Although this nmethod uses
m ni mal anount of programm ng effort, the cal culation of the
nmesh at each layer nmay required nore run tinme due to the
smal | thickness of the BSTO material. To mnimze the run
time, an average of the relative permttivities at each
interface was calculated. Since the selected space step Az
was nuch larger than the thickness of the BSTO |ayer, the
unit cells at the top of the ferroelectric-substrate
interface were given an effective relative permttivity.
This permittivity was cal cul ated using a wei ghted average of
the MgJO and BSTO rel ative permttivities used in [13], given

by,
h, h
gavg = gr/' _f +8rs __f

where ¢, and h, were the ferroelectric relative permttivity
and thickness, &, 2 was the substrate relative permttivity

and Az was the space step in the z-direction. An average of
the permttivity at the bottom air-substrate interface,
(g.4+1)/2, was used as explained in [14].
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Per f ect mat ching | ayer (PM) absorbing boundary
conditions were inplenented on all sides of the antenna
structure to absorb the incident wave and elimnate
reflections. After the excitation was |aunched, the fields
were conputed at successive tinme steps until the entire
field intensities in the domain decayed to a negligible
st eady- st at e val ue.

3.3.3 Design Expert Software

The Design Expert software was used to obtain a goal-
nodel of the output responses for the desired structure. A
geonetrical design with k input factors was used for the
goal - nodel design process. The geonetrical design allows
i nput factors to have different nunber of |evels represented
by coefficients. The representation of each |evel
facilitates the adjustnment of a regression nodel that
rel ates the output response with the input factor levels. It
will create an experinent that includes all possible
conbi nations of the input factor |evels. These designs have
a sinplified analysis, and they also are the basis of nany
ot her useful designs.

3.3.3.1 GCeonetrical Design

The geonetrical design used consisted of a conbination
of two and three l|evel factorial designs. The two-Ievel
factorial design had k input factors at |ow and high |evels,
represented by -1 and 1. Because each conplete replicate of
the design has 2° runs, the arrangement is called a 2°
factorial design. The input factors considered in this
factorial design were the wdths of the FSA and the
separation between the top and bottom slots. The 3*
factorial design is a factorial arrangenment of k input
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factors that each have three levels. These input factor
| evel s are low, center and high, represented by -1, 0 and 1.
The input factor considered in this factorial design was the
thin filmrelative permttivity.

Wth these 5 input factors a geonetrical design of 23
conmbi nations were obtained for a total of 48 design
conbi nations. This design allows five main effects to be

estimated (S, ¢,, W, W and WB) along with ten two-factor
interactions (Sg,, SW, SW, SWB, W, gW, W, WW,
WLWB and W2WB), six three-factor interactions (Sg¢ W, Sg W2,
Se¢ B, e W2, & WWB and W\V2WB), two four-factor
interactions (Sg W2, Se  WL\V\B) and a five-factor

interaction (SegWWWB). Wen all the input factors of an

experinment are fixed, it is easy to fornulate and prove
hypot hesi s about the principal effects and interactions.

3.3.3.2 C(oal -nodel Design Process

The output responses were analyzed through an input
factor effects list. This list presented the input factors
effects and contribution percentage for each output
response. The prediction equation generated through ANOVA
was used as the goal -nodel. The sinplified nodel yielded an
equation in terns of the input factors and for each out put
response. Each equation that was generated consisted of the
effect that those factors had on the output responses. Wth
such equati ons each output response can be estinated w thout
the need of an electromagnetic sinulator. They also may be
the basis for analyzing prelimnary design dinensions for a
CPWfed FSA before sinulation.
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3.4 Design D nensions

A nodel of a CPWfed FSA without the thin ferroelectric
material was used to obtain prelimnary dinensions for the
antenna structure through LineCalc. The prelimnary
di mrensions for a FSA were obtained from copl anar wavegui de
transm ssion lines and applied to the CPWfed FSA structure.
The CPW length obtained was applied as the structures
overall length. This Symmetric Folded Slot Antenna (SFSA)
structure was sinulated in XFDTD, serving as base for
conpari son between the structures with and wthout the
ferroelectric material .

A matching at 50 ohnms with a frequency of 30 GHz was
intended for this CPWfed FSA. Towards this end, the top
slot width of the SFSA with the applied ferroelectric
material was varied in order to match the antenna. Through
the inpedance matching technique (IMI) presented in [1],
this width can be increased to reduce the input inpedance of
the antenna to 50 ohnms. An increase in this width causes a
shift in the resonant frequency and therefore, in the out put
responses. Such changes in dinmension yields an Asymetric
Fol ded Sl ot Antenna (AFSA). The pertinent antenna di mensions
need to be found for this AFSA to conply with the desired
design specifications. Al proceeding sinmulations were
conpleted for this AFSA and will be referred as the FSA
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3.5 Design of Experinent

The primary goal in scientific research is usually to
show the statistical significance of the effect that a
particul ar factor has on the desired dependent variable. The
traditional approach of collecting data by holding each
factor constant wuntil all possibilities have been tested
beconmes i npossible as the nunber of factors increases. It
is of great interest to maxim ze the information that can be
extracted from our FSA with the |east amount of runs. The
process of obtaining the desired output responses may be
quite time consuming if it is not done in an organized
manner. Therefore, for this purpose the sinulation runs were
chosen from the statistic technique, Design of Experinents
( DoE) .

In this type of antenna structure, the input factors are
usual | y physical dinensions and the output factors such as
the reflections, bandw dth, input inpedance and gain are
dependent of frequency. The five input factors that were
considered in this DoE were the widths of the FSA the
separation between the top and bottomslots and the rel ative
permttivity of the BSTO film The first input factors were
varied at a low and high level, represented with a -1 and
+1. The last input factor was varied at | ow, center and high
| evels, represented by -1, 0 and +1. Geonetrically, the
design is a square as can be seen bel ow.
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From this figure we can appreciate that the factors
that laid on the X and Y axis of the big cube were the
separati on between the top and the bottom slots and the top
slot width. The factors that laid on the X and Y axis of the
smal |l squares were the widths of the FSA bottom and side
slots. These squares were repeated at the thin filmrelative
permttivity levels. Each corner of the small squares
represented a design or sinulation run. A total of forty-
ei ght sinmulation runs were performed in XFDTD

The data collected from these designs was used to
devel op a goal -nodel through the Design Expert program The
sinmplified nodel yields an equation in ternms of the input
factors and for each output response. Each equation that was
generated consisted of the contribution that these input
factors had on the output responses. The data can be
tabul ated or graphically represented for easy interpretation
of the output responses.

The graphical visualization results difficult when nore
than one output response and many input factors are under
consi derati on. Therefore t he Bull’s Eye graphi ca
representation [15] of the results was used. The advantage
of this type of graph is easy interpretation of the results
when nore than two output responses are analyzed. In the
case of the perforned simulations, this type of graph was
useful in analyzing seven output responses at three thin
filmrelative permttivities. Figure 3.4 shows the Bull’'s
Eye representation of the output responses.
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Figure 3.4. Bull’s Eye graphical representation of the output
responses (a) Goal response representation. (b) Dual
resonance behavi or.
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These Bull’s Eye plots represented the goal responses
and dual resonance behavior. Each axis represented an out put
response. In the goal response graph, the vertical axis
represented the mninum reflections in dB, the left of the
hori zontal axis represented the matching resonant frequency
in Gz and the right represented the bandwidth in Giz. The
results of the corresponding output responses were
represented with a point on the graph. Any point in or close
to the center of the graph indicates that the goal is
achi eved. Therefore, the antenna performance inproves as the
results tend to the center of the graph.

In the dual resonance behavior graph, the top and
bottom of the vertical axis represented the first and second
resonant input resistance in ohns. The left and right of the
hori zontal axis represented the first and second resonant
frequency in Giz. These results were also represented wth a
point on the graph. Any point in or close to the center of
the graph does not indicate an inprovenent in the antenna
performance. In this graph no goal is set; its purpose is to
study the dual resonance behavi or.

It was denonstrated through sinulations that the
resonant frequencies and input resistances of the DoE
designs varied for each thin filmrelative permttivity. An
increase in the relative permttivity of the thin film
caused the resonant frequencies to decrease by 1 Giz and the
first and second resonant input resistances to increase by
20 ohnms and decrease by 3 ohns respectively. This behavior
was observed because the fields tend to concentrate nore in
t he substrate.
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3.6 Prototype Fabrication

The prototype filnms were deposited by Pulsed Laser
Deposition (PLD) and their lattice paraneters were neasured
at the UPRM Departnment of Physics. It was intended to
fabricate the CPWfed FSA at the UPR Departnent of Physics
by depositing a thin Au layer wth an electron-beam
evaporator through a lift-off mask, but do to problens wth
t he equi pnrent the antenna fabrication was not feasible. The
prot otype neasurenents were neant to be taken at the UPRM
ECE Radiation Laboratory in order to validate the
si mul ati ons.

3.6.1 PLD Techni que

Today there exist several nethods for preparing thin
films, both physical and chenmical. The physical methods can
be divided into thernmal evaporation and sputtering and the
chem cal into vapor phase and liquid phase [16]. In this
work BSTO thin filnms were grown by PLD a physical nethod by
thermal evaporation. PLD provides unique advantages for
mul ti conponent oxide filns because it easily reproduces the
stoichionetry of the target in the deposited film

The PLD technique uses the laser pulse to highly
energize the target material, causing its surface to
expl ode. This explosion throws out the evaporated naterial,
which is called the plune. The reach and shape of the plune
can be controlled by changing either the |aser fluence or
deposition pressure. The l|aser fluence is the energy per
area (J/cnf) of the laser spot hitting the target. It can be
varied by either changing the |aser pulse energy or by
adjusting the laser spot size. An increase in the |aser
deposition pressure affects the plume by causing it to have
nore gas nolecules to collide with and thereby not allow ng
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it to reach as far. The deposition pressure and atnosphere
varies wth the type of film being deposited. The substrate
tenperature is a key paraneter, especially when it conmes to
maki ng high quality films. Figure 3.5 shows the inside of
t he deposition chanber as the |aser pulse hits the target.

Substrate e

Mg0) —— ——
Focused laser beam

Plume ——— *

Target ——

(BSTO)

Figure 3.5. PLD process. |Inside of the deposition chanber.
(Taken from|[16])

The main PLD paraneters are substrate tenperature,
| aser fluence, target-substrate distance, type of gas
at nosphere and deposition pressure. Since the paraneters are
very few, it nakes the PLD technique a very attractive
research tool.

(Ba, (Sr,,) T1O targets (h, = 0.4 um) wth density of 4.9
g/cc from Praxair Surface Technol ogies were deposited onto
(100) MO single crystals substrates from Mnicrystals. A
Ba: Sr ratio of 60:40 was used because sanples with higher Ba
content have higher Curie tenperature usually leading to
higher tuning at room tenperature. Prior to PLD the
substrates underwent a cleaning cycle, which included an
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ultrasonic cycle of trichloroethylene followed by acetone
and nethanol for 10 mnutes each. The sanples were then
rinsed with methanol and nitrogen dried.

A krypton-fluoride excinmer |laser (248 nm 30 ns, 30 kV)
was focused on the target with laser pulse fluence of 2.3
J/icnf in flowing O at a partial pressure of 30 niforr and
flux of 5 sccm The deposition substrate tenperature was
calculated by Equation 3.5 in order to obtain the maxi mum
substrate tenperature possible with the avail abl e heater.

Tope = Ty *0.77) - 21.4 (3.5)

An on-axis deposition with rotating film techni que was
used and lasted 30 mnutes. The target was rotated to nmake
use of as nmuch as possible of the target area since the
| aser spot wusually has the dinensions of a couple of
mllinmeters. The distance between the lens and the port is
6.35 cm The substrate was parallel to target and their
separation distance was nmaintained at 4 cm

3.7 FilmcGCharacterization

The lattice paraneters of BSTO MgO filns were neasured

usi ng a Bruker Di scover X-ray diffractonmeter using Cu Ko
radiation (A=1.5415 A). The sanple interval was 0.01° and

the scan beam was 0.3 seconds per step. A 0-20 scan of the
sanple was perfornmed to observe the X-ray diffraction (XRD)
peaks of intensity regarding the crystals structure. This
scan provides structural information related to the lattice
paraneter along the filmsurface normal direction.

In order for the X-ray diffraction (XRD) peaks to be
observed the condition for maxinmum intensity contained in
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Bragg's Law has to be fulfilled. This allows us to cal cul ate
details about the crystal structure. Bragg's Law can easily
be derived by considering the conditions necessary to make
t he phases of the beans coincide when the incident angle (0
equals the reflecting angle (6 and the path Ilength
di fference between beans equals an integer of wavel engths.
Below is the visualization of Bragg’'s Law.

Fi gure 3.6. Vi sual i zation of Bragg’'s Law.

This figure shows two X-rays incident on two atonmic
| ayers of a crystal, separated by the distance d. The X-rays
begin in phase and parallel up to the point at which the top
beam strikes the top layer. Wen Bragg's Law is satisfied
diffraction occurs. The |ower beam continues to the next
| ayer where it strikes the bottomlayer. The | ower beam nust
travel an extra distance (2d sin®) to continue traveling
parall el and adjacent to the top beam This extra distance
must be an integral (n) nultiple of the wavelength (A) for

the phases of the two beans to be the sane. Such conditions
derive Bragg’' s Law given by,
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nA =2dsin@ (3.6)

It was intended to neasure the structure tunability (7

and frequency tunability factor (z) determned by [17],

_g'f(E)_grf(O) Sy max =S5

&, (E) o (3.7)

where ¢ (E) is the relative dielectric constant of the
ferroelectric under an external DC field with respect to
that at no field (g,(0)) and f, and f,  is the center
frequency of the frequency agile conponent at no bias and at
the maximum applied bias respectively. The microwave
property data was intended to be collected using a HP 8510C
network analyzer with S-paraneter test scanned through the
frequency range of 20 to 40 GHz using a FSA fabricated from
depositing a thin Au layer by electron-beam evaporation
through a lift-off nask

3.8 Chapter Concl usions

In this chapter the materials and nethodol ogy used to
acconplish the research were descri bed. The proposed antenna

struct ures, design  process, simulation software and
prototype fabrication and neasurenents were presented. In
t he next chapter the results will be presented, analyzed and

expl ai ned.



CHAPTER 4

Results and D scussi ons

4.1 Prelimnary D nmensions

The prelimnary dinensions for the coplanar wavegui de
(CPW fed folded slot antenna (FSA) structure were obtained
from the dinensions of (CPW transmssion |ines. These
di mensions were wused to nodel the CPWfed FSA structure
without the thin ferroelectric material. The obtained CPW
length (L) was applied as the structures overall |ength. The
CPW transmission line Ilength, wdth (W and gap (Q
di mensi ons obtained fromLineCalc are shown in the foll ow ng
t abl e.

Table 4.1
CPW Feed D nensi ons

Par anet er s Di nrensi ons (nm
L 2.61
wW 1. 083
G 0. 249

The width of the transmission line was nodified in
order to simulate the antenna structure. Such nodification
was necessary because the widths of the CPW transm ssion
lines (2.166 mm) left little space in the x-direction for
the unit cells corresponding to the FSA. After simulation it
was found that the overall length was quite snmall for the
FSA to resonate at 30 GHZ and, therefore, it was nodified.
These paraneters were given new values since it was not
intended to obtain input inpedance (Z,) of 50 ohnms by
varying the dinensions of the CPW transmssion |Iine,

48
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al t hough the structure matching was achieved | ater by other
nmeans.

The resulting structure was a Symmetric Fol ded Sl ot
Antenna (SFSA) do to the equality in its widths. The SFSA
di mensions slightly differ since integral nunbers of unit
cells have to fit wexactly all the dinmensions of the
structure when simulating in XFDID. The antenna structure
was sinulated with and without the ferroelectric material,
as presented in Figure 4.1, in order to study the effect of
this filmon the structure. Table 4.2 shows the prelimnary
di mensi ons used for the folded slot antenna and the new CPW
transm ssion |ine dinmensions.

Table 4.2
SFSA Prelimnary Di nmensions
Par anet er s D nensi ons ()

L 4.691
L1 1.909
W 0. 25
W2 0. 249
3 0. 25
S 0. 249
Lf 0.1875
W 0. 083
St 0. 249




Mag S11 dB

Return Loss

'
£
|

-6

—~— with BSTO

| —O— without BSTO [~ i~ s

Z;, Ohms

-8 T T ‘ \ \
20 25 30 35 40
Freq GHz
(a)
Input Impedance
400 e —O— Rin without BSTO |’

--<>--  Xin without BSTO | ...
—/— Rin with BSTO
---/--- Xin with BSTO

‘ RN o
S R S IS S
,,,,,,,, ;b-f‘ . -
T T T T
20 25 30 35 40
Freq GHz

Figure 4.1.
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Elevation Pattern
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G=4.19dBi

With BSTO
G=4.17dBi
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Theta deg
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Figure 4.1. Continued

The effect of this film on the antenna structure was
the reduction in the matching resonant frequency and an
increase in the reflections as well as in the input
i npedance. At the dual resonance, which occurs at zero
reactance, we note that at the first resonant frequency the
input resistance increased and at the second resonant
frequency it decreased. The first and second resonant
frequencies had a difference of 10 GHz.

Note from Figure 4.1 c, that the antenna is |ocated
parallel to the YZ plane wth the substrate |ayer towards
the left of the graph and the netallization |ayer towards
the right. The graph shows that the electric fields
concentrate nore in the substrate layer, which acts as a
cavity. The remmining elevation patterns of this thesis were
obtained with the sane antenna | ocati on.

A 4.19 dBi gain at 0=0° was observed for the structure
with the BSTO filmand a gain of 4.17 dBi for the structure
wi thout the BSTO film The gain of the structure seened
al nost not affected by the applied film Generally the gain
of a slot antenna is about 1.6 dBi and the SFSA is
approximately 4.19 dBi.
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4.2 Matching D nensions

The structure with the applied ferroelectric materi al
was matched by increasing its wwdth WL, to reduce its input
i npedance to 50 ohms. An increase in WL causes a shift in
the output responses. Changes in the structure dinensions
were made in order to conpensate for the encountered shift.
Such changes in dinension yields an Asymmetric Fol ded Sl ot
Ant enna (AFSA) and are studied in Figures 4.2 through 4.5.

Input Impedance

—O—W1=0.25mm
—/—W1=0.50mm
—{— W1=0.8mm

Freq 20 to 40GHz

Figure 4.2. Top slot width variation.
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Input Impedance

—O— 8=0.249mm
—/— S$=0.3125mm

Freq 20 to 40 GHz

Figure 4.3. Separation between top and bottom slot wdth
vari ation.
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Input Impedance

Freq 20 to 40 GHz

—O— W2=0.166mm
—/— W2=0.249mm

Figure 4.4. Side slot width variation.



Input Impedance

Freq 20 to 40 GHz

—O— W3=0.125mm
—/— W3=0.1875mm

Figure 4.5. Bottomslot width variation.
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Changes in the structures w dths denonstrated an effect
on the input inpedance. An increnent in the top slot wdth
(W) dinension caused the input inpedance to decrease and
the antenna matched to 50 ohns. Changes in the structures
separation between the top and bottomw dths (S) and in the
side (W) and bottom (W) slot wdths denonstrated an
opposite effect on the input inpedance. The input inpedance
| oops of W2, WB and S increased with dinmension. The input
i npedance | oop of W2 shifted to the second resonance region
(left region on the Smth Chart) and the input inpedance
loop of WB shifted to the first resonance region (right
region on the Smth Chart), as well as well as the input
i npedance | oop of S although slighter.

It was observed that W2 and WB had opposite and very
noti ceable effects. The effect of S was nore opposite to W.
Wth these observations noted it was desired to obtain an
i nput inpedance loop as thin as possible in order to obtain
a wde bandwi dth. The pertinent changes to the previous
di mensi ons were considered and the matching dinensions for
the AFSA are tabulated in Table 4.3. The output responses
for the AFSA and the SFSA are conpared in Figures 4.6 and
4. 7.
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Table 4.3
AFSA Mat chi ng Di nensi ons
Par anet ers Di nrensi ons (nm

L 4. 859
L1 2.158
WL 0.75
W2 0. 166
\\B 0.125
S 0. 3125
Lf 0. 1875
W 0. 083
St 0. 249

Return Loss

Mag S11 dB
N
o
Il

w
o
|

-40

.| —0O— SFSA Dimensions
—/— AFSA Dimensions

20 25 30 35 40
Freq GHz

Figure 4.6. Sinmulated return Jloss of the prelimnary and
mat chi ng di nensi ons.
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Figure 4.7. Sinmulated input inpedance of the prelimnary and
mat chi ng dinensions. (a) Full frequency range. (b)
Zooned frequency range.
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The SFSA resonated at 29.00 GHz with high reflections
of -3.7 dB. Its dual resonance occurred at 26.08 and 35.35
GHz for a wide input resistance range between 13.72 and
427 .67 ohms. Note that, with the use of the IMT and the
variations in antenna dimensions, the produced AFSA
complied with the desired objectives. The AFSA resonated at
29.38 at minimum reflections of -45 dB and bandwidth of 3.5
GHz. Its dual resonance occurred at 28.55 and 29.46 GHz for
a compact input resistance range between 48.57 and 68.54

ohms.

4.3 Space Step Variation

It was decided to decrease XFDIDs space steps in order
to refine the mesh at the ferroelectric-substrate interface,
and therefore, validate the weighted average equation used

at this interface. The X space step (Ax) was varied because
the largest antenna dinension was in this direction. The Z
space step (Az) was varied because the largest unit cells

were occupied in this direction. The Y space step (Ay)
remai ned unchanged. The X and Z space steps were reduced to
0.0415 mm and 0.0381 mm respectively, which were half of
there original space size. These space steps did not exceed
the space |imt of 2Ax > Ay and Az, also, A < AM10. The
simulated results of the old and new space steps are
presented Figure 4. 8.
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At this new space steps the antenna resonant nmatching
frequency increased from 29.38 to 29.8 GHz, its reflections
increased from-45 to -12 dB and the bandw dth changed from
3.5 to0 3.2 Giz. These results denonstrated that the origina
space steps chosen were not adequate for sinulating the
wei ghted average -equation. Additional sinulations were
conducted by reducing the new space steps by half and no
significant change in the responses was observed. Therefore,

the antenna at the new space steps of Ax=0.0415, Ay=0.0625
and Az=0.0381, all dinmensions in mm was nmatched and its

results studied. Table 4.4 presents the new di nensions for
the design paraneters matching at the new space steps.

Table 4.4
AFSA Mat chi ng Di nmensi ons at New Space Step
Par anet er s Di nensi on (mm
L 5. 068
L1 2.034
WL 0. 437
2 0. 166
\\B 0.125
S 0. 3125
Lf 0. 1875
W 0. 083
St 0. 2905

Note that the only dinensions that varied were the top
slot length (L1) and wdth (W). As nentioned before, an
increase in this width causes a shift in the resonant
frequency. The separation between the transm ssion |ines was
varied in order to accomodate par unit cells for that
di mension. Figure 4.9 presents the output responses for the
mat ched antennas at the old and the new space steps.
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Figure 4.9. Continued

This AFSA with a nore reduced space step reached good
resonant matching frequency, reflections and gain, as well
as, better bandwidth and dual resonance. Conparing the
sinmul ated results between the previous matched AFSA with the
current matched AFSA it was found that the resonant matching
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frequency changed by approximately 1 G4z from 29.38 to 30.47
GHz, the reflections and bandwi dth increased from-45 to -37
dB and from 3.5 to 4.85 Gz respectively and the gain
decreased from 3.83 to 2.97 dBi. These results are wthin
t he desired goal s.

The dual resonance varied by approximately 1 Gz
reflecting an input resistance change of approximtely 3
ohnms. The previous matched AFSA presented dual resonance at
28.55 and 29.46 GHz for an input resistance range between
48.57 and 68.54 ohns while the current matched AFSA dua
resonance occurred at 29.13 and 30.82 GHz yielding an input
resi stance range between 45.70 and 72.18 ohns. Note that
conpact input resistance ranges were found at these dua
resonance frequencies.

These results show that the new space steps chosen were
adequate for simulating the weighted average equation. The
di nrensions obtained do agree wth the desired goals,
therefore, this AFSA was referred to as the Folded Sl ot
Antenna (FSA) and its matching dinensions were referred to
as the design dinensions. The overall structure was called
the CPWfed FSA

4.4 Thin FilmRelative Permttivity Variation

After the design dinensions were acconplished, the thin
filmrelative permttivity was varied and its effect on the
out put responses studied. It was desired to explore the
behavi or of such antenna as denonstrated bel ow.
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Figure 4.10. CPWfed FSA sinmulated results at varied film
relative permttivity. (a) Return Loss. (b) Input
| npedance. (c) Input |Inpedance at zooned frequency
range. (d) Elevation Pattern.
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Figure 4.10. Conti nued

From the return loss plot we could appreciate the
tuning that was achieved by varying the relative
permttivity of the thin film Note that the reflections
varied from-50 to O dB for a frequency range from 20 to 40
GHz. The lowest reflections for the FSA occurred at 29.31
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GHz for a relative permttivity of 1200, 30.47 Giz for a
relative permttivity of 800 and 31.72 GHz for a relative
permttivity of 400 with a VSWR < 2 and tunabl e bandw dt h of
7.10 GHz for 23.33% around 30.47 GHz. A decrease in the
relative permttivity of the thin film caused the
reflections to decrease and the frequency to increase by 1
GHz. This behavior occurs because the fields tend to
concentrate nore in the substrate.

In the input inpedance plots, the resistance varied
from4 to 100 ohns and the reactance varied from -5 to 90
ohms for a frequency range from20 to 40 GHz. The effect the
variation in the relative permttivity of the thin film had
on the input inpedance is the sane as the effect it had on
the reflections. The inpedance decreased as the relative
permttivity of the thin film decreased but the frequency
i ncreased.

The zooned input inpedance plot, Figure 4.10 c, shows
where the dual resonance occurred at a frequency range from
27 to 32 GHz. Note that the dual resonant frequencies

occurred at 27.7 and 30 GHz for ¢. = 1200, at 29.1 and 30.8

rf

GHz and for g, = 800 and at 30.7 and 31.7 GHz for g, = 400.
These dual resonant frequencies yield a total frequency
shift of 4 GHz at the resonant frequency range between 27.7
Gz and 31.7 GHz. At this resonant frequency range dual
i nput resistances of 78.35 and 49.81 ohns were obtained at
the resonant frequencies of 27.7 and 31.7 GHz respectively
resulting in a total resistance shift of 28.54 ohns.

This structure had a gain between 2.96 dBi for a
relative permttivity of 400 and 2.98 dBi for a relative
permttivity of 1200. The elevation pattern seened al nost
not affected by the change in permttivity. GCenerally the
gain of a slot antenna is about 1.6 dBi and this FSA was
approxi mately 3 dBi.
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4.5 Design of Experinent

Now that is clear what the effects the BSTO fil m had on
the output responses, it was pertinent to find the optinmm
design dinensions for this CPWfed FSA to conply with the
desired design specifications. A technique called Design of
Experiment (DoE) was used to have an idea of the nunber of
simulations it required to achieve dual resonance and
maxi m ze the obtained results information. The DoE i nput
factors were tabulated in Table 4.5.

Table 4.5
DoE | nput Factors

Paranmeter |Low Level (-1) | Center Level (0) | H gh Level (1)
D nensi on (nm D nensi on (nm Di nensi on (nm
S 0. 25 0. 3125 0. 375
W 0. 3745 0.437 0. 4995
W2 0. 1035 0. 166 0. 2285
B 0.10 0.125 0.1875
€, 400 800 1200

Wth these 5 input factors a geonetrical design of 2'3
conbi nati ons were obtained for a total of 48 conbinations as
shown in Table 4.6. The g, varied at all three levels the
remaining input factors varied at the |low and high |evels.
The sinul at ed out put responses for these design conbinations
were shown in Figure 4.11 and 4.12 through Bull’s Eye.

Table 4.6
DoE Geonetrical Design Conbi nations
Design [ S(m) | Wi(m [ Ve(m) [ V8(m) 6.,
la 0.25 0. 3745 0.1035 0.10 400
2a 0.25 0. 3745 0.2285 0.10 400
3a 0.25 0. 4995 0.1035 0.10 400
4a 0.25 0. 4995 0.2285 0.10 400
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Table 4.6

Desi gn Conbi nati ons (Conti nued)
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Desi gn S(m WL( mm) Ve (mm VB ( mm) €,
5a 0.375 0. 3745 0. 1035 0.10 400
6a 0. 375 0. 3745 0. 2285 0.10 400
7/a 0. 375 0. 4995 0. 1035 0.10 400
8a 0. 375 0. 4995 0. 2285 0.10 400
9a 0. 25 0. 3745 0. 1035 0. 1875 400
10a 0. 25 0. 3745 0. 2285 0. 1875 400
lla 0. 25 0. 4995 0. 1035 0. 1875 400
12a 0. 25 0. 4995 0. 2285 0. 1875 400
13a 0. 375 0. 3745 0. 1035 0. 1875 400
14a 0. 375 0. 3745 0. 2285 0. 1875 400
15a 0. 375 0. 4995 0. 1035 0.1875 400
16a 0. 375 0. 4995 0. 2285 0.1875 400
1b 0. 25 0. 3745 0. 1035 0.10 800
2b 0. 25 0. 3745 0. 2285 0.10 800
3b 0. 25 0. 4995 0. 1035 0.10 800
4b 0. 25 0. 4995 0. 2285 0.10 800
5b 0. 375 0. 3745 0. 1035 0.10 800
6b 0.375 0. 3745 0. 2285 0.10 800
7b 0. 375 0. 4995 0. 1035 0.10 800
8b 0. 375 0. 4995 0. 2285 0.10 800
9b 0. 25 0. 3745 0. 1035 0. 1875 800
10b 0. 25 0. 3745 0. 2285 0. 1875 800
11b 0. 25 0. 4995 0. 1035 0.1875 800
12b 0. 25 0. 4995 0. 2285 0.1875 800
13b 0.375 0. 3745 0. 1035 0.1875 800
14b 0. 375 0. 3745 0. 2285 0.1875 800
15b 0. 375 0. 4995 0. 1035 0.1875 800
16b 0. 375 0. 4995 0. 2285 0. 1875 800
1c 0.25 0. 3745 0. 1035 0.10 1200
2C 0.25 0. 3745 0. 2285 0.10 1200
3c 0. 25 0. 4995 0. 1035 0.10 1200
4c 0.25 0. 4995 0. 2285 0.10 1200
5C 0. 375 0. 3745 0. 1035 0.10 1200
6C 0. 375 0. 3745 0. 2285 0.10 1200
/cC 0. 375 0. 4995 0. 1035 0.10 1200
8c 0. 375 0. 4995 0. 2285 0.10 1200
9c 0. 25 0. 3745 0. 1035 0.1875 1200
10c 0. 25 0. 3745 0. 2285 0.1875 1200
1lic 0. 25 0. 4995 0. 1035 0.1875 1200
12c 0. 25 0. 4995 0. 2285 0. 1875 1200
13c 0. 375 0. 3745 0. 1035 0. 1875 1200
1l4c 0. 375 0. 3745 0. 2285 0. 1875 1200
15c 0. 375 0. 4995 0. 1035 0. 1875 1200
16¢ 0. 375 0. 4995 0. 2285 0. 1875 1200
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Note from Figure 4.11 that as the thin film relative
permttivity increased the matching resonant frequency
decreased by 1 GHz, the reflections increased approximtely
2 dB to 4 dB and the bandw dth decreased approximately 0.1
GHz to 1.2 GHz for each DoE design. The tunable bandw dth
obtained from the DoE designs was approximately 14% to 22%
around their matching resonant frequencies.

The designs that provided matching resonant frequency
at Ka-band with mnimumreflections (S, < -20 dB) throughout
the varied thin filmrelative permttivity were Design 3 and
12. These designs consisted of a tunable FSA with its top
slot width (W) at its high level dinension and its
separation between the top and bottom slots (S) at its |ow
level dinmension with its side (W2) and bottom slot (WB)
widths at their low or high | evel dinension.

The designs that provided wide (BW> 3 GHz) and tunabl e
(TBW > 18% bandwi dth throughout the varied thin film
relative permttivity were Design 3, 7, 10, 12, 14, and 16.
The DoE input factor conbination that yielded these designs
were W at its high level dinmension, S at its low or high
| evel dinmension and W2 and WB at their |ow |evel dinension,
or, W and S at their low or high level dinension in
conbi nation with W2 and WB at their high | evel dinension.

The results indicate that the designs that conplied
with the desired goal responses of mtching resonant
frequency at Ka-band with mninmum reflections and wde
bandwi dth  t hr oughout the wvaried thin film relative
permttivity were Design 3 and 12.

Figure 4.12 denonstrates the geonetrical representation
of DoE input factors with Bull’s Eye representation of the
si mul at ed dual resonance behavi or.
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Note from Figure 4.12 that as the relative permttivity
i ncreased the resonant frequencies decreased by 1 GHz, the
first resonant input resistance increased by 20 ohns and the
second resonant input resistance decreased by 3 ohnms for
each DoE design. Therefore a noticeable effect on the second
r esonant i nput resi stance occurred W th relative
permttivity increase.

A conpact input inpedance |oop around 50 ohnms can be
achi eved by choosing a low first resonant input resistance,
R, (between 70 and 100 ohns) and a high second resonant
input resistance, R, (between 28 and 48 ohns). R was
observed with S at its low or high level dinmension, W at
its high level dinension with W2 and WB at their |ow |evel
dimension. R can be also obtained with S at its |ow |evel
dimension with WL and W2 at their high level dinension in
conbination with WB at its |ow or high |level dinension. Note
that R, occurred with S at its low |level dinension, W at
its high level dinmension in conbination with W and WB at
their low or high level dinension. This resonance also
occurred with S and WL at their high I evel dinmension with W
at its low level dinension and WB at its |low or high |evel
di mrension, or with S W, and WB at their high |evel
di mensi ons.

The dual resonance behavior that occurred between

Design 3 and 12, at the ¢, low, center and high |[evel

di mrensions was an increase of 35 and 14 ohns and a decrease
of 4 ohns respectively for R. A decrease of 12 and 2 and an
increase of 2 ohns were observed for R.

Figures 4.13 and 4.14 studied with nore detail the

simulated results of these designs at the three thin film

relative permttivities.
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Design 3 sinulated results at varied filmrelative
permttivity. (a) Return Loss. (b) Input |npedance.

(c) Input Inpedance at zooned frequency range.
El evati on Pattern.

(d)
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Fi gure 4.13. Continued

The previous results of a tunable FSA wth its
separation between the top and bottom slots (S), top (W),
side (W) and bottom (WB) slot widths at their |ow I|evel
di mensions had reflections varied from -50 to O dB for a
frequency range from 20 to 40 GHz. The |owest reflections
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for the FSA occurred at 28.96 G for a relative
permttivity of 1200, 30 GHz for a relative permttivity of
800 and 31.12 GHz for a relative permttivity of 400 with a
tunabl e bandwi dth of 6.5 Giz for 21.66% around 30 GHz.

In the input inpedance plots, the resistance varied
fromO to 130 ohns and the reactance varied from-20 to 100
ohms for a frequency range from 20 to 40 GHz. The dual
resonance occurred at the frequency range from 26 to 33 GHz
as shown in Figure 4.13 c. Note that the dual resonant
frequenci es occurred at 27.4 and 30.3 GHz, 28.5 and 30.9 G+
and 30.1 and 31.3 GHz, for the respective thin filmrelative
permttivity of 1200, 800 and 400. A total frequency shift
of 3.9 GHz at the resonant frequency range between 27.4 G+
and 31.3 GHz was observed. At this resonant frequency range
dual i nput resi stances obt ai ned at t he relative
permttivities of 1200, 800 and 400 were 106.83 and 31. 60,
88.01 and 37.50, and, 67.72 and 48.37 respectively resulting
in a total resistance shift of 58.46 ohns. The individua
resistance shift from one ¢, level dinmension to the other
(1200- 800, 800-400) for the first resonant input resistance
was 20 ohnms and for the second resonant input resistance
were 5 and 11 (mainly because of the reflections) ohns.
Therefore, a tunable FSAwth S, W, W2 and WB at their |ow
| evel dinmensions had a noticeable effect on the first
resonant input resistance. The input inpedance |oop tends to
expand to the right.

This structure had a gain between 3.32 dBi for a
relative permttivity of 400 and 3.35 dBi for a relative
permttivity of 1200. This gain exceeds the gain of a slot
antenna which is generally 1.6 dBi.
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These sinmulated results of a
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frequency range from 20 to 40 Giz. The |owest reflections
for the FSA occurred at 29.41, 30.41 and 31.46 GHz for the
respective relative permttivity of 1200, 800 and 400. A
tunabl e bandwi dth of 5.5 GHz for 18.08% around 30.41 Giz was
experienced.

The resulting input resistances varied from-20 to 120
ohnms through a frequency range from 20 to 40 Giz. The FSA
dual resonant frequencies occurred at 27.59 and 30.55 G
for a relative permttivity of 1200, at 28.54 and 31.42 G
for 800 and at 29.54 and 32.37 GHz for 400. This resonance
resulted in a total frequency shift of 4.78 GH at the
resonant frequency range between 27.59 GHz and 32.37 GHz.
Dual input resistances were obtained at 102.41 and 33.46
102.40 and 34.52, and, 102.44 and 36.56 for relative
permttivities of 1200, 800 and 400 respectively, which
resulted in a total resistance shift of 68.98 ohnms. The
i ndi vidual resistance shift from one g, level dinension to
the other (1200-800, 800-400) for the first and second
resonant input resistances were approximately O ohns and
1. 05 ohnms. Therefore the tunable FSA with S and WL at their
low level dinensions and W2 and WB at their high |evel
dimrensions had an effect on the second resonant i nput
resi stance. The input inpedance |oop tends to expand to the
left. This structures gain of approximately 2.76 dBi
exceeded the general gain of a slot antenna.

In Figure 4.15 the Design 3 and 12 were conpared wth
the CPWfed FSA (Design 0) used to develop the geonetrica
design at the thin filmrelative permttivity center |eve
di mensi on.
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Fi gure 4.15. Conti nued

As shown 1in the return loss plot, the reflections
varied from -40 to -10 dB for a frequency range from 20 to
40 GHz. Design 12 and the Design 0 resonated at the same
frequency of 30.4 GHz although with different reflections,
Design 3 resonated at 30 GHz. Design 3 and Design 12 had
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bandwidths of 3.9 and 3.5 GHz respectively which were
approximately 1.35 GHz smaller than Design 0. The chosen
designs complied with the desired goals of matching
resonant frequency at 30 GHz, minimum reflections (S;; < -
20) and bandwidth greater than 3 GHz.

In the input inpedance plots, the resistance varied
fromO to 120 ohns and the reactance varied from-20 to 100
ohnms for a frequency range from 20 to 40 GHz. The zooned
i nput inpedance plot, Figure 4.15 c¢, shows where the dual
resonance occurred at a frequency range from 27 to 33 GH.
Note that the dual resonant frequencies for Design O
occurred at 29.13 and 30.82 GHz for Design 3 at 28.54 and
30.93 Gz and for Design 12 at 28.54 and 31.42 GHz. A dual
resonance frequency shift of approximately 1 GHz at the
resonant frequency range between 29 G and 31 Gz was
observed. At this resonant frequency range dual resonant
resi stances of 72.18 and 45.70 ohns, 88.01 and 37.50 ohns,
and, 102.40 and 34.52 were obtained for the Designs 0, 3 and
12 respectively. Conparing the dual resonant resistances of
Design 3 and 12 with Design 0O it was observed that an
increase of 16 and 14 ohns at the first resonant frequency
and a decrease of 8 and 3 ohns at the second resonant
frequency took place resulting in wder input inpedance
range.

The gain of Design 3 increased 0.37 dBi and Design 12
decreased 0.22 dBi in conparison with Design 0. Therefore if
nore gain is desired a tunable FSA with S, W, W2 and WB at
their low | evel dinensions is appropriate.
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4.6 GCoal -nodel Devel opnent

The goal -nodels from the desired output responses were
generated by Design Expert. These nodels were obtained from
the prediction equations generated through ANOVA. The
following output response nodels consisted of the nost
significant coded factors. The nodel that predicts the
mat chi ng resonant frequency is given by,

Fr50= 29.72 - 0.27*A + 0.13*B - 1.04*C + 1.21*D + 1. 10*E[1]
- 0.039*E[2] + 0.12*CD - 0.076*CE[ 1] + 4.583E- 3* CE| 2]

(4.1)

The nodel that predicts mninumreflections is given by,

S11= 16.61 + 0.88*A - 3.04*B + 1.09*C - 3.08*E[1] + 0.58*
E[2] + 0.97*AB + 0.99*BCE[1] + 0.83*BD - 1.32*BE[1] +
0.38*BE[2] - 2.03*CD + 1.09*CE[1] - 0.31*CE[2] + 1.75*
DE[1] - 0.39*DE[2] - 0.66*ABC - 0.65*ABD - 1.18*BCD +
0. 89*BCE[ 1] - O0.28*BCE[2] + 1.00*BDE[1] - 0. 35*BDE| 2]
- 0.97*CDE[1] + 0.36*CDE[2] + 0.69*ABCD - 1.02*
BCDE[ 1] + 0. 35* BCDE[ 2]

(4.2)

The nodel that predicts bandwi dth is given by,

BW= 2.98 + 0.39*B - 0.14*C + 0.22*D + 0.61*E[1] + 0.021*
E[2] - 0.23*BD - 0.19*BE[1] - 0.017*BE[2] + 0.43*CD -
0.51*DE[ 1] - 0.021*DE[2] + 0.10*ABC + 0.10*ABD + 0. 15*
ACD + 0.16*BDE[1] + O0.058*BDE[2] - 0.067*ABDE[1] -
0. 079* ABDE] 2]

(4.3)

The nodel that predicts the first resonant frequency is
gi ven by,
Fri= 27.54 - 0.35*A + 0.35*B - 0.78*C + 0.94*D + 0.91*E[ 1]

+ 0.016*E 2] (4
4.4
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The nodel that predicts the first resonant input resistance

is given by,

Rl1= 135.05 + 5.46*A - 15.22*B - 9.15*C + 3.25*D - 10.20*
E[1] - 1.29*E[2] + 3.84*AB + 3.13*AC + 6.82*BD - 14.23*

CD + 10.22*DE[ 1] + 1.56*DE[2] - 3.81*ABC - 4.15*ACD +
3. 69* ABCD
(4.6)

The nodel that predicts the second resonant frequency is
gi ven by,
Fr2= 31.44- 0.20*A - 0.27*B - 0.89*C + 0.87*D + 0.88*E[1] -

0.014*E[2] + 0.17*BD
(4.7)

The nodel that predicts the second resonant input resistance
is given by,
R2= 29.41 + 3.50*B - 2.11*C + 2.51*D + 3.28*E[1] -

0.24*E[2] - 0.76*AB - 0.95*BC + 1.87*CD - 1.40*DE[1] +
0. 15*DE[ 2] + 1.04*BCD
(4.8)

Every nodel was linear and the letters A, B, C, D and E
were the codified factors that represented the input
factors. These codified factors were replaced in the nodel ed
equations wth coded coefficients between -1 and +1,
depending on the design dinension. The separation between
the top and bottom slot widths (S) and the top (W), side
(W) and bottom (WB) slot widths were represented by the
letters A, B, C and D respectively. The thin filmrelative
permttivity (g,) was represented with the letter E. Since
this factor was a nultilevel categorical factor, the first
coefficient was the difference of level 1 from the overal
average; the second coefficient was the difference of |evel
2 from the overall average. The negative sum of all the
coefficients was the difference of the last level fromthe



85

overall average. The followi ng table presents the nentioned
relative permttivity coded coefficients.

Table 4.7
Rel ative Permttivity Coded Coefficients
£, E[ 1] E[ 2]
400 1 0
800 0 1
1200 -1 -1

After these nodels were retrieved they were tested by
substituting the codified coefficients from a new CPWfed
FSA design in the equations for validation purposes. The
codi fied values used were the designs that represented the
m ddl e point of the right small squares in Figure 3.3. In
these designs the input factor S had |ow and high val ues
the input factor WL had | ow val ues, W2 and WB had center and
internedi ate values respectively and ¢, had |ow, center and
high values. The followng tables present the coded
coefficients and design dinensions used to validate the
nodel equations. The dinensions of the structure |length and
CPW feed were not changed and were presented in Table 4. 4.
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Val i dati on Desi gn Di nensions

Design 17 Desi gn 19
Parameter | nensi on Coded Di nensi on Coded

S 0.25 -1 0. 3745 1

W 0. 3745 -1 0. 3745 -1

W2 0. 166 0 0. 166 0

W3 0.125 -0.428 0.125 -0.428

Table 4.9
Val i dati on Desi gn Conbi nati ons
Desi gn S(nm WL(mm) W (mm VB( ) £,

17a 0.25 0. 3745 0.166 0.125 400
19a 0. 3745 0. 3745 0. 166 0.125 400
17b 0.25 0. 3745 0. 166 0.125 800
19b 0. 3745 0. 3745 0. 166 0.125 800
17c 0. 25 0. 3745 0. 166 0.125 1200
19c 0. 3745 0. 3745 0. 166 0.125 1200

The sinul ated and nodel ed val i dati on desi gn out put

responses at the varied thin filmrelative permttivity of
400, 800 and 1200 were conpared in the Tables 4.10 — 4.12.



Table 4.10
Qut put Response Conparison at g,=400

File _ Design 17 _ Design 19
Sinmulated Modeled | Simulated Model ed
Fr 50 31.76 30. 44 31. 27 29. 90
S11 - 26 -14. 88 -24 -15. 06
BW 4.6 3. 47 5 3. 49
X50 -5.29 -20.92 -6.45 -20. 02
Frl 30. 02 28. 04 29. 04 27. 34
R1 83.13 135. 60 90. 22 138. 84
Fr 2 32.70 32.49 32. 30 32.09
R2 38. 45 27.95 38. 15 29. 47
Table 4.11
Qut put Response Conparison at ¢g,=800
File - Design 17 ~ Design 19
Si mul at ed Model Si mul at ed Model
Fr 50 30. 56 29. 30 29. 93 28.76
S11 -24 -12.92 -22 -13.10
BW 4.5 2.46 4.9 2. 47
X50 -6.64 - 26. 23 -8.53 -26. 22
Frl 28. 77 27.15 27.61 26. 45
R1 84.78 148. 22 94. 85 151. 46
Fr 2 31. 67 31.59 31. 23 31.17
R2 36. 05 23.77 35.52 25. 29
Table 4.12
Qut put Response Conparison at ¢g,=1200
File ~ Design 17 ~ Design 19
Si mul at ed Model Si mul at ed Model
Fr 50 29. 39 28. 28 28. 68 27.74
S11 -22 -11.56 -19.5 -11.71
BW 4.3 1.13 4.7 1. 34
X50 -8.35 -32.03 -10. 83 -32. 45
Frl 27.52 26. 21 26. 31 27.51
R1 89. 35 166. 70 101.53 169. 94
Fr2 30. 69 30.74 30.24 30.34
R2 34.10 20.50 33. 07 22.02

87
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Note fromthe previous tables, that the val ues obtained
from each nodel are close to the results obtained from the
simul ations. Therefore, it was proved that the nodels
estimate well the output responses.

These nodel s predicted very well the matching and dual
resonant frequencies. The maxi mum error percentage for the
mat chi ng resonant frequency was 4% and for the first and
second resonant frequency it was 6% and 0.6% respectively.
The minimum reflection nodel predicted results within a 42%
error and the bandw dth nodel predicted within a 24% error.
Although they did not predict results as well as the
resonant frequency nodels they did estimate reflections |ess
than -10 dB with good bandw dth, which did conply wth the
desired goal s.

A noticeable difference was observed in the dual
resonance resistance nodels. These nodels yielded results
with 63% and 27% error for the first and second resonant
input resistances. The difference that was encountered
bet ween t he nodel ed and si nmul ated val ues was due to the fact
that the nodel was an equation that consisted only of the
nost significant input factors acconpanied by their
respective coefficients.

It was desired that this antenna be tunable, matched at
50 ohns, operational at Ka-band, with good reflections and
hi gh bandw dth. Therefore, the generated nodels did let us
know if the input factors used gave good or bad output
responses.
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4.7 Film Characterization Scan

A 0-20 scan was perforned on the BSTO MO sanple by X-
ray diffraction (XRD) to determine the orientation of the
filmwith respect to the normal direction of the substrate.
This plot presents the diffraction intensity for atomc
pl anes parallel to the surface of the sanple. The 6-26 scan
was performed between 5° and 60°. Figure 4.16 shows the XRD
2-theta scans for BSTO films on MO The strong (100) and
(200) peak (22.43° and 45.84° of the BSTO | ayer show that it
has a preferred crystal orientation with the (100) planes
parallel to the surface. This plot confirms that the BSTO
has a cubic like structure. The other intensities present
were from the MO substrate (43.26° and other oxide
conbi nati ons. These oxi de conbi nati ons were possible due to
relatively | ow tenperature achi eved for deposition.

BSTO/MgO Sample
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Figure 4.16. 6-26 scan of the BSTQ MyO sanpl e.
The substrate was parallel to target at a separation

distance of 4 cm The target was rotated to make use of as
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much as possible of the target area since the |aser spot
usually has the dinmensions of a couple of mllimeters. Due
to error, the substrate was slightly displaced from the
front of the target at the noment of placing the substrate
in the deposition chanber. Therefore, the BSTO material grew
nore to the corner of the substrate which made it not
suitable for antenna fabrication. It was not possible to
deposit additional sanples due to mal function of the heater.



CHAPTER 5

Concl usi ons and Reconmendati ons

5.1 Concl usi ons

The nost inportant achievenent of this thesis research
was the design and characterization of a tunable coplanar
waveguide (CPW fed folded-slot antenna (FSA). This was
possible due to the wuse of a thin film ferroelectric
mat erial (BSTO grown by pul sed | aser deposition (PLD) on a
MyO substrate. The relative permttivity of this filmvaries
with the application of an electric field. This variation in
relative permttivity allowed the antenna to be tunable
whi |l e oper ati ng at consi der abl e i nput i npedance,
reflections, bandw dth and gai n.

The antenna configuration developed to achieve the
desired goals consisted of two layers: one was the MO
substrate, deposited on top of this layer was the BSTO
ferroelectric material, and on the Au ground plane, the
f ol ded- sl ot antenna was fed by coplanar wavegui de
transm ssion lines. The antenna sinulations were done in
XFDTD from Rentom I nc. The nunber of sinulations and antenna
i nput paranmeter conbinations were determned using a
geonetrical design obtained through the Design of Experinent
(DoE) technique.

Bull's Eye plots were used to interpret the sinulated
out put responses. The goal responses of w de bandw dth and
mat ching resonant frequency at Ka-band wth mninmm
reflections were observed in a tunable FSA with its top sl ot
width (W) at its high level dinension and its separation
between the top and bottom slots (S) at its low |evel
dimension with its side (W) and bottom sl ot (W) w dths at
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their low or high level dinension. The dual resonance
behavior that occurred, as the thin film relative
permttivity increased was a decrease of 1 GHz at the
resonant frequencies, an increase of 20 ohns the first
resonant input resistance and a decrease of 3 ohns at the
second resonant input resistance.

Goal -nodel s were generated with the output responses in
order to study through equations the effect the input
factors had on each output responses. These nodel s predicted
very well the matching and dual resonant frequencies. Their
error percentage was 4% for the matching resonant frequency
and 6% and 0.6% for the first and second resonant frequency
respectively. The mninmumreflection nodel predicted results
within a 42% error and the bandw dth nodel predicted within
a 24% error. Although these results were high they did
estimate reflections less than -10 dB with good bandw dth,
which did conmply with the desired goals. The first and
second resonant input resistance nodels yielded results with
63% and 27% error respectively. The difference that was
encount ered between the nodel ed and sinul ated val ues was due
to the fact that the nodel was an equation that consisted
only of the nost significant input factors acconpani ed by
their respective coefficients.

The optimum CPWfed FSA  di nmensi ons such as
L/L1/S/W/ W/ WB = 5.068/2.034/0.3125/0.437/0.166/0.125 and
feed dinensions of Lf/W/Sf = 0.1875/0.083/0.2905, all
dinmensions in nm were obtained. The designed antenna was
operational at Ka-band, matched at 50 ohns wth good
reflections (S, < —-20 dB), and tunable bandwi dth of 7.10 GHz
for 23.33% around 30.47 GHz. A total frequency shift of 4
GHz and input resistance shift of 28.54 ohnms were obtained.
The gain was approximately 2.98 dBi. The deposited BSTO
material grew with a ¢ crystal orientation perpendicular to
t he MgO substrate.
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5.2 Recommendati ons

The CPWfed FSA could be simulated in other prograns or
el ectromagnetic simulators, to analyze any discrepancies in
the results. The antenna structure should be constructed and
measurenents taken in order to verify the antenna operation
and conpare the sinulated results with the neasured results.
To facilitate the FSA fabrication the optimm antenna
di mensi ons coul d be changed. The feed wi dth di nmension could
be considered. This width could be wider to avoid that the
ground plane nmaterial spills in this area during
construction. Instead of fabricating the FSA through lift-
off mask it could be constructed by other nethods in order
to avoid this spill of naterial.

The BSTO nmaterial should be studied by changing the
substrate type, film thickness and conposition in order to
study its dielectric properties (relative permttivity, and
dielectric loss) as a function of applied electric field.
The thickness of the MO and BSTO materials should be also
characterized to predict the trend in the dielectric
constant as a function of the msfit between the film and
substrate. Also, other ferroelectric material such as
Strontium Titanate Oxide, SrTiQ (STO or other substrate
materials such as Lanthanum Al um nate Oxide, LaAl O (LAO
coul d be consi der ed.

The BSTO films could be post-deposition annealed in
flowm ng oxygen at high tenperatures, from 900°C to 1350°C
approximate, to inprove their crystal quality. They could
also be grown by sol-gel technique, which is a chemcal
met hod by |iquid phase that enables dopants to be unifornmy
di stributed throughout the entire BSTO ceram c.
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