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Abstract

Printed monopole antenna (PMA) is one of the most suitablenara for achieving large
bandwidth and omnidirectional radiation pattern. In thet tme decade, several printed monopole
antenna configurations have been proposed and such anteneabeen designed using dif-
ferent simulation softwares (HFSS, IE3D, CST Microwaved&iuwetc) for various wireless
communication applications such as wireless LAN, WiFi, U\WB. However, very few the-
oretical works are reported for the analysis of printed npmie antennas. Our present work
is devoted to development of analytical framework for itigegion of printed monopole an-
tennas. Full wave analysis using Mixed Potential Integigudion is performed along with
the derivation of spatial domain potential (scalar and mgdBreen’s function for horizontal
electric dipole lying on an ungrounded dielectric layereTimput impedance and return loss of
printed monopole antenna is calculated and validated bylailon (HFSS) and available ex-
perimental results.Approximate analysis of printed mane@antenna is also done to calculate
input impedance using transmission line theory. In thistnate is considered as a transmis-
sion line section terminated with free space characteristpedance. The intrinsic impedance
of the medium (substrate) depends on the thickness andelextlic constant of the medium.
Spectral domain Green'’s function for the field componengdse derived in order to calculate
the radiation pattern and gain of rectangular and circutartgd monopole antenna and the
theoretical results are validated by simulation (HFSS)aradlable experimental results. Next,
the performance of printed monopole antenna with a maggietectric cover and uniaxial sub-
strate is investigated both in theory as well as in simuhafiéFSS). Finally, appropriate circuit
representation of printed monopole antenna is presentelifferent geometries of antenna and
the ground plane, which are further verified by simulatior§%$) and available experimental

results.
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CHAPTER 1

INTRODUCTION

1.1 Introduction to Printed Antennas

In the last two decades, due to rapid developments in thedieldreless communication, it has
become necessary to develop antennas having featurestikgact size, light weight, low cost
and easy to install on planar as well as nonplanar surfacege® antennas are most suitable
candidates for such applications. Among the different whprinted antennas, microstrip
antenna configuration is very popular for such applicatiédsshown in Fig. 1.1, a simple mi-
crostrip antenna (MSA) consists of radiating patch pririe@ne side of the dielectric substrate
and the ground plane on the other side of the dielectric. déa of MSA was first proposed by
Deschamps [1]in 1953. In [2], different possible geomelraonfigurations of printed antennas
have been discussed in detail including regular geoméikesectangular, circular, etc. One of
the most prominent use of printed antenna is mobile saedmmunication system [3]. In [4],
printed antenna is used for global positioning system.t@dimntennas are also used for radar
and medical applications [5, 6].

Microstrip antenna have several advantages over convettioicrowave antenna such as:

1. Light weight, low volume, low fabrication cost and confable.
2. Linear and circular polarization both can be achievedgisimple feed.

3. Can be easily integrated with microwave integrated d@scu

However, in spite of its popularity, microstrip antennaesufrom some drawbacks which are:

TH -1533_11610238 .
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Metal Patch

Dielectric Slab

> Feed Line

Ground Plane

Figure 1.1: Layout of Microstrip Antenna

1. Narrow impedance bandwidth.
2. Low gain and efficiency.
3. Most microstrip antenna radiates in half space and @alioin purity is less.

The above drawback of having narrow bandwidth of microstnifenna can be avoided by using
a printed monopole antenna (PMA). Structurally a PMA isldligdifferent from a microstrip

antenna which is discussed in detail in the next section.

1.2 Printed Monopole Antenna

In high data rate wireless communication at GHz frequen@esenna should be preferably
small in size, have large bandwidth and possess omnidiredtradiation characteristics. These
requirements can be easily met by printed monopole anterih&as been observed in early
1930s that by thickening the arms of dipole or monopole argghandwidth can be increased.
The reason for increase of bandwidth with broadening thesarfipole or monopole is the
nature of current distribution, which no longer remainsuswmidal. The modified current distri-
bution of such broadened antennas does not change thdaaagiattern of the antenna appre-
ciably, but it effects the input impedance considerably [7]

In broad sense, printed monopole antenna are categorizbdei different configurations

[ES
[HN
(o))
'S
D
N
w
op



Chapter 1 Introduction

|
Ground Plane

(@) (b) (c)

Figure 1.2: Different configuration of Printed Monopole Anha

in terms of their excitation and location of the ground plaseshown in Fig. 1.2. The salient

features of these different configurations are given below:

1. In the first configuration of PMA (Fig. 1.2(a)), ground pgais orthogonal to both patch
as well as the dielectric, and the excitation is given by(b@oaxial transmission line.
This type of configuration with different shapes are disedss [8] and analyzed using

transmission line approach in [9].

2. The second configuration is microstrip line fed PMA (FigR(b)), in which patch is
excited via 5QQ microstrip line [10]. Both the patch and the microstrip liaee lying on

one side of the dielectric and the ground plane extends egib line only.

3. The third configuration is coplanar waveguide (CPW) fedAP(#ig. 1.2(c)), in which
ground and the patch are lying on same side of the dielectrer@as the other side of the

dielectric is backed by free space [11].

The first configuration is not very popular as wireless handséenna because of the com-

TH -1533_11616238
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patibility with dimensions. Second and third configuratcare more favorable printed an-
tenna structures. These configurations are particulagfulifor ultrawideband applications as
well [12,13]. The thesis is primarily devoted to the anayand modeling of second configura-
tion of PMAs.

Printed circuit version of the monopole antenna or printezhapole antenna are practically
realized with finite sized ground plane. Fig. 1.3 depictgig stonopole antenna on a dielectric
substrate of thickneds, which is basically a 5@ microstrip transmission line extending be-

yond the rim of the ground plane. But as the strip monopolerard is an extended part of the

L Strip Monopole
Antenna
Wenp / // / Ground Plane
/h

Lenp

v

Figure 1.3: Layout of Strip Monopole Antenna

50Q transmission line, so similar to simple dipole or monopoleana it doesn’t provide large
bandwidth. In order to achieve large bandwidth for the gdninonopole antenna the arm of
the strip is to be broadened only beyond the rim of the grodawlegpto form rectangular printed
monopole antenna. For proper matching of the printed madeopith the microstrip feed line,
the width of the feed, dielectric constagt)and thicknessh) of the substrate are to be chosen

using the standard microstrip line design equations [14]

8e
W/d— Nt wW/d <2
%[B—l—ln(28—1)+&2—;1{ln(B—1)+o.39— 08—61” W/d > 2
where

Zy [&+1 &-1 0.11
A= 2
60 2 +er+1<o 3t )

&
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5 3771
220./&

Thus a microstrip fed printed monopole antenna shown in Ei§.can be considered as an

asymmetrically driven dipole antenna, in which the stripmiaone arm of the dipole and the
ground plane form the other arm. It can be further realizedoasbination of two grounded
monopole antenna, one monopole is the strip and the othbeiground plane. For printed
monopole antennas, the radiation field is found by considetthe contribution of both the

patch and the ground plane.

1.3 Analytical Modeling of PMAs: Related Issues

To understand the physical phenomena and its correspoaldangcteristics of printed antennas,
especially microstrip antenna, various analytical and enical method have been developed.

The available methods for the analysis of microstrip arseame as follows:

e Cavity Model Analysis
In cavity model analysis, the microstrip patch antenna islehed as a lossy cavity. The
cavity is formed enclosing a dielectric region by electoaductors at the top and bottom
while by magnetic walls along the perimeter of the patch. fidlels within the cavity
are expressed as the summation of the fields of various resor@les while far fields
are computed from the equivalent magnetic currents arduengeriphery [7]. The cavity
model can take into account the higher order resonant madketha feed inductance. It
offers a simple yet clear physical understanding of themasbbehavior of microstrip

patch antennas. However, this model is applicable onlygales patch shapes.

e Transmission Line Analysis
Microstrip antenna was first analyzed by Munson in 1974 us@gsmission line model
[15]. In transmission line model of rectangular microstaiptenna, two radiating slots
( which accounts for the fringing fields) separated by a distaequal to the length of

the patch accounts for the radiation from patch. Since tekxs are in the vicinity of
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the ground plane, image theory is made use of to compute thated fields.Further,
each of the radiating slot is equivalent to parallel adma&acomprise of conductance
and susceptance. Mutual coupling effect between the ragiatiges using transmission
line method is discussed in [16]. The transmission line radakually applies to only
rectangular patch. But this limitation can be avoided t@agextent by modeling through
generalized transmission line theory. In this method uténG annular sector, ring shaped
structures can be modeled [17-19].

In another method, using transmission line approach pexpby Jackson and Alex-
opoulous in which substrate is considered as transmissierahd combining with reci-

procity theorem, far field components of printed antennasiarived analytically [20].

Full Wave Analysis

Cavity model and transmission line model analysis workd weth thin substrates only.
It is difficult to model different feed configuration, patcheith anisotropic substrate
and cross polarization can't be predicted because of smglge analysis. Most of the
drawbacks are overcome by using fullwave analysis. In theshod the substrate and
ground plane are assume to be infinite. The effect of dieteatrd its corresponding
thickness are accounted by Green’s function evaluated ppsmg boundary condition
at the interfaces. The evaluated Green’s function are dugmployed in integral equa-
tion method such as Electric Field Integral Equation (EFAEMixed Potential Integral
Equation (MPIE) [2, 21, 22], in which the current distriartiover the metallic patch is
calculated using Method of Moment (MoM). This method pr@&dccurate results for
impedance and radiation characteristics of printed arignlihis possible to analyze arbi-
trary shaped structures, it can account surface wave ctlieland radiation losses. Apart
from these, this technique is also able to analyze patcmaaten anisotropic substrates.
Apart from MoM, Finite Difference Time Domain Method (FDTDethod [23, 24] is
also a full wave technique with the difference that it congsun time domain and the
derivation of Green'’s function is not required. Due to vo&tnt discretization employed

in FDTD, MoM is a better choice which uses surface discrétma Besides, in FDTD, in
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order to truncate the infinite simulation domain, a propesoabing boundary conditions

iS necessitated.

In the above mentioned methods for the analysis of printéeharas, each methods have their
individual advantages and disadvantages. But to predécpénformance of the antennas it is
necessary to know the physics of the problem. Though abovkaue give accurate results,
approximate analysis on the performance of these antenaassa useful. PMA analysis using
any of the above mentioned technique is not done earlier 'rahe basic antenna geometry.
So the thesis attempts the analysis of PMAs using the aboméaoned methods.
In order to understand the operation of printed monopolerards, a proper and accurate model
is necessary. The existing models developed for the migpcmttennas are not directly appli-
cable to PMA due to its partial ground plane on the back sidb@kubstrate. Here, we point
out few such differences between traditional microstrifganas and PMAs which suggest that
further modifications are required in existing models to enddem more suitable for the printed
monopole antennas.

O In microstrip antennas substrate is fully backed by the hneiground plane whereas
for the microstrip transmission line fed PMA, substrateasked by partial ground plane. In

printed monopole antenna case, the ground plane extendstlu microstrip line.

00 As the boundary conditions for a PMA are different than thoka microstrip antenna,
the Green'’s function for a PMA needs to be evaluated appatgdyi considering the boundary

conditions of a PMA.

O In transmission line model for the microstrip antennas gisie approach given in [20],
the length of the transmission line is considered to be tighhef the substrate which is termi-
nated on short circuit due to presence of ground plane bdlewatch, whereas for PMAs due

to absence of ground plane transmission line doesn’t tet@ion a short circuit.
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O As mentioned earlier, ground plane takes part in the ramigbhenomena for PMAs.
It forms asymmetric dipole antenna which can be furtherizedlas a combination of two
grounded monopole antenna. Hence the dimension of the di@ane plays a key role in over-

all characteristics of PMASs.

O In microstrip antennas magneto dielectric based subsiratenportant for miniaturiza-
tion purposes but the same may not helpful for the miniaation purposes for PMAS.

The above discussion indicates the possible differencteeidesign aspects of printed an-
tennas and PMAs. Therefore, a new model need to be developpdrited monopole antennas
by modifying the existing models for microstrip antennaso#er issue which we needs to be
taken care of while developing a model for printed monopalem@nas is the location of poles
in the Sommerfeld integral.

In [25], the transmission line analysis combined with thepeocity theorem is proposed for
microstrip antenna to calculate radiation charactessticthe antenna. But to apply the same
approach for printed monopole antennas, some modificatieeequired. In Green’s function
evaluation for microstrip antennas, the boundary conalét@re applied at patch dielectric inter-
face and at the ground plane on the backside of the dieleBimicto evaluate Green'’s function,
different boundary conditions is required in PMA at the mdk of the dielectric air interface
due to absence of metallic ground plane. In our work, MixeteRital Integral Equation based
approach is used along with MoM to calculate current digtidn over the metallic patch. In
order to calculate MPIE, spatial domain Green'’s functiaecfer and scalar) are required which
are basically a definite integral of Sommerfeld type [2, Hihce the Green’s function derived
here is different from the Green’s function of microstrigemas, the issues of identification of

poles in Sommerfeld integral must be taken into care fordhge as well.
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1.4 Motivation of the Present Work: Thesis Objective

As mentioned in the previous sections, primarily simulatemd measurement based studies
about PMA have been reported in literature. Not many worksaarilable dealing with ana-
lytical modeling of PMA. Analytical modeling of PMA is imptant to understand the interde-
pendence of various parameters of PMA and its performaneeisas arriving at the initial
design of PMASs to be fine tuned through commercial simulatéegping in this view, analyti-
cal modeling of PMAs have been considered in detail in thesith The objective of the thesis
is to develop simplified approximate analytical models agdrous full wave analysis for dif-
ferent PMA configurations. The validity of such modeling gablished in comparison with
simulation and available experimental results. In ordemalyze PMA, some modifications on

the existing models are required. Such modifications atediselow:

e For the transmission line analysis of microstrip antenniaiiong [20], the substrate is
modeled as a transmission line which terminates on shamited line because of the
presence of ground plane whereas for PMAs the same terrsioateee space character-

istic impedance due to absence of ground plane.

¢ In PMAs the spectral domain Green’s functions are deriveaictmunt for the effect of
substrate and its corresponding thickness by imposingderyrconditions at the patch-
dielectric and dielectric-air interfaces (due to abserfcén® ground plane). Further, to
implement Green'’s function in MPIE, spatial domain Greduisction is required which
can be obtained using inverse Fourier Transform of spedtalain Green’s function.
This gives rise to integral of Sommerfeld type. This typermdkgrals requires careful
handling because of the poles. The number of poles and itgidocfor PMAs may be

different from microstrip antennas.

e As mentioned before, ground plane plays a key role for théatiath of PMAs. The
ground plane effect is also accounted for the theoretichhtimn characteristic of PMAs

by considering it as another arm of the asymmetric dipoleram.

In the next section we will discuss about the contributiothefthesis.
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1.5 Thesis Contributions

The main contributions of this thesis in the theoretical Blody and analysis of PMAs are:

1. Approximate equivalent transmission line modelling 8A%. The modelling is carried out
through derivation of Green'’s function for an HED on an ungrde substrate and equivalent
transmission line representation of the dielectric sabstr Theoretical models have been de-
veloped for rectangular and circular PMA for evaluating®@as antenna parameters.

2. Analysis of PMA through derivation of scalar and vectoe@t's function and combining
the same with MPIE-MoM. Evaluation of input impedance oftaegular and F shaped PMA
are presented as case study for the proposed approach.

3. Derivation of analytical expressions for far field andngaf rectangular and circular PMA
considering PMAs as asymmetric dipole by taking into acto@ithe contribution of the ground
plane.

4. Investigation of bandwidth enhancement of rectanguldARising magneto-dielectric sub-
strate.

5. Performance analysis of PMA on uniaxial substrate emptpgpectral domain immittance
approach.

6. Accurate circuit representation of different printedmopole antennas (strip, rectangular,

bend strip, bend strip with protruding stub in the ground;udar).

1.6 Thesis Organization

The thesis is organized as follows:

e Chapter 1 discusses about the issues with the existing theoreticdketamf microstrip
antennas which needs to be considered for analysis of PMAhendhotivation behind
the present work. This chapter highlights the basics otgdmntennas as well as printed
monopole antennas. A brief introduction of the issues edléd existing model and cor-

responding modifications required to analyze PMAs are ptesehere. This chapter also
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provides the thesis contribution along with a brief outlai¢he thesis organization.

Chapter 2 presents a literature survey of related works in the areaoofating and anal-
ysis of printed antennas using transmission line apprdatihyave technique (MPIE),
spectral domain method, spectral domain immittance appr@ad related works on
magneto-dielectric and uniaxial substrate for printeceanas. It also presents a sur-
vey on the works related to PMAs in terms of simulation andeexpents as well related

few theoretical works.

Chapter 3 presents the derivation of a closed form expression fortiapimittance of
horizontal electric dipole over an ungrounded substraitggusansmission line analogy.
The derived expression is then used to calculate reflectefficient of rectangular and
circular printed monopole antenna (PMA) fed by a microginp. Analytical result for
the reflection coefficient of both rectangular and circulAPis verified using High
Frequency Structure Simulator (HFSS). For circular PMAglgincal, and simulated re-
sults are also compared with the measured results availalikerature. Effect of the
dimension and dielectric material on the antenna bandwsdélso studied and verified

by HFSS.

Chapter 4 presents spatial domain potential Green’s functions of rizbotal electric
dipole (HED) lying on an ungrounded dielectric slab. Thd wve technique (MoM)
based Mixed Potential Integral Equation (MPIE), involvihg derived potential Green’s
functions, is used to calculate the input impedance as vgetha reflection coefficient
of printed monopole antennas (PMAs). The performance danggilar and F shaped
PMAs are evaluated using MPIE-MoM. The computed resultgHerinput impedance
and reflection coefficient of rectangular PMA are verifiednwitFSS results. Further,
refection coefficient of F-shaped PMA is computed using MM&M which is verified

by HFSS simulation and available experimental result.

e Chapter 5 presents the theoretical analysis of radiation charatiesiof PMAs. Theoret-
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ical analysis of radiation characteristics of PMAs is na@uahtely dealt in the literature.
By applying appropriate boundary conditions, spectral donGreens functions for a
horizontal electric dipole lying on an ungrounded dieliectubstrate is derived and mak-
ing use of the same, the expressions for the radiated fiedigan for PMAS are then
obtained. The derived far field expressions for rectangandrcircular PMAs are verified
with available experimental results as well as by compawity the results computed
using HFSS. The theoretical gain for rectangular and crcmionopole antennas are also

computed and compared with HFSS simulation results.

e Chapter 6 presents the enhancement of bandwidth in traditional gaimbonopole an-
tenna (PMA) using a cover of magneto-dielectric materiahe8-18 GHz range. Ana-
lytical expression for the far field radiation pattern of PM#&th magneto-dielectric cover
using transmission line analogy is derived. The advantdgeiog magneto-dielectric
cover on PMA is shown by comparing the antenna performan@Vo& having dielec-

tric cover and no cover, using HFSS software package.

e Chapter 7 presents the performance of printed monopole antennas JRAniaxial
substrate and the same is theoretically analyzed usingrapdomain immittance ap-
proach. Using immittance approach, field components ofaurient source is evaluated
first and then directivity is also calculated. The theosdti@lues of the far field radiation
pattern and directivity of uniaxial substrate based reguiéar printed monopole antenna

are validated by HESS whereas return loss is calculated t#H5S.

e Chapter 8 presents circuit representation of printed monopole araerfor different
cases. In general, a simple parallel RLC circuit is enougtepoesent a particular op-
erating frequency band of an antenna. Similarly, for midtygsonating antenna, each
resonance can be modeled by their equivalent parallel Rtgniti Thus overall circuit
of a lossy one port device such as antenna can be modeledé&yiseluctance and capac-
itance in connection with parallel RLC circuit(s). But tHéeet of capacitance in series is

not relevant for printed monopole antennas since grounaegbelow the patch is absent
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for such cases. Thus circuit representation is presentetifferent printed monopole an-
tennas cases with their individual lumped element valuesdch design of the antenna

which are further verified by HFSS and available experimeptlts.

e Chapter 9 concludes this thesis with a summary of the work done andetta¢ed work

which may be investigated in future.
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CHAPTER 2

LITERATURE SURVEY: REVIEW OF

RELATED WORKS

The present chapter provides detailed literature reviethemxisting models on printed anten-
nas and available literatures related to PMAs. A list of éxgsmodels which are considered in
this thesis for analysis of PMA as well as their principle®pération are shown in Table 2.1.
In the following sections, we will discuss each model in bwéh reference to available litera-

tures.

2.1 Transmission Line Model

In transmission line model, radiating slot acts as paraliighittance which consists of conduc-
tance and susceptance. Munson et al. [15] first proposesintiasion line analysis of rectan-
gular microstrip antenna. But the model proposed by Munsansome disadvantages such as
the expressions derived for admittance are not valid foromapatches, the mutual coupling
effect between the radiating slots are neglected. Theisalth some of the stated problems
are provided in [16, 27]. In [28], the loss due to radiatiord dossy dielectric material for
printed antennas are accounted by transmission line th&mgsmission line analysis for aper-
ture coupled microstrip antenna is given in [29]. The eaniethods discussed are limited to
rectangular patches only. The analysis for other patcheshdp. circular, annular and ring
shaped geometries are performed using generalized tresismiine model in [17-19]. Such
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Literature Survey: Review of Related Work

Table. 2.1: Various models for printed antenna analysis

Analytical Model

Principle on which model is devel-
oped

Remark

Transmission Line Mode
[20]

| Green’s function is derived for an HE
on grounded substrate. Substrate
modeled as a transmission line and {
length of the line is equal to the thick
ness of the substrate. Reciprocity
used for calculation of pattern

DMultilayered

heodeled. Calcu-
(-lation of radiation
ipattern and inpu
impedance IS
possible.

geometry can be

Full Wave Analysis us
ing Method of Moments [2]

Green’s function is derived by impos
ing boundary conditions at the inte
faces which is required for solving in
tegral equation. Integral equation m
be solved using MoM.

5-Radiation param
reters estimatior
-for any arbitrary
aghaped antenng
is possible.

Spectral Domain Immittanc
Approach [26]

eGreen’s function for multilayered ge
ometry can be evaluated from decad

-Radiation param
ueters estimatior

I

I

pled TM and TE field components. | for any arbitrary
shaped antennd

is possible.

analysis is based on microstrip patch configuration havepasable geometries. Quasi TEM
transmission line model is used to analyze circular pritet&nnas and arbitrary shaped an-
tennas [30], [31]. Lebbar et al. [9], proposed transmissilo® analysis of printed monopole
antenna. The PMA discussed in [9], is printed line on a logsjedtric substrate which is
mounted over ground plane and coaxial fed excitation isidea/to the antenna via ground
plane.

In another method proposed by Jackson et. al [20], antenrepresented in terms of unit
horizontal electric dipole placed on substrate supeesggabmetry. Each of the substrate and
superstrate is represented by transmission line, whersuhstrate thickness represents the
length of the transmission line and its corresponding attarstic impedance is dependent on
the material properties (dielectric constant and relgteemeability). Further, the far field ra-
diation pattern of the antenna of given geometry is caledlatn [25], the same methodology
is used to analyze simple microstrip antenna. It may be nibtedhe above mentioned model-

ing techniques were developed in the context of microstitpranas. In this thesis, we explore
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whether such models with appropriate modification can mtdwe=lPMA configuration under

consideration.

Table. 2.2: Summary of the available work for printed antenaosing transmission line ap-

proach

Reference Summary of the work Remark
Munson et al. | Patch and the ground pland.imited to rectan-
[15] together consist the trans-gular patch

mission line

Bhattacharyya | Patch is modelled as trans-Circular shaped
et al. [17] mission line patch
Dubost et  al. | Patch is modelled as trans-Arbitrary shaped
[31] mission line along with patch

quasi TEM mode analysis
Jacksonet al | Substrate acts as transm|sRectangular

[25] sion line patch is analyzed
Lebbaret al.[9] | Patch acts as transmissiorstripline is ana-
line lyzed

2.2 Full Wave Analysis

Although transmission line based analysis is relativetyer, it has some limitations.The in-
herent limitations of transmission line approach are owere by using full wave technique.
The full wave technique is the most suitable form of analysiterms of accuracy, complete-
ness and versatility. However, such techniques involvetednumerical computation. The

popular techniques for carrying out full wave analysis ohfgd antennas are:
1. Spectral Domain MoM
2. MPIE-MoM Approach
3. Finite Difference Time Domain Technique (FDTD).
4. Finite Element Method (FEM)

In the following section, we present the literature revidvihe related work based on the full

wave techniques. Since FDTD and FEM techniques have notusszhin thesis for the analysis
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of PMAs, so review of related literatures are not presengrd.nHowever, it is worth mention-
ing that the results obtained using the analytical modedpgsed in this thesis are compared
with the results obtained using an FEM based simulator, HE$Swell known fact that MoM

is more efficient for analysis of open structures like anégmmoblems. Besides, unlike FEM and
FDTD, MoM involves surface discretization which makes &tex for implementation. Sum-
mary of the available work for printed antennas using ful&gechnique in tabular format is

shown in Table 2.3

2.2.1 Spectral Domain MoM Approach

Spectral domain approach [32,33], utilizes spectral dar@een’s function to analyze printed
antennas. Green'’s functions are generally employed ferrapklectric field integral equation
(EFIE) over the patch metallization by applying approgriadundary conditions over the patch.
Green’s function for printed antennas [34], are speciasa$ horizontal electric dipole (HED)
in presence of multilayered region [35-37]. Fields of an HiBpresence of three and four
layered region are available in [38] and [39, 40]. Printetkana is the case of an HED in a
three layered region, first region is free space where fietd ise determined, second is the
dielectric in which HED is located on the top surface and thedltis the metallic ground plane
[41,42]. In the following literatures, spectral domainhemue for the analysis of rectangular
patch [43], circular [44], elliptical [45], ring [46], pried dipole [41], patch of arbitrary shape
[47] are available. Analysis of anisotropic substrate dgsinted antenna is available in [33].
Handling of different feed mechanism in case of printed amés is possible in spectral domain
approach, [48] focus on proximity coupled microstrip fedesmma and [49-52] on aperture
coupled antenna. Mutual coupling between antennas is demesl in [43]. [53] accounts the
far field radiation pattern of printed antennas using staip phase method. The theoretical

formulation of radiation pattern of rectangular micrgstantenna is given in [54].

2.2.1.1 Spectral Domain Immittance Approach

Spectral domain immittance approach is the most effectigbriique particularly for the anal-

ysis of multilayered microstrip structures. Itoh et. al6]2first proposed the immittance ap-
TH -1533 11616238
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proach based analysis for dispersion characteristicsiofggr transmission lines. In [55], the
analysis of open microstrip structure is presented. Gsefimction for multilayered geometry
can be evaluated from decoupled TM and TE field componenter@ function related to TM
and TE fields, are identified as inverse of wave admittancesrebd from HED located at the

interface of free space and grounded dielectric for priofgeh microstrip structures.

2.2.2 Mixed Potential Integral Equation (MPIE) - MoM Approa ch

In general, spectral domain Green’s function is used foctetefield integral equation. But
in MPIE, as the name suggests, instead of field, spatial doptential (scalar and vector)
Green’s function are utilized in integral equation evalat In the following literatures, MPIE
based analysis of rectangular patch [56], circular patGh, [&rbitrary shape patch [58,59] are
available. MPIE analysis of anisotropic substrate basedgat antenna is available in [58]. [60]
reports aperture coupled antenna analysis utilizing MRI&ual coupling between antennas is

considered in [61].

2.2.2.1 Singularity Issues with MPIE Approach

In order to solve MPIE, spatial domain Green’s function iguieed. To get spatial domain
Green’s function from its spectral domain counterpartemnse Fourier transform or Fourier-

Bessel transform is performed, and is given by,
/Jo ko) F (Ko ) kodlk (2.1)

wherep is the radial distance between source and the observelyénds the Bessel function

of first kind.

The equationin (2.1) is an integration of Sommerfeld typg@sType of integration are generally
associated with the poles in the integrand. To avoid sucé(ppfrom the integrand is one of
the most challenging issue in the present approach. Onersatiiod to avoid the pole(s) is
pencil function method, which was first proposed by Hua ant&8462], some of the related

literatures are also available in [63, 64]. In another métpooposed in [34, 42, 65], poles
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are eliminated from the integrand to make the integrationatin In [21], the integration is

performed using weighted average algorithm to overcomeésthee associated with the poles.

2.2.3 Method of Moment

The spectral domain electric field integral equation or MBIE solved for unknown surface
current densityls using method of moment [66]. In this method, unknown curdatsityJs is
expanded in terms of known basis function with unknown coieffits. The resulting integral
equation is tested through another set of function knowmsting function, which provides a
set of simultaneous equations in matrix format. Solvingrtregrix equation, unknown coeffi-
cients of the current density are found out. Using the serfagrent over the patch one can
calculate different antenna parameters like input impeeareturn loss and radiation pattern.
Basis function can be further subdivided into entire donisis function and subdomain ba-
sis function. Entire domain basis function are generalgdu®r regular shaped patches [67],

whereas for irregular shaped structure, subdomain bascsiéun [49, 68] are used.

Table. 2.3: Summary of the available work for printed antenhasing full wave technique

Reference Summary of the work Remark
Shively et al. | Spectral domain electric Arbitrary shaped
[47] field integral equation apf- patch

proach
Perlmutteret al. | Spectral domain methodRectangular
[54] for radiation pattern calcut- patch is analyzed
lation
Itoh et al. [55] Spectral domain immit Open microstrip
tance approach structures
Uckunet al. [59] | Mixed potential integral Arbitrary shaped
equation approach patch
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2.3 Effect of Substrate Material on the Performance of Prined
Antennas

In this section, the performance of printed antennas ormifft substrates such as uniaxial,

magneto-dielectric are discussed along with availaldedtures.

2.3.1 Magneto-dielectric Substrate

In [69], magnetodielectric is used as substrate in print#eraas. The advantages and lim-
itations of such materials are also presented. Mosallagi. ¢§70], proposed periodic config-
urations of magneto-dielectric material for applicatioms/HF-UHF applications. Magneto
dielectric based nanocomposite is used in planar invertadténna for reduction in specific
absorption rate (SAR) [71]. Some of the practical magnefediric based substrate material
are discussed in [72]. One of the most important feature afmatodielectric based materials

is that it provides antenna miniaturization [73, 74].

2.3.2 Uniaxial Substrate

Spectral domain approach based analysis for printed aaseon uniaxial substrate is given
in [33], whereas MPIE based analysis for the same is availab[75]. Some of the work

related to printed structures on uniaxial substrate argadla in [76, 77].

2.4 Summary

This chapter provides an review of some of works related itatgul antenna models that have
been reported in the literature. Different aspects of pdr@ntenna modeling using transmission
line and full wave techniques have been discussed in d&aihe issues related to extending
such modeling techniques to include PMAs have been higtdaghThis chapter also provides

a brief discussion of the magneto-dielectric and uniaxiéksrates.
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Table. 2.4: Summary of the available theoretical work fanf@d antennas on magnetodielectric
and uniaxial substrate.

Reference Summary of the work Remark
Hansen et al. | Transmission line mod; Limited to square
[69] eling for  magneto- patch

dielectric substrate based
printed antenna
Pozaret al. [33] | Full wave analysis using Rectangular
spectral domain approaghpatch

for printed antenna on un
axial substrate

Pletet al. [75] Full wave analysis using Rectangular
MPIE approach for printed patch
antenna on multilayeregd
scenario
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CHAPTER 3

APPROXIMATE ANALYSIS USING

TRANSMISSIONLINE APPROACH

3.1 Introduction

Printed monopole antenna (PMA) is one of the most suitabtecels for wideband and ul-
tra wideband applications due to its large impedance batttvand nearly omnidirectional
radiation pattern. Most of the experimental and simulatank on different PMA structure
has already been done and some of them are available in ¢natlite [78—80]. FDTD and
characteristic mode theory based analysis of PMA fed by CR¥\aaailable in [81] and [82]
respectively. Electric Field Integral Equation and MetlmidMoment (EFIE MoM) analysis
of printed strip monopole antenna is also presented in [83]e present chapter discusses
about the analytical evaluation of input impedance as vgete#lection coefficient of rectangu-
lar PMA. Analytical model of antennas provide physical gigiinto the antenna operation and
the same helps in preliminary design of antennas which caefireed further using different
CAD tools available. An analytical model of PMA using trarission line analogy provides
useful information on the dependence of antenna parameteits dimensions and substrate
material. PMA is structurally similar to simple microstaptenna (MSA) with only difference
that the ground plane is removed below the patch. Thus PMAeanodeled in terms of unit
horizontal electric dipole (HED) lying on a substrate whismot backed by a ground plane.
Thus transmission line analogy is an effective way to daheeclosed form expressions for the
input impedance and reflection coefficient of PMA. The swdtettayer can be modelled as a
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transmission line with characteristic impedance and gyapan constant depends on angle of
incidencef [20]. Since the characteristic impedance also dependsesubstrate material,
thus the expression for theoretical input impedance giwesesphysical insight on the behavior
of PMA with respect to variation irg; and substrate thicknes$s. Results for the reflection
coefficient evaluated from the theoretical input impedamqaession of a rectangular PMA fed
by 50Q microstrip line is compared with Ansoft High Frequency $ture Simulator (HFSS)
results. Reflection coefficient of a circular PMA is also eéd using the theoretical method
proposed in this work and the same is compared with simulgtt=SS) results as well as
results already available in literature [79]. Dependerfcenpedance bandwidth on substrate

material and dimensions of the antenna is also discussée iesult section.

3.2 Theory

Assume a horizontal electric dipole (HED) lying on a lossg angrounded dielectric substrate

as shown in Fig. 3.1. The input admittanggis evaluated in the dielectric when source is in

N

Figure 3.1: Geometry of HED along x-axis on the interfaceiefettric and free space

the air at an specified anglés ¢ in spherical coordinates. Using reciprocity theomﬁr\E or
Y,! M is the admittance due to the source lying on the interfacevésEn air and dielectric) seen
from air for transverse electric (TE) or transverse magn@tM) cases. The admittantx’f,%r Eor

Y,/ M depends on the angle of incidergeThe source accounted for reciprocity on the interface
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Chapter 3 Approximate Analysis using Transmission Line Approach

can be represented by the plane wave incident on transmiksséof length equal to height of
the dielectric layer. Fig. 3.2 represent the wave incideshifRegion 2 (air) on the dielectric at
an angled, enters into Region 1 (dielectric) at an an@ieand wave emerges out to Region 0

(air) at an anglé,.

0 Region 2

Region 1

Region 0
’)ez\ g

Figure 3.2: Wave propagation in a three layered region

01

3.2.1 Transmission Line Equivalent of PMA

Here, the substrate layer is modeled as transmission litietiveé length equal to the substrate
thicknessh and propagation constant depends on afdt20], which terminates at the charac-
teristic impedance of aif;, .

Now using the equivalent transmission line model for PMA lasven in Fig. 3.3, the input

admittance for the TE polarization case can be expressed as
e m(0) gy T 1nosed6) tan(ph)

. 3.1
""" o nosed®) 1 1T, tan(Bih) ey

The above expression for input admittance of a HED on an wmgted substrate for TE polar-
ization case can be derived using [20] in which characterisipedance of aird, andZc) is
noseq ), whereas characteristic impedance of substiatg (s no/n1(0), n1(0) is the effec-

tive refractive index of the dielectric which is dependentangle®, equal to,/& — sir? (6)
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Lz Za B

Incident wave

Figure 3.3: Transmission line model of printed monopoleana

and propagation constafit = kon1(0). Similarly, input admittance for TM polarization case

can be written as

yTM_ & ’70”1( 2000 1 jngcos(8 )tan(Blh)
Nony(6) nocos(6)+j 0"1 ) tan(B;h)

In this case characteristic impedance for aur)@sos(e), whereas characteristic impedance

(3.2)

for substrate iw, and rest of the parameter are same as in TE polarization Easenost
of the practical cases, printed monopole antennas haveahiergubstrate thickness, so for thin
substrate cases i.e. whiers small andd = 0 (for perpendicular incidence) both equations (3.1)

and (3.2) becomes

_ 1 kb oo
Y—n+1n0( 1) (3.3)

Now replacinge; by & (1— jtan(d)) in 3.3, wheretan(d) is very small amount of dielectric
loss in the substrate, then after some calculations equéi®) gives overall resistande=

No/ (1+ koher tan(d)), capacitanc€ = koh (& — 1) /apno and inductance = no/ aokoh (& — 1)
respectively.

Herewy is resonant frequency of the structure agpds the free space characteristic impedance
nearly equal to 3712. Using the value of R, L, C one can evaluate the Q value fortsRug

circuit, thus the bandwidth of the structure is shown in Big.. Hence bandwidth (BW) can be
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Chapter 3 Approximate Analysis using Transmission Line Approach

expressed as

B 1 g tan(d)
“kh(e—1)  (&-1)

The value of first and second term for BW expression in equdBo4) for different substrate

BW

(3.4)

material of thicknes$ = 1.59 mm with operating frequency of 3 GHz are listed below in

Table. 3.1.

Table. 3.1: Bandwidth calculation

Substrate 1st term in (3.4) | 2nd term in (3.4)
FR4 epoxy 3 0.03

RT Duriod 5870| 7.5 0.002

RT Duriod 5880| 8.3 0.001

From Table. 3.1, it can be observed that the value of secand ite (3.4) is very small
compared to the first term, so the second term can be neglddatte equation (3.4) can be

written as

BW =~ m (3.5)

3.3 Results

The above results are limited to the HED, input impedanceutation for printed monopole

antenna is carried out using the following equation [84]

hl 1
Zn=——| c—— (3.6)
lo \ Yin(TEorT™)

wherels is the current set up by the microstrip line feed on the ardemhich is given by
losin(m(x—0.5L) /L) /W. Thus reflection coefficient can be effectively evaluaterfiinput
impedance of printed rectangular monopole antenna. Thaopeml technique is validated by
HFSS simulation using rectangular PMA on FR4 substrgte-@.4) having thickness 1.59 mm
with loss tangent of 0.02 fed by a 8Dmicrostrip line. The geometry of the antenna is shown in
Fig. 4. The detailed dimensions of the rectangular printedopole antenna shown in Fig. 3.4
are listed below in Table. 3.2. The performance of this tmaiasion line based approach has

also been verified in case of a circular PMA [79].
TH -1533_ 11610238
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Substrate
\l, w

h
<>

&~
)

&

AN

Ground
Plane

Figure 3.4: Geometry of a rectangular printed monopolerarae

Table. 3.2: Detail dimensions of rectangular PMA

Dimension of Rectangular PMA
Parameters b{Wo Lt [Wr |Lg|L |[W|h
Units(inmm) | 46 | 42 | 17.8) 296 15 76 8L 1.59

3.3.1 Discussions

Fig. 3.5 shows both theoretical as well simulation resufltefiection coefficient (in dB) of sim-
ple rectangular printed monopole antenna which is in goodeagent. Equivalent surface area
model of square and circular patch discussed in [85] is usedltulate reflection coefficient of
printed circular printed monopole antenna and the thezaktésults are validated by HFSS. In
Fig. 3.6, the theoretical and HFSS results are comparedthéthesults of circular PMA avail-
able in [79]. It may be noted that [79] provides simulatiosui¢s of circular PMA computed
using CST Microwave Studio as well as measured data. Itésesting to note that bandwidth
gets affected by broadening the width of the rectangulat@d monopole antenna as shown in
Fig. 3.7. Fig. 3.8 shows that the impedance bandwidth degradth the increase in dielectric

constant and follows equation (3.5) developed in theorti@ecincrease in dielectric constant
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4 \ —HFSS A
LY ~~~Theory id

-10-

-121-

S, (ndB)

14

-16-

-18-

2 I I I I
8.5 1 1.5 2 2.5 3
Frequency (in GHz)

Figure 3.5: Plot of reflection coefficient of a rectangulanfgd monopole antenna in dB

S, (ndB)

35 : s : 1 : o

_40 I i I I | i i
2 3 4 5 6 7 8 9 10

Frequency (in GHz)

Figure 3.6: Plot of reflection coefficient (theorH), HFSS (—%—), CST () and measurec{)
of a circular printed monopole antenna in dB

raises surface wave which in turn reduces the radiated power
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2.5

2l ——Theory
~~~Simulation

1.5~

Impedance Bandwidth (in GHz)

L/W Ratio

Figure 3.7: Plot of L/W (Length to width) ratio to Bandwidth case of rectangular PMA

—Simulation

2.5~ ~~~Theory

1.5~

Bandwidth (in GHz)

0.5~

2 3 4 5 6 7 8 9 10 11
Dielectric constant (Sr)

Figure 3.8: Plot of Dielectric constarg,j to Bandwidth in case of rectangular PMA
3.4 Summary

Input impedance of a HED on an ungrounded substrate is firstedleusing transmission line
analogy. We extract the circuit parameters with closed fexpressions for resistive and re-

active parts for both TE and TM polarization case. Circuiresentation for PMA is used to

TH -1533
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calculate reflection coefficient. The theoretical resudtsréflection coefficient of rectangular
and circular are compared with simulation results obtairsedg HFSS software. The proposed
method is also found to be reasonably accurate for modedineglar PMA. Besides these the
effect of broadening the width of the patch on the impedarmselvidth for rectangular PMA

is also shown in the result section. Impact of dielectricstant of the substrate material on
impedance bandwidth is also presented here. Though theufation provides us some physi-
cal insight, method is an approximate one and applicable tedtangular and circular PMAs
only. In addition to this, the effect of ground plane is nonsigered here but for a PMA it plays
a major role. So keeping this drawback in mind, the next draptdedicated to use of rigorous

full wave technique for the analysis of PMA.
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CHAPTER4

POTENTIAL GREEN S FUNCTIONS OF
UNGROUNDEDDIELECTRIC SLAB AND ITS

APPLICATION IN FULL WAVE ANALYSIS

4.1 Introduction

The electromagnetic field of a horizontal electric dipolenultilayered dielectric media has ap-
plications in theoretical analysis of antenna, geophysicalysis, and radar. The present chap-
ter is based on the derivation of potential (scalar and ve&Goeen'’s function for a horizontal
electric dipole (HED) on an ungrounded dielectric slab k& &nalysis of printed monopole an-
tennas (PMASs), using mixed potential integral equationraethod of moments (MPIE-MoM).
MPIE-MoM is preferred over traditional Electric Field Il Equation (EFIE) because of
the fact that both scalar and vector potentials vary &8, WhereR represents the distance
of the observation point from the antenna and thereforedeggilar compared to traditional
EFIE [86]. The exact Green’s function formulation in diéet dielectric media required for
full wave analysis of microstrip antenna (MSA) are avaiaipl [33], [37], [87], [88]. In MPIE,
Green’s function needs to satisfy the boundary conditiotherpatch metallization. A simple
PMA is structurally similar to a microstrip line fed patchteanna with the difference that the
ground plane below the patch is removed. Thus the metaltichpaf PMA can be modeled
analytically in terms of unit horizontal electric dipole @) lying on a dielectric slab which is
not backed by a ground plane. By applying boundary conditmmthe tangential electric and
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magnetic field components at the two interfaces: first batvedéeand the face of the dielectric
slab on which the HED is kept and the second between the dpdaske of the same dielec-
tric slab and air, the field components are then determindkerspectral domain. The exact
magnetic vector potential is obtained from magnetic fielcthponents and then using Lorentz
Gauge condition, one can evaluate the scalar potentiakytlme mentioned here that the scalar
and vector potential Green’s function expressions whiehdarived here are major contribu-
tions of this chapter. After getting both scalar and vectmteptial in spectral domain, spatial
domain counterpart can be obtained using inverse Fourarstorm. Integral which represents
Inverse Fourier Transform here is an integral of Sommettigbe. Solutions of such type of
integral are discussed in literatures [21, 89, 90]. After ititegral being evaluated, the Mixed
Potential Integral Equation (MPIE) involving spatial damaector and scalar potential Green
function can be solved for unknown current distributionrairxe metallic patch using Galerkin’s
Method. Resulting current distribution is used to calaiiaput impedance and reflection co-
efficient of the rectangular PMA and the results are compasidg Ansoft High Frequency
Structure Simulator (HFSS). HESS results are in good ageaewith the one computed using
the proposed MPIE-MoM approach. An F shaped printed momogotenna is also analyzed
using the proposed MPIE-MoM approach and the theoretisalt®are in good agreement with

HFSS and experimental results reported in [80].

Metal Patch

Dielectric Slab

Feed Line

Ground Plane

Figure 4.1: Layout of a printed monopole antenna
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4.2 Potential Green’s functions of a HED over Ungrounded

Dielectric Slab

Fig. 4.1 depicts a PMA of arbitrary shape printed on a losséslectric slab of relative permit-
tivity & and thickness. It may be noted that PMA has a ground plane extending up ttetde
line only i.e. the ground plane under the patch has been rethd¥ence, this structure of PMA
is different from the conventional microstrip antenna.

Therefore, the potential Green’s function for PMA will bénarently different from that of
MSA [34]. In the next section derivation of the spectral damotential Green'’s functions is

presented.

4.2.1 Potential Green’s Functions in Spectral Domain

Green’s function is used in full wave analysis to satisfy tleeindary condition over the patch
metallization, which is modeled in terms of a horizontakéle dipole (HED). So, in order to
derive spectral domain Green'’s function, an HED lying onssless and ungrounded dielectric
slab is considered first (since the ground plane under tleh pets been removed for PMAS) as
shown in Fig. 4.2. It may be noted that the case of an HED on angled dielectric substrate

has been well investigated in the literature [34].

X
HED

Region 2 (Air)
Region 1 (Dielectric)
Region 0 (Air)

Figure 4.2: Geometry of HED along x- axis on the interfaceiefattric and free space
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To derive potential Green’s function, let us consider an HiBa lossless dielectric slab lo-
cated atxo, o) shown in Fig. 4.2, the x-directed current is definedas X (x—Xo) (Y — o) at
z=d and the effect 08 is considered through boundary condition. The source fragvixll’s

equations in frequency domain can be written as,
OxE = —jwuH (4.1a)
OxH = jwesE (4.1b)

The above equations can be explicitly written after Founiansform is applied to equation

(4.18)(& — ike, 2 — iky) as,

.~ OE . =
jkyEz — d—zy = — JwuoHx (4.2a)
0Ex ., = L .
—5 — IkEz = —jwpoH (4.2b)
jkxEy = jkyéx = —ijJOF'z (4.2¢)

Similarly for equation (4.1b) can be given as

L .
jkyHz — d—zy = joweos Ex (4.3a)
oHx o~ -

Now, after differentiating equation (4.2b) w.z,tthe equation can be rewritten as

OHy  jkx 0E; 1 9%y
0z WUy 07 Wy 072

(4.4)

The term% in equation (4.4) can be replaced by equation (4.3a) anddfiensome simple

algebraic calculation we get [33],
KEEx = jkxEz — wplokyH; (4.5)

Similarly, the following expressions can also be obtained:
KCEy = jkyE;+ wpiokel, (4.6a)
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Chapter 4 Potential Green’s Functions of Ungrounded DigteSlab and its Application in Full Wave Analysis

K2Hy = jkyH, — weoerkiE, (4.6¢)

HereE andH are Fourier Transform representation of the fiel%ia,ndlfl are spatial derivatives
of Fourier Transform representation of the fields. For thesent case, since there is no ground
plane, we need to divide the equivalent antenna structucetimee regions. Region 2 and
Region 0 signifies region above the top and below the bottayiomeof the dielectric slab
respectively, whereas Region 1 denotes the dielectric idelf as shown in Fig. 4.2. The

general solutions assumed for the Regions 0, 1 and 2 arelas$oFor Region 2,

Ep=Ae"? for z>h (4.7

Hp=Be%?  for z>h (4.8)

whereu3 = —kZ = k& — k3 andim(uz) > 0.

For Region 1,

Ex = Ccoslu;z) + Dsinh(uiz)  for  0<z<h (4.9)
Hy = Esinhu;z) + Fcosiuiz)  for  0<z<h (4.10)

whereuZ = —kZ = k2 — &:k§ andim(uz) > 0.

For Region O,
Eo=Me"* for z<0 (4.11)
Hpo=Nev>  for z<0 (4.12)

whereud = —kZ = k% — k3, k3 = kZ +kZ andIm(ug) > 0. Now, in order to find the arbitrary
constant®\, B,C,D, E,F,M andN respectively, the boundary conditions are applied asvi@io
(i) Ex, Ey andHy, Hy are continuous at the interface between Region 0 afzd=10), (i) E, Ey
andHy are continous, wheredd is discontinuous by an amount f at the interface between
Region 1 and 2z = h). After applying the above boundary conditions in equati@hs) to
(4.6¢) through (4.7) to (4.12), we get,

E _ J"kae—uz(z—h)

413
w&DTM ( )

TH -1533
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5 —iJok e b2(z—h)
L Elfl’E (4.14)

up&r (Ug+Upgrtanh(uih))
uz (Up& +ustanh(uph))

(Up+ugtanh(uzh))
<1+3—2tanh(u1h)>
the above expressions fBxrg andDt) are different from that of the grounded dielectric slab

whereDty =1+ andDtg = up + . It may be noted that

in [34].
The relation required to derive vector potential Greenfgcfions using magnetic field compo-

nents can be expressed as

— —

toH =0 x A (4.15)

The equation in (4.15) can be explicitly written after Fcaemr'l'ransform(‘;’—X — K, (% — jky)

as,
HoHx = — jkyA; (4.16a)
HoHy = da—AZX — jkeAy (4.16b)
toHz = — jkyAy (4.16c)

Now, equation (4.13) and (4.14) together with equation$6d) to (4.16c), spectral domain

vector potential Green’s function at the interfdee= h) can be written as:

Gx_ _Ho 4.17
D (4.17)

r 1 uo(1—tant?(uzh)
_ JHo(1=é&)kdanh(uih) g + (uoer+u1t§n(r<u1h>>(uliuoganr(ulh»
&= (4.18)
2nDTEDTM

Spectral domain scalar potential Green’s function can etk from vector potential com-
ponents using Lorentz Gauge conditignA + jwHo&EV = 0, and the same can be obtained

as

up(1-tant?(ush))
Up&r +ustanh(uzh))(us+uptanh(ush))

) 1 Dtm — (& — 1) ugtanh(uph) {u—ll +1

~ 2meg D1eDtm

} (4.19)

It may be pointed out here that the above expressions foovectential Gf\x and éi\x) and
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scalar potential Green’s function&) are not readily available in existing literature and they
are different from potential Green'’s function of HED on agnded dielectric substrate.

The above expressions in equation (4.17) and (4.19) areptral domain Green'’s function
for ungrounded dielectric slab. But in order to solve MPI&t&gd domain Green'’s function is
required. To get spatial domain Green’s function from itsc@l domain counterpart, inverse

Fourier transform or Fourier-Bessel transform is perfaipaand the same is given by
t/% kop) F (o) kodky (4.20)

wherep is the radial distance between source and the observelénds the Bessel function
of first kind. Now using equation (4.20) spatial domain veciod scalar potential Green’s

function can be expressed as

Gy = 22 [ Gx(kop)kodks (4.21)
_ 1 W”J k d 4.22
GV—FSO/GVO(PP)kPkP ( )

4.3 Numerical Evaluation of Spatial Domain Vector and Scala
Potential Green Functions

Both equations (4.21) and (4.22) are spatial domain vecisaalar potential Green’s function,
for HED on a lossless ungrounded dielectric slab as showngind=2 and have the nature of
Sommerfeld integral. Generally such integrals are nurallyicomputed as they can't be solved
analytically. Many authors have already discussed abausdthution of such type of integral
using different methods. One such method is Matrix Pencilhde discussed in detail in [62,
64]. Another method used Complex Residue approach for Enguextraction [21,42], in
which poles appear due to zeros in denominator of the intelgréhis poles make the integrand
highly oscillatory, thus poles are eliminated from the grnd using residue theorem to make
the integration smooth. Next, spatial domain integrals em8erfeld type which arises in

equations (4.21) and (4.22) are discussed in detail.
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(b)

Figure 4.3: Plot of denominator terms of the integrand (ayMede plot ofD1g vs. Ky /ko (D)
Magnitude plot oDt vs. Ky /Ko.

4.3.1 Approximation of Vector and Scalar Potential Green’s~unction for

a HED on an Ungrounded Dielectric Slab

Since spatial domain potential (vector and scalar) Grdanion in integral form have no ana-
lytical solution, such integrals are evaluated numencdib evaluate the integrals, the integrand
needs to be examined carefully in order to locate and aveigtihe(s). Roots of the functions

Dte andDt)y appear as poles in the integrand. In Fig. 4.3 magnitudrefandDy for HED
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on an ungrounded dielectric slab is plotted as a functioncofalized wave number. From
Fig. 4.3, it can be observed that the teDdfig has one root betwedp and 15k, i.e., there is
one pole in the integrand of spatial domain magnetic veaitengial Green’s functio®y*. The
expression for spectral domain vector potential Greemgtion for very thin substrate with
moderate dielectric constant can be obtained by setijng u; for the termD+g in equation
(4.17). In addition to this it can be noted thgtandu, are equal since both the expressions
indicate free space region. Then using the integral in egué4.21), the expression for spatial

domain vector potential Green'’s function can be given as

o Ho g~ IkoRo

AT 4n Ry

(4.23)

whereR2 = p? andp = \/(x—X0)2 + (Y — Yo)?2 is the radial distance between source and the ob-
server. It can be noted that for thin substrate case, the etiagrector potentiaby* is free space
Green’s function, and thus the expression become indepénéi¢he thickness and dielectric
constant of the substrate. In addition to these equati@38)4s low frequency approximation
for vector potential Green’s function of a HED on an ungroeshdielectric slab.

Similarly, low frequency approximation for spatial domaralar potential Green’s function by

settingup = u1 in equation (4.22) can be obtained, which can be expresdd@s

1
G (K+1+er)

whereK = 172, RS = p? andR? = p?+ (2ih)2,

e jkoRo

—(1-K) ZKZI OR] (4.24)

4.3.2 Evaluation of Numerical Integration for Spatial Doman Potential

Green'’s Function

In the previous section, it has been observed that the Bergngives rise to a pole in the inte-
grand of spatial domain vector potential Green’s functi®mce for most of the practical cases
PMA has a thin substrate, hence the expression in equati®8)(dan be directly used in MPIE
for carrying out the analysis. Similar expression is alsavee for thin and moderate dielectric

constant material in case of scalar potential Green’s fancéh equation (4.24). Even though
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Figure 4.4: Plot of spatial domain scalar poten@gl at different frequencies (a) Variation of
integrand ofGy (real and imaginary) with normalized distaricg'ko for the parametes; = 4.4
,h=1.52 mm andcpp = 3 at 10GHz (b) Variation of integrand &, (real and imaginary) with
normalized distanck, /Ko for the parametes, = 4.4, h=1.52 mm andkop = 3 at 5 GHz.

the substrate thickness is small, the expression in equéti@4) depends both on thickness
as well as dielectric constant. So, in order to analyze tfexiedf both thickness and dielec-
tric constant of the substrate on PMA, the integrand of apdtti