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Abstract

Printed monopole antenna (PMA) is one of the most suitable antenna for achieving large

bandwidth and omnidirectional radiation pattern. In the last one decade, several printed monopole

antenna configurations have been proposed and such antennashave been designed using dif-

ferent simulation softwares (HFSS, IE3D, CST Microwave Studio etc) for various wireless

communication applications such as wireless LAN, WiFi, UWBetc. However, very few the-

oretical works are reported for the analysis of printed monopole antennas. Our present work

is devoted to development of analytical framework for investigation of printed monopole an-

tennas. Full wave analysis using Mixed Potential Integral Equation is performed along with

the derivation of spatial domain potential (scalar and vector) Green’s function for horizontal

electric dipole lying on an ungrounded dielectric layer. The input impedance and return loss of

printed monopole antenna is calculated and validated by simulation (HFSS) and available ex-

perimental results.Approximate analysis of printed monopole antenna is also done to calculate

input impedance using transmission line theory. In this, substrate is considered as a transmis-

sion line section terminated with free space characteristic impedance. The intrinsic impedance

of the medium (substrate) depends on the thickness and the dielectric constant of the medium.

Spectral domain Green’s function for the field components isalso derived in order to calculate

the radiation pattern and gain of rectangular and circular printed monopole antenna and the

theoretical results are validated by simulation (HFSS) andavailable experimental results. Next,

the performance of printed monopole antenna with a magneto-dielectric cover and uniaxial sub-

strate is investigated both in theory as well as in simulation (HFSS). Finally, appropriate circuit

representation of printed monopole antenna is presented for different geometries of antenna and

the ground plane, which are further verified by simulation (HFSS) 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 the fieldof wireless communication, it has

become necessary to develop antennas having features like compact size, light weight, low cost

and easy to install on planar as well as nonplanar surfaces. Printed antennas are most suitable

candidates for such applications. Among the different forms of printed antennas, microstrip

antenna configuration is very popular for such applications. As shown in Fig. 1.1, a simple mi-

crostrip antenna (MSA) consists of radiating patch printedon one side of the dielectric substrate

and the ground plane on the other side of the dielectric. The idea of MSA was first proposed by

Deschamps [1] in 1953. In [2], different possible geometrical configurations of printed antennas

have been discussed in detail including regular geometrieslike rectangular, circular, etc. One of

the most prominent use of printed antenna is mobile satellite communication system [3]. In [4],

printed antenna is used for global positioning system. Printed antennas are also used for radar

and medical applications [5,6].

Microstrip antenna have several advantages over conventional microwave antenna such as:

1. Light weight, low volume, low fabrication cost and conformable.

2. Linear and circular polarization both can be achieved using simple feed.

3. Can be easily integrated with microwave integrated circuits.

However, in spite of its popularity, microstrip antennas suffer from some drawbacks which are:

1
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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 polarization purity is less.

The above drawback of having narrow bandwidth of microstripantenna can be avoided by using

a printed monopole antenna (PMA). Structurally a PMA is slightly different 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 frequencies, antenna should be preferably

small in size, have large bandwidth and possess omnidirectional radiation characteristics. These

requirements can be easily met by printed monopole antennas. It has been observed in early

1930s that by thickening the arms of dipole or monopole antenna, bandwidth can be increased.

The reason for increase of bandwidth with broadening the arms of dipole or monopole is the

nature of current distribution, which no longer remains sinusoidal. The modified current distri-

bution of such broadened antennas does not change the radiation pattern of the antenna appre-

ciably, but it effects the input impedance considerably [7].

In broad sense, printed monopole antenna are categorized inthree different configurations

2
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Figure 1.2: Different configuration of Printed Monopole Antenna

in terms of their excitation and location of the ground planeas shown 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 plane is orthogonal to both patch

as well as the dielectric, and the excitation is given by 50Ω coaxial transmission line.

This type of configuration with different shapes are discussed in [8] and analyzed using

transmission line approach in [9].

2. The second configuration is microstrip line fed PMA (Fig. 1.2(b)), in which patch is

excited via 50Ω microstrip line [10]. Both the patch and the microstrip line, are lying on

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

3. The third configuration is coplanar waveguide (CPW) fed PMA (Fig. 1.2(c)), in which

ground and the patch are lying on same side of the dielectric whereas the other side of the

dielectric is backed by free space [11].

The first configuration is not very popular as wireless handset antenna because of the com-
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patibility with dimensions. Second and third configurations are more favorable printed an-

tenna structures. These configurations are particularly useful for ultrawideband applications as

well [12,13]. The thesis is primarily devoted to the analysis and modeling of second configura-

tion of PMAs.

Printed circuit version of the monopole antenna or printed monopole antenna are practically

realized with finite sized ground plane. Fig. 1.3 depicts a strip monopole antenna on a dielectric

substrate of thicknessh, which is basically a 50Ω microstrip transmission line extending be-

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

Figure 1.3: Layout of Strip Monopole Antenna

50Ω transmission line, so similar to simple dipole or monopole antenna it doesn’t provide large

bandwidth. In order to achieve large bandwidth for the printed monopole antenna the arm of

the strip is to be broadened only beyond the rim of the ground plane to form rectangular printed

monopole antenna. For proper matching of the printed monopole with the microstrip feed line,

the width of the feed, dielectric constant (εr ) and thickness (h) of the substrate are to be chosen

using the standard microstrip line design equations [14]

W/d =





8eA

e2A−2
, W/d < 2

2
π

[
B−1− ln(2B−1)+ εr−1

2εr

{
ln(B−1)+0.39− 0.61

εr

}]
, W/d > 2

where

A =
Z0

60

√
εr +1

2
+

εr −1
εr +1

(
0.23+

0.11
εr

)
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B =
377π

2Z0
√

εr

Thus a microstrip fed printed monopole antenna shown in Fig.1.3 can be considered as an

asymmetrically driven dipole antenna, in which the strip form one arm of the dipole and the

ground plane form the other arm. It can be further realized ascombination of two grounded

monopole antenna, one monopole is the strip and the other is the ground plane. For printed

monopole antennas, the radiation field is found by considering the contribution of both the

patch and the ground plane.

1.3 Analytical Modeling of PMAs: Related Issues

To understand the physical phenomena and its correspondingcharacteristics of printed antennas,

especially microstrip antenna, various analytical and numerical method have been developed.

The available methods for the analysis of microstrip antenna are as follows:

• Cavity Model Analysis

In cavity model analysis, the microstrip patch antenna is modeled as a lossy cavity. The

cavity is formed enclosing a dielectric region by electric conductors at the top and bottom

while by magnetic walls along the perimeter of the patch. Thefields within the cavity

are expressed as the summation of the fields of various resonant modes while far fields

are computed from the equivalent magnetic currents around the periphery [7]. The cavity

model can take into account the higher order resonant modes and the feed inductance. It

offers a simple yet clear physical understanding of the resonant behavior of microstrip

patch antennas. However, this model is applicable only to regular patch shapes.

• Transmission Line Analysis

Microstrip antenna was first analyzed by Munson in 1974 usingtransmission line model

[15]. In transmission line model of rectangular microstripantenna, two radiating slots

( which accounts for the fringing fields) separated by a distance equal to the length of

the patch accounts for the radiation from patch. Since theseslots are in the vicinity of

5
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the ground plane, image theory is made use of to compute the radiated fields.Further,

each of the radiating slot is equivalent to parallel admittance comprise of conductance

and susceptance. Mutual coupling effect between the radiating edges using transmission

line method is discussed in [16]. The transmission line model, usually applies to only

rectangular patch. But this limitation can be avoided to great extent by modeling through

generalized transmission line theory. In this method, circular, annular sector, ring shaped

structures can be modeled [17–19].

In another method, using transmission line approach proposed by Jackson and Alex-

opoulous in which substrate is considered as transmission line and combining with reci-

procity theorem, far field components of printed antennas are derived analytically [20].

• Full Wave Analysis

Cavity model and transmission line model analysis works well with thin substrates only.

It is difficult to model different feed configuration, patches with anisotropic substrate

and cross polarization can’t be predicted because of singlemode analysis. Most of the

drawbacks are overcome by using fullwave analysis. In this method the substrate and

ground plane are assume to be infinite. The effect of dielectric and its corresponding

thickness are accounted by Green’s function evaluated by imposing boundary condition

at the interfaces. The evaluated Green’s function are further employed in integral equa-

tion method such as Electric Field Integral Equation (EFIE)or Mixed Potential Integral

Equation (MPIE) [2, 21, 22], in which the current distribution over the metallic patch is

calculated using Method of Moment (MoM). This method provides accurate results for

impedance and radiation characteristics of printed antennas. It is possible to analyze arbi-

trary shaped structures, it can account surface wave, dielectric and radiation losses. Apart

from these, this technique is also able to analyze patch antenna on anisotropic substrates.

Apart from MoM, Finite Difference Time Domain Method (FDTD)method [23, 24] is

also a full wave technique with the difference that it computes in time domain and the

derivation of Green’s function is not required. Due to volumetric discretization employed

in FDTD, MoM is a better choice which uses surface discretization. Besides, in FDTD, in

6
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order to truncate the infinite simulation domain, a proper absorbing boundary conditions

is necessitated.

In the above mentioned methods for the analysis of printed antennas, each methods have their

individual advantages and disadvantages. But to predict the performance of the antennas it is

necessary to know the physics of the problem. Though above methods give accurate results,

approximate analysis on the performance of these antennas are also useful. PMA analysis using

any of the above mentioned technique is not done earlier evenfor the basic antenna geometry.

So the thesis attempts the analysis of PMAs using the above mentioned methods.

In order to understand the operation of printed monopole antennas, a proper and accurate model

is necessary. The existing models developed for the microstrip antennas are not directly appli-

cable to PMA due to its partial ground plane on the back side ofthe substrate. Here, we point

out few such differences between traditional microstrip antennas and PMAs which suggest that

further modifications are required in existing models to make them more suitable for the printed

monopole antennas.

✦ In microstrip antennas substrate is fully backed by the metallic ground plane whereas

for the microstrip transmission line fed PMA, substrate is backed by partial ground plane. In

printed monopole antenna case, the ground plane extends up to the microstrip line.

✦ As the boundary conditions for a PMA are different than thoseof a microstrip antenna,

the Green’s function for a PMA needs to be evaluated appropriately considering the boundary

conditions of a PMA.

✦ In transmission line model for the microstrip antennas using the approach given in [20],

the length of the transmission line is considered to be the height of the substrate which is termi-

nated on short circuit due to presence of ground plane below the patch, whereas for PMAs due

to absence of ground plane transmission line doesn’t terminate on a short circuit.
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✦ As mentioned earlier, ground plane takes part in the radiation phenomena for PMAs.

It forms asymmetric dipole antenna which can be further realized as a combination of two

grounded monopole antenna. Hence the dimension of the ground plane plays a key role in over-

all characteristics of PMAs.

✦ In microstrip antennas magneto dielectric based substrateare important for miniaturiza-

tion purposes but the same may not helpful for the miniaturization purposes for PMAs.

The above discussion indicates the possible differences inthe design aspects of printed an-

tennas and PMAs. Therefore, a new model need to be developed for printed monopole antennas

by modifying the existing models for microstrip antennas. Another issue which we needs to be

taken care of while developing a model for printed monopole antennas is the location of poles

in the Sommerfeld integral.

In [25], the transmission line analysis combined with the reciprocity theorem is proposed for

microstrip antenna to calculate radiation characteristics of the antenna. But to apply the same

approach for printed monopole antennas, some modificationsare required. In Green’s function

evaluation for microstrip antennas, the boundary conditions are applied at patch dielectric inter-

face and at the ground plane on the backside of the dielectric. But to evaluate Green’s function,

different boundary conditions is required in PMA at the backside of the dielectric air interface

due to absence of metallic ground plane. In our work, Mixed Potential Integral Equation based

approach is used along with MoM to calculate current distribution over the metallic patch. In

order to calculate MPIE, spatial domain Green’s function (vector and scalar) are required which

are basically a definite integral of Sommerfeld type [2, 21].Since the Green’s function derived

here is different from the Green’s function of microstrip antennas, the issues of identification of

poles in Sommerfeld integral must be taken into care for thiscase as well.

8
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1.4 Motivation of the Present Work: Thesis Objective

As mentioned in the previous sections, primarily simulation and measurement based studies

about PMA have been reported in literature. Not many works are available dealing with ana-

lytical modeling of PMA. Analytical modeling of PMA is important to understand the interde-

pendence of various parameters of PMA and its performance aswell as arriving at the initial

design of PMAs to be fine tuned through commercial simulators. Keeping in this view, analyti-

cal modeling of PMAs have been considered in detail in this thesis. The objective of the thesis

is to develop simplified approximate analytical models and rigorous full wave analysis for dif-

ferent PMA configurations. The validity of such modeling is established in comparison with

simulation and available experimental results. In order toanalyze PMA, some modifications on

the existing models are required. Such modifications are listed below:

• For the transmission line analysis of microstrip antenna following [20], the substrate is

modeled as a transmission line which terminates on short circuited line because of the

presence of ground plane whereas for PMAs the same terminates on free space character-

istic impedance due to absence of ground plane.

• In PMAs the spectral domain Green’s functions are derived toaccount for the effect of

substrate and its corresponding thickness by imposing boundary conditions at the patch-

dielectric and dielectric-air interfaces (due to absence of the ground plane). Further, to

implement Green’s function in MPIE, spatial domain Green’sfunction is required which

can be obtained using inverse Fourier Transform of spectraldomain Green’s function.

This gives rise to integral of Sommerfeld type. This type of integrals requires careful

handling because of the poles. The number of poles and its location for PMAs may be

different from microstrip antennas.

• As mentioned before, ground plane plays a key role for the radiation of PMAs. The

ground plane effect is also accounted for the theoretical radiation characteristic of PMAs

by considering it as another arm of the asymmetric dipole antenna.

In the next section we will discuss about the contribution ofthe thesis.

9
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1.5 Thesis Contributions

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

1. Approximate equivalent transmission line modelling of PMAs. The modelling is carried out

through derivation of Green’s function for an HED on an ungrounde substrate and equivalent

transmission line representation of the dielectric substrate. Theoretical models have been de-

veloped for rectangular and circular PMA for evaluating various antenna parameters.

2. Analysis of PMA through derivation of scalar and vector Green’s function and combining

the same with MPIE-MoM. Evaluation of input impedance of rectangular and F shaped PMA

are presented as case study for the proposed approach.

3. Derivation of analytical expressions for far field and gain of rectangular and circular PMA

considering PMAs as asymmetric dipole by taking into account of the contribution of the ground

plane.

4. Investigation of bandwidth enhancement of rectangular PMA using magneto-dielectric sub-

strate.

5. Performance analysis of PMA on uniaxial substrate employing spectral domain immittance

approach.

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

bend strip, bend strip with protruding stub in the ground, circular).

1.6 Thesis Organization

The thesis is organized as follows:

• Chapter 1 discusses about the issues with the existing theoretical models of microstrip

antennas which needs to be considered for analysis of PMA andthe motivation behind

the present work. This chapter highlights the basics of printed antennas as well as printed

monopole antennas. A brief introduction of the issues related to existing model and cor-

responding modifications required to analyze PMAs are presented here. This chapter also
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provides the thesis contribution along with a brief outlineof the thesis organization.

• Chapter 2 presents a literature survey of related works in the area of modeling and anal-

ysis of printed antennas using transmission line approach,full wave technique (MPIE),

spectral domain method, spectral domain immittance approach and related works on

magneto-dielectric and uniaxial substrate for printed antennas. It also presents a sur-

vey on the works related to PMAs in terms of simulation and experiments as well related

few theoretical works.

• Chapter 3 presents the derivation of a closed form expression for input admittance of

horizontal electric dipole over an ungrounded substrate using transmission line analogy.

The derived expression is then used to calculate reflection coefficient of rectangular and

circular printed monopole antenna (PMA) fed by a microstripline. Analytical result for

the reflection coefficient of both rectangular and circular PMA is verified using High

Frequency Structure Simulator (HFSS). For circular PMA, analytical, and simulated re-

sults are also compared with the measured results availablein literature. Effect of the

dimension and dielectric material on the antenna bandwidthis also studied and verified

by HFSS.

• Chapter 4 presents spatial domain potential Green’s functions of a horizontal electric

dipole (HED) lying on an ungrounded dielectric slab. The full wave technique (MoM)

based Mixed Potential Integral Equation (MPIE), involvingthe derived potential Green’s

functions, is used to calculate the input impedance as well as the reflection coefficient

of printed monopole antennas (PMAs). The performance of rectangular and F shaped

PMAs are evaluated using MPIE-MoM. The computed results forthe input impedance

and reflection coefficient of rectangular PMA are verified with HFSS results. Further,

refection coefficient of F-shaped PMA is computed using MPIE-MoM which is verified

by HFSS simulation and available experimental result.

• Chapter 5presents the theoretical analysis of radiation characteristics of PMAs. Theoret-
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ical analysis of radiation characteristics of PMAs is not adequately dealt in the literature.

By applying appropriate boundary conditions, spectral domain Greens functions for a

horizontal electric dipole lying on an ungrounded dielectric substrate is derived and mak-

ing use of the same, the expressions for the radiated fields and gain for PMAs are then

obtained. The derived far field expressions for rectangularand circular PMAs are verified

with available experimental results as well as by comparingwith the results computed

using HFSS. The theoretical gain for rectangular and circular monopole antennas are also

computed and compared with HFSS simulation results.

• Chapter 6 presents the enhancement of bandwidth in traditional printed monopole an-

tenna (PMA) using a cover of magneto-dielectric material inthe 8-18 GHz range. Ana-

lytical expression for the far field radiation pattern of PMAwith magneto-dielectric cover

using transmission line analogy is derived. The advantage of using magneto-dielectric

cover on PMA is shown by comparing the antenna performance ofPMA having dielec-

tric cover and no cover, using HFSS software package.

• Chapter 7 presents the performance of printed monopole antennas (PMA) on uniaxial

substrate and the same is theoretically analyzed using spectral domain immittance ap-

proach. Using immittance approach, field components of unitcurrent source is evaluated

first and then directivity is also calculated. The theoretical values of the far field radiation

pattern and directivity of uniaxial substrate based rectangular printed monopole antenna

are validated by HFSS whereas return loss is calculated using HFSS.

• Chapter 8 presents circuit representation of printed monopole antennas for different

cases. In general, a simple parallel RLC circuit is enough torepresent a particular op-

erating frequency band of an antenna. Similarly, for multiple resonating antenna, each

resonance can be modeled by their equivalent parallel RLC circuit. Thus overall circuit

of a lossy one port device such as antenna can be modeled by series inductance and capac-

itance in connection with parallel RLC circuit(s). But the effect of capacitance in series is

not relevant for printed monopole antennas since ground plane below the patch is absent
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for such cases. Thus circuit representation is presented for different printed monopole an-

tennas cases with their individual lumped element values for each design of the antenna

which are further verified by HFSS and available experimental results.

• Chapter 9 concludes this thesis with a summary of the work done and the related work

which may be investigated in future.
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CHAPTER 2

L ITERATURE SURVEY: REVIEW OF

RELATED WORKS

The present chapter provides detailed literature review onthe existing models on printed anten-

nas and available literatures related to PMAs. A list of existing models which are considered in

this thesis for analysis of PMA as well as their principles ofoperation are shown in Table 2.1.

In the following sections, we will discuss each model in brief with reference to available litera-

tures.

2.1 Transmission Line Model

In transmission line model, radiating slot acts as paralleladmittance which consists of conduc-

tance and susceptance. Munson et al. [15] first proposed transmission line analysis of rectan-

gular microstrip antenna. But the model proposed by Munson has some disadvantages such as

the expressions derived for admittance are not valid for narrow patches, the mutual coupling

effect between the radiating slots are neglected. The solution to some of the stated problems

are provided in [16, 27]. In [28], the loss due to radiation and lossy dielectric material for

printed antennas are accounted by transmission line theory. Transmission line analysis for aper-

ture coupled microstrip antenna is given in [29]. The earlier methods discussed are limited to

rectangular patches only. The analysis for other patch shape, viz. circular, annular and ring

shaped geometries are performed using generalized transmission line model in [17–19]. Such
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Table. 2.1: Various models for printed antenna analysis

Analytical Model Principle on which model is devel-
oped

Remark

Transmission Line Model
[20]

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

Multilayered
geometry can be
modeled. Calcu-
lation of radiation
pattern and input
impedance is
possible.

Full Wave Analysis us-
ing Method of Moments [2]

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

Radiation param-
eters estimation
for any arbitrary
shaped antennas
is possible.

Spectral Domain Immittance
Approach [26]

Green’s function for multilayered ge-
ometry can be evaluated from decou-
pled TM and TE field components.

Radiation param-
eters estimation
for any arbitrary
shaped antennas
is possible.

analysis is based on microstrip patch configuration having separable geometries. Quasi TEM

transmission line model is used to analyze circular printedantennas and arbitrary shaped an-

tennas [30], [31]. Lebbar et al. [9], proposed transmissionline analysis of printed monopole

antenna. The PMA discussed in [9], is printed line on a lossy dielectric substrate which is

mounted over ground plane and coaxial fed excitation is provided to the antenna via ground

plane.

In another method proposed by Jackson et. al [20], antenna isrepresented in terms of unit

horizontal electric dipole placed on substrate superstrate geometry. Each of the substrate and

superstrate is represented by transmission line, where thesubstrate thickness represents the

length of the transmission line and its corresponding characteristic impedance is dependent on

the material properties (dielectric constant and relativepermeability). Further, the far field ra-

diation pattern of the antenna of given geometry is calculated. In [25], the same methodology

is used to analyze simple microstrip antenna. It may be notedthat the above mentioned model-

ing techniques were developed in the context of microstrip antennas. In this thesis, we explore

15
TH -1533_11610238



Chapter 2 Literature Survey: Review of Related Work

whether such models with appropriate modification can modelthe PMA configuration under

consideration.

Table. 2.2: Summary of the available work for printed antennas using transmission line ap-
proach

Reference Summary of the work Remark
Munson et al.
[15]

Patch and the ground plane
together consist the trans-
mission line

Limited to rectan-
gular patch

Bhattacharyya
et al. [17]

Patch is modelled as trans-
mission line

Circular shaped
patch

Dubost et al.
[31]

Patch is modelled as trans-
mission line along with
quasi TEM mode analysis

Arbitrary shaped
patch

Jackson et al.
[25]

Substrate acts as transmis-
sion line

Rectangular
patch is analyzed

Lebbaret al. [9] Patch acts as transmission
line

Stripline is ana-
lyzed

2.2 Full Wave Analysis

Although transmission line based analysis is relatively simpler, it has some limitations.The in-

herent limitations of transmission line approach are overcome by using full wave technique.

The full wave technique is the most suitable form of analysisin terms of accuracy, complete-

ness and versatility. However, such techniques involve tedious numerical computation. The

popular techniques for carrying out full wave analysis of printed 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 review of the related work based on the full

wave techniques. Since FDTD and FEM techniques have not beenused in thesis for the analysis
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of PMAs, so review of related literatures are not presented here. However, it is worth mention-

ing that the results obtained using the analytical models proposed in this thesis are compared

with the results obtained using an FEM based simulator, HFSS. It is well known fact that MoM

is more efficient for analysis of open structures like antenna problems. Besides, unlike FEM and

FDTD, MoM involves surface discretization which makes it faster for implementation. Sum-

mary of the available work for printed antennas using full wave technique in tabular format is

shown in Table 2.3

2.2.1 Spectral Domain MoM Approach

Spectral domain approach [32,33], utilizes spectral domain Green’s function to analyze printed

antennas. Green’s functions are generally employed for solving electric field integral equation

(EFIE) over the patch metallization by applying appropriate boundary conditions over the patch.

Green’s function for printed antennas [34], are special cases of horizontal electric dipole (HED)

in presence of multilayered region [35–37]. Fields of an HEDin presence of three and four

layered region are available in [38] and [39, 40]. Printed antenna is the case of an HED in a

three layered region, first region is free space where field isto be determined, second is the

dielectric in which HED is located on the top surface and the third is the metallic ground plane

[41, 42]. In the following literatures, spectral domain technique for the analysis of rectangular

patch [43], circular [44], elliptical [45], ring [46], printed dipole [41], patch of arbitrary shape

[47] are available. Analysis of anisotropic substrate based printed antenna is available in [33].

Handling of different feed mechanism in case of printed antennas is possible in spectral domain

approach, [48] focus on proximity coupled microstrip fed antenna and [49–52] on aperture

coupled antenna. Mutual coupling between antennas is considered in [43]. [53] accounts the

far field radiation pattern of printed antennas using stationary phase method. The theoretical

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

2.2.1.1 Spectral Domain Immittance Approach

Spectral domain immittance approach is the most effective technique particularly for the anal-

ysis of multilayered microstrip structures. Itoh et. al. [26], first proposed the immittance ap-
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proach based analysis for dispersion characteristics of printed transmission lines. In [55], the

analysis of open microstrip structure is presented. Green’s function for multilayered geometry

can be evaluated from decoupled TM and TE field components. Green’s function related to TM

and TE fields, are identified as inverse of wave admittances observed from HED located at the

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

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

In general, spectral domain Green’s function is used for electric field integral equation. But

in MPIE, as the name suggests, instead of field, spatial domain potential (scalar and vector)

Green’s function are utilized in integral equation evaluation. In the following literatures, MPIE

based analysis of rectangular patch [56], circular patch [57], arbitrary shape patch [58, 59] are

available. MPIE analysis of anisotropic substrate based printed antenna is available in [58]. [60]

reports aperture coupled antenna analysis utilizing MPIE.Mutual 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 is required. To get spatial domain

Green’s function from its spectral domain counterpart, inverse Fourier transform or Fourier-

Bessel transform is performed, and is given by,

f (ρ) =

∞∫

0

J0
(
kρ ρ

)
f̃
(
kρ
)

kρdkρ (2.1)

whereρ is the radial distance between source and the observer andJ0(·) is the Bessel function

of first kind.

The equation in (2.1) is an integration of Sommerfeld type. This type of integration are generally

associated with the poles in the integrand. To avoid such pole(s) from the integrand is one of

the most challenging issue in the present approach. One suchmethod to avoid the pole(s) is

pencil function method, which was first proposed by Hua and Sarkar [62], some of the related

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

performed using weighted average algorithm to overcome theissue associated with the poles.

2.2.3 Method of Moment

The spectral domain electric field integral equation or MPIEare solved for unknown surface

current densityJs using method of moment [66]. In this method, unknown currentdensityJs is

expanded in terms of known basis function with unknown coefficients. The resulting integral

equation is tested through another set of function known as testing function, which provides a

set of simultaneous equations in matrix format. Solving thematrix equation, unknown coeffi-

cients of the current density are found out. Using the surface current over the patch one can

calculate different antenna parameters like input impedance, return loss and radiation pattern.

Basis function can be further subdivided into entire domainbasis function and subdomain ba-

sis function. Entire domain basis function are generally used for regular shaped patches [67],

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

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

Reference Summary of the work Remark
Shively et al.
[47]

Spectral domain electric
field integral equation ap-
proach

Arbitrary shaped
patch

Perlmutteret al.
[54]

Spectral domain method
for radiation pattern calcu-
lation

Rectangular
patch is analyzed

Itoh et al. [55] Spectral domain immit-
tance approach

Open microstrip
structures

Uckunet al. [59] Mixed potential integral
equation approach

Arbitrary shaped
patch
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2.3 Effect of Substrate Material on the Performance of Printed

Antennas

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

magneto-dielectric are discussed along with available literatures.

2.3.1 Magneto-dielectric Substrate

In [69], magnetodielectric is used as substrate in printed antennas. The advantages and lim-

itations of such materials are also presented. Mosallaei etal. [70], proposed periodic config-

urations of magneto-dielectric material for applicationsin VHF-UHF applications. Magneto

dielectric based nanocomposite is used in planar inverted Fantenna for reduction in specific

absorption rate (SAR) [71]. Some of the practical magnetodielectric based substrate material

are discussed in [72]. One of the most important feature of magnetodielectric based materials

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

2.3.2 Uniaxial Substrate

Spectral domain approach based analysis for printed antennas on uniaxial substrate is given

in [33], whereas MPIE based analysis for the same is available in [75]. Some of the work

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

2.4 Summary

This chapter provides an review of some of works related to printed antenna models that have

been reported in the literature. Different aspects of printed antenna modeling using transmission

line and full wave techniques have been discussed in detail.Some issues related to extending

such modeling techniques to include PMAs have been highlighted. This chapter also provides

a brief discussion of the magneto-dielectric and uniaxial substrates.

20
TH -1533_11610238



Chapter 2 Literature Survey: Review of Related Work

Table. 2.4: Summary of the available theoretical work for printed antennas on magnetodielectric
and uniaxial substrate.

Reference Summary of the work Remark
Hansen et al.
[69]

Transmission line mod-
elling for magneto-
dielectric substrate based
printed antenna

Limited to square
patch

Pozaret al. [33] Full wave analysis using
spectral domain approach
for printed antenna on uni-
axial substrate

Rectangular
patch

Pletet al. [75] Full wave analysis using
MPIE approach for printed
antenna on multilayered
scenario

Rectangular
patch
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CHAPTER 3

APPROXIMATE ANALYSIS USING

TRANSMISSION L INE APPROACH

3.1 Introduction

Printed monopole antenna (PMA) is one of the most suitable choices for wideband and ul-

tra wideband applications due to its large impedance bandwidth and nearly omnidirectional

radiation pattern. Most of the experimental and simulationwork on different PMA structure

has already been done and some of them are available in the literature [78–80]. FDTD and

characteristic mode theory based analysis of PMA fed by CPW are available in [81] and [82]

respectively. Electric Field Integral Equation and Methodof Moment (EFIE MoM) analysis

of printed strip monopole antenna is also presented in [83].The present chapter discusses

about the analytical evaluation of input impedance as well as reflection coefficient of rectangu-

lar PMA. Analytical model of antennas provide physical insight into the antenna operation and

the same helps in preliminary design of antennas which can berefined further using different

CAD tools available. An analytical model of PMA using transmission line analogy provides

useful information on the dependence of antenna parameterson its dimensions and substrate

material. PMA is structurally similar to simple microstripantenna (MSA) with only difference

that the ground plane is removed below the patch. Thus PMA canbe modeled in terms of unit

horizontal electric dipole (HED) lying on a substrate whichis not backed by a ground plane.

Thus transmission line analogy is an effective way to derivethe closed form expressions for the

input impedance and reflection coefficient of PMA. The substrate layer can be modelled as a
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transmission line with characteristic impedance and propagation constant depends on angle of

incidenceθ [20]. Since the characteristic impedance also depends on the substrate material,

thus the expression for theoretical input impedance gives some physical insight on the behavior

of PMA with respect to variation inεr and substrate thicknessh . Results for the reflection

coefficient evaluated from the theoretical input impedanceexpression of a rectangular PMA fed

by 50Ω microstrip line is compared with Ansoft High Frequency Structure Simulator (HFSS)

results. Reflection coefficient of a circular PMA is also evaluated using the theoretical method

proposed in this work and the same is compared with simulation (HFSS) results as well as

results already available in literature [79]. Dependence of impedance bandwidth on substrate

material and dimensions of the antenna is also discussed in the result section.

3.2 Theory

Assume a horizontal electric dipole (HED) lying on a lossy and ungrounded dielectric substrate

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

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

the air at an specified anglesθ , φ in spherical coordinates. Using reciprocity theoremYTE
in or

YTM
in is the admittance due to the source lying on the interface (between air and dielectric) seen

from air for transverse electric (TE) or transverse magnetic (TM) cases. The admittanceYTE
in or

YTM
in depends on the angle of incidenceθ . The source accounted for reciprocity on the interface

23
TH -1533_11610238



Chapter 3 Approximate Analysis using Transmission Line Approach

can be represented by the plane wave incident on transmission line of length equal to height of

the dielectric layer. Fig. 3.2 represent the wave incident from Region 2 (air) on the dielectric at

an angleθ , enters into Region 1 (dielectric) at an angleθ1 and wave emerges out to Region 0

(air) at an angleθ2.

Figure 3.2: Wave propagation in a three layered region

3.2.1 Transmission Line Equivalent of PMA

Here, the substrate layer is modeled as transmission line with the length equal to the substrate

thicknessh and propagation constant depends on angleθ [20], which terminates at the charac-

teristic impedance of airZc2 .

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

admittance for the TE polarization case can be expressed as

YTE
in =

n1(θ)

η0

η0
n1(θ ) + jη0sec(θ) tan(β1h)

η0sec(θ)+ j η0
n1(θ ) tan(β1h)

(3.1)

The above expression for input admittance of a HED on an ungrounded substrate for TE polar-

ization case can be derived using [20] in which characteristic impedance of air (Zc0 andZc2) is

η0sec(θ), whereas characteristic impedance of substrate (Zc1) is η0/n1(θ), n1(θ) is the effec-

tive refractive index of the dielectric which is dependent on angleθ , equal to
√

εr −sin2(θ)

24
TH -1533_11610238



Chapter 3 Approximate Analysis using Transmission Line Approach

Figure 3.3: Transmission line model of printed monopole antenna

and propagation constantβ1 = k0n1(θ). Similarly, input admittance for TM polarization case

can be written as

YTM
in =

εr

η0n1(θ)

η0n1(θ )
εr

+ jη0cos(θ) tan(β1h)

η0cos(θ)+ j η0n1(θ )
εr

tan(β1h)
(3.2)

In this case characteristic impedance for air isη0cos(θ), whereas characteristic impedance

for substrate isη0n1(θ )
εr

, and rest of the parameter are same as in TE polarization case. For most

of the practical cases, printed monopole antennas have verythin substrate thickness, so for thin

substrate cases i.e. whenh is small andθ = 0 (for perpendicular incidence) both equations (3.1)

and (3.2) becomes

Yin =
1

η0
+ j

k0h
η0

(εr −1) (3.3)

Now replacingεr by εr(1− jtan(δ )) in 3.3, wheretan(δ ) is very small amount of dielectric

loss in the substrate, then after some calculations equation (3.3) gives overall resistanceR =

η0
/
(1+k0hεr tan(δ )), capacitanceC= k0h(εr −1)

/
ω0η0 and inductanceL = η0

/
ω0k0h(εr −1)

respectively.

Hereω0 is resonant frequency of the structure andη0 is the free space characteristic impedance

nearly equal to 377Ω. Using the value of R, L, C one can evaluate the Q value for shunt RLC

circuit, thus the bandwidth of the structure is shown in Fig.3.1. Hence bandwidth (BW) can be
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expressed as

BW =
1

k0h(εr −1)
+

εr tan(δ )

(εr −1)
(3.4)

The value of first and second term for BW expression in equation (3.4) for different substrate

material of thicknessh = 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 second term in (3.4) is very small

compared to the first term, so the second term can be neglected. Hence equation (3.4) can be

written as

BW≈ 1
k0h(εr −1)

(3.5)

3.3 Results

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

antenna is carried out using the following equation [84]

Zin = −hIs
I0

(
1

Yin(TEorT M)

)
(3.6)

where Is is the current set up by the microstrip line feed on the antenna which is given by

I0sin
(
π(x−0.5L)

/
L
)/

W. Thus reflection coefficient can be effectively evaluated from input

impedance of printed rectangular monopole antenna. The proposed technique is validated by

HFSS simulation using rectangular PMA on FR4 substrate (εr = 4.4) having thickness 1.59 mm

with loss tangent of 0.02 fed by a 50Ω microstrip line. The geometry of the antenna is shown in

Fig. 4. The detailed dimensions of the rectangular printed monopole antenna shown in Fig. 3.4

are listed below in Table. 3.2. The performance of this transmission line based approach has

also been verified in case of a circular PMA [79].
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Figure 3.4: Geometry of a rectangular printed monopole antenna

Table. 3.2: Detail dimensions of rectangular PMA

Dimension o f Rectangular PMA
Parameters Lp Wp L f Wf Lg L W h
Units(in mm) 46 42 17.8 2.96 15 76 81 1.59

3.3.1 Discussions

Fig. 3.5 shows both theoretical as well simulation results of reflection coefficient (in dB) of sim-

ple rectangular printed monopole antenna which is in good agreement. Equivalent surface area

model of square and circular patch discussed in [85] is used to calculate reflection coefficient of

printed circular printed monopole antenna and the theoretical results are validated by HFSS. In

Fig. 3.6, the theoretical and HFSS results are compared withthe results of circular PMA avail-

able in [79]. It may be noted that [79] provides simulation results of circular PMA computed

using CST Microwave Studio as well as measured data. It is interesting to note that bandwidth

gets affected by broadening the width of the rectangular printed monopole antenna as shown in

Fig. 3.7. Fig. 3.8 shows that the impedance bandwidth degrades with the increase in dielectric

constant and follows equation (3.5) developed in theory section. Increase in dielectric constant
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Figure 3.5: Plot of reflection coefficient of a rectangular printed monopole antenna in dB

Figure 3.6: Plot of reflection coefficient (theory (—), HFSS (—⋆—), CST (�) and measured (•))
of a circular printed monopole antenna in dB

raises surface wave which in turn reduces the radiated power.
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Figure 3.7: Plot of L/W (Length to width) ratio to Bandwidth in case of rectangular PMA

Figure 3.8: Plot of Dielectric constant (εr ) to Bandwidth in case of rectangular PMA

3.4 Summary

Input impedance of a HED on an ungrounded substrate is first derived using transmission line

analogy. We extract the circuit parameters with closed formexpressions for resistive and re-

active parts for both TE and TM polarization case. Circuit representation for PMA is used to
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calculate reflection coefficient. The theoretical results for reflection coefficient of rectangular

and circular are compared with simulation results obtainedusing HFSS software. The proposed

method is also found to be reasonably accurate for modellingcircular PMA. Besides these the

effect of broadening the width of the patch on the impedance bandwidth for rectangular PMA

is also shown in the result section. Impact of dielectric constant of the substrate material on

impedance bandwidth is also presented here. Though the formulation provides us some physi-

cal insight, method is an approximate one and applicable to to rectangular and circular PMAs

only. In addition to this, the effect of ground plane is not considered here but for a PMA it plays

a major role. So keeping this drawback in mind, the next chapter is dedicated to use of rigorous

full wave technique for the analysis of PMA.
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CHAPTER 4

POTENTIAL GREEN’ S FUNCTIONS OF

UNGROUNDED DIELECTRIC SLAB AND ITS

APPLICATION IN FULL WAVE ANALYSIS

4.1 Introduction

The electromagnetic field of a horizontal electric dipole inmultilayered dielectric media has ap-

plications in theoretical analysis of antenna, geophysical analysis, and radar. The present chap-

ter is based on the derivation of potential (scalar and vector) Green’s function for a horizontal

electric dipole (HED) on an ungrounded dielectric slab for the analysis of printed monopole an-

tennas (PMAs), using mixed potential integral equation andmethod of moments (MPIE-MoM).

MPIE-MoM is preferred over traditional Electric Field Integral Equation (EFIE) because of

the fact that both scalar and vector potentials vary as 1/R, whereR represents the distance

of the observation point from the antenna and therefore lesssingular compared to traditional

EFIE [86]. The exact Green’s function formulation in different dielectric media required for

full wave analysis of microstrip antenna (MSA) are available in [33], [37], [87], [88]. In MPIE,

Green’s function needs to satisfy the boundary condition onthe patch metallization. A simple

PMA is structurally similar to a microstrip line fed patch antenna with the difference that the

ground plane below the patch is removed. Thus the metallic patch of PMA can be modeled

analytically in terms of unit horizontal electric dipole (HED) lying on a dielectric slab which is

not backed by a ground plane. By applying boundary conditions on the tangential electric and
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magnetic field components at the two interfaces: first between air and the face of the dielectric

slab on which the HED is kept and the second between the opposite face of the same dielec-

tric slab and air, the field components are then determined inthe spectral domain. The exact

magnetic vector potential is obtained from magnetic field components and then using Lorentz

Gauge condition, one can evaluate the scalar potential. It may be mentioned here that the scalar

and vector potential Green’s function expressions which are derived here are major contribu-

tions of this chapter. After getting both scalar and vector potential in spectral domain, spatial

domain counterpart can be obtained using inverse Fourier Transform. Integral which represents

Inverse Fourier Transform here is an integral of Sommerfeldtype. Solutions of such type of

integral are discussed in literatures [21, 89, 90]. After the integral being evaluated, the Mixed

Potential Integral Equation (MPIE) involving spatial domain vector and scalar potential Green

function can be solved for unknown current distribution over the metallic patch using Galerkin’s

Method. Resulting current distribution is used to calculate input impedance and reflection co-

efficient of the rectangular PMA and the results are comparedusing Ansoft High Frequency

Structure Simulator (HFSS). HFSS results are in good agreement with the one computed using

the proposed MPIE-MoM approach. An F shaped printed monopole antenna is also analyzed

using the proposed MPIE-MoM approach and the theoretical results are in good agreement with

HFSS and experimental results reported in [80].

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 lossless dielectric slab of relative permit-

tivity εr and thicknessh. It may be noted that PMA has a ground plane extending up to thefeed

line only i.e. the ground plane under the patch has been removed. Hence, this structure of PMA

is different from the conventional microstrip antenna.

Therefore, the potential Green’s function for PMA will be inherently different from that of

MSA [34]. In the next section derivation of the spectral domain potential 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 theboundary condition over the patch

metallization, which is modeled in terms of a horizontal electric dipole (HED). So, in order to

derive spectral domain Green’s function, an HED lying on a lossless and ungrounded dielectric

slab is considered first (since the ground plane under the patch has been removed for PMAs) as

shown in Fig. 4.2. It may be noted that the case of an HED on a grounded dielectric substrate

has been well investigated in the literature [34].

Figure 4.2: Geometry of HED along x- axis on the interface of dielectric and free space
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To derive potential Green’s function, let us consider an HEDon a lossless dielectric slab lo-

cated at(x0,y0) shown in Fig. 4.2, the x-directed current is defined asJx = x̂δ (x−x0)(y−y0) at

z= d and the effect ofJx is considered through boundary condition. The source free Maxwell’s

equations in frequency domain can be written as,

∇×~E = − jωµ0~H (4.1a)

∇× ~H = jωε0εr~E (4.1b)

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

(4.1a)( ∂
∂x → jkx,

∂
∂y → jky) as,

jkyẼz−
∂ Ẽy

∂z
= − jωµ0H̃x (4.2a)

∂ Ẽx

∂z
− jkxẼz = − jωµ0H̃y (4.2b)

jkxẼy− jkyẼx = − jωµ0H̃z (4.2c)

Similarly for equation (4.1b) can be given as

jkyH̃z−
∂ H̃y

∂z
= jωε0εr Ẽx (4.3a)

∂ H̃x

∂z
− jkxH̃z = jωε0εrẼy (4.3b)

jkxH̃y− jkyH̃x = jωε0εr Ẽz (4.3c)

Now, after differentiating equation (4.2b) w.r.tz, the equation can be rewritten as

j
∂ H̃y

∂z
=

jkx

ωµ0

∂ Ẽz

∂z
− 1

ωµ0

∂ 2Ẽx

∂z2 (4.4)

The term∂ H̃y

∂z in equation (4.4) can be replaced by equation (4.3a) and thenafter some simple

algebraic calculation we get [33],

k2
ρ Ẽx = jkx

˙̃Ez−ωµ0kyH̃z (4.5)

Similarly, the following expressions can also be obtained:

k2
ρ Ẽy = jky

˙̃Ez+ωµ0kxH̃z (4.6a)

k2
ρH̃x = jkx

˙̃Hz+ωε0εrkyẼz (4.6b)
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k2
ρH̃y = jky

˙̃Hz−ωε0εrkxẼz (4.6c)

HereẼ andH̃ are Fourier Transform representation of the fields,˙̃E and ˙̃H are spatial derivatives

of Fourier Transform representation of the fields. For the present case, since there is no ground

plane, we need to divide the equivalent antenna structure into three regions. Region 2 and

Region 0 signifies region above the top and below the bottom region of the dielectric slab

respectively, whereas Region 1 denotes the dielectric slabitself as shown in Fig. 4.2. The

general solutions assumed for the Regions 0, 1 and 2 are as follows: For Region 2,

Ẽz2 = Ae−u2z f or z> h (4.7)

H̃z2 = Be−u2z f or z> h (4.8)

whereu2
2 = −k2

z = k2
ρ −k2

0 andIm(u2) > 0.

For Region 1,

Ẽz1 = Ccosh(u1z)+Dsinh(u1z) f or 0≤ z≤ h (4.9)

H̃z1 = Esinh(u1z)+Fcosh(u1z) f or 0≤ z≤ h (4.10)

whereu2
1 = −k2

z = k2
ρ − εrk2

0 andIm(u1) > 0.

For Region 0,

Ẽz0 = Meu0z f or z< 0 (4.11)

H̃z0 = Neu0z f or z< 0 (4.12)

whereu2
0 = −k2

z = k2
ρ − k2

0, k2
ρ = k2

x + k2
y and Im(u0) > 0. Now, in order to find the arbitrary

constantsA,B,C,D,E,F,M andN respectively, the boundary conditions are applied as follows:

(i) Ẽx, Ẽy andH̃x, H̃y are continuous at the interface between Region 0 and 1(z= 0), (ii) Ẽx, Ẽy

andH̃x are continous, whereas̃Hy is discontinuous by an amount ofJ̃x at the interface between

Region 1 and 2(z = h). After applying the above boundary conditions in equations(4.5) to

(4.6c) through (4.7) to (4.12), we get,

Ẽz2 =
J̃xkxe−u2(z−h)

ωε0DTM
(4.13)
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H̃z2 =
− j J̃xkye−u2(z−h)

DTE
(4.14)

whereDTM = 1+
u2εr(u1+u0εr tanh(u1h))
u1(u0εr+u1tanh(u1h)) andDTE = u2 +

(u0+u1tanh(u1h))(
1+

u0
u1

tanh(u1h)
) . It may be noted that

the above expressions forDTE andDTM are different from that of the grounded dielectric slab

in [34].

The relation required to derive vector potential Green’s functions using magnetic field compo-

nents can be expressed as

µ0~H = ∇×~A (4.15)

The equation in (4.15) can be explicitly written after Fourier Transform( ∂
∂x → jkx,

∂
∂y → jky)

as,

µ0H̃x = − jkyÃz (4.16a)

µ0H̃y =
∂ Ãx

∂z
− jkxÃz (4.16b)

µ0H̃z = − jkyÃx (4.16c)

Now, equation (4.13) and (4.14) together with equations (4.16a) to (4.16c), spectral domain

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

G̃xx
A =

µ0

2πDTE
(4.17)

G̃zx
A =

jµ0(1− εr)kxtanh(u1h)

[
1
u1

+
u0(1−tanh2(u1h))

(u0εr+u1tanh(u1h))(u1+u0tanh(u1h))

]

2πDTEDTM
(4.18)

Spectral domain scalar potential Green’s function can be derived from vector potential com-

ponents using Lorentz Gauge condition∇ ·~A+ jωµ0ε0εrV = 0, and the same can be obtained

as

G̃V =
1

2πε0




DTM − (εr −1)u2tanh(u1h)

{
1
u1

+
u0(1−tanh2(u1h))

(u0εr+u1tanh(u1h))(u1+u0tanh(u1h))

}

DTEDTM


 (4.19)

It may be pointed out here that the above expressions for vector potential (G̃xx
A andG̃zx

A ) and
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scalar potential Green’s functions (G̃V ) are not readily available in existing literature and they

are different from potential Green’s function of HED on a grounded dielectric substrate.

The above expressions in equation (4.17) and (4.19) are the spectral domain Green’s function

for ungrounded dielectric slab. But in order to solve MPIE spatial domain Green’s function is

required. To get spatial domain Green’s function from its spectral domain counterpart, inverse

Fourier transform or Fourier-Bessel transform is performed, and the same is given by

f (ρ) =

∞∫

0

J0
(
kρ ρ

)
f̃
(
kρ
)

kρdkρ (4.20)

whereρ is the radial distance between source and the observer andJ0(·) is the Bessel function

of first kind. Now using equation (4.20) spatial domain vector and scalar potential Green’s

function can be expressed as

Gxx
A =

µ0

2π

∞∫

0

G̃xx
A J0(kρρ)kρdkρ (4.21)

GV =
1

2πε0

∞∫

0

G̃VJ0(kρρ)kρdkρ (4.22)

4.3 Numerical Evaluation of Spatial Domain Vector and Scalar

Potential Green Functions

Both equations (4.21) and (4.22) are spatial domain vector and scalar potential Green’s function,

for HED on a lossless ungrounded dielectric slab as shown in Fig. 4.2 and have the nature of

Sommerfeld integral. Generally such integrals are numerically computed as they can’t be solved

analytically. Many authors have already discussed about the solution of such type of integral

using different methods. One such method is Matrix Pencil Method discussed in detail in [62,

64]. Another method used Complex Residue approach for singularity extraction [21, 42], in

which poles appear due to zeros in denominator of the integrand. This poles make the integrand

highly oscillatory, thus poles are eliminated from the integrand using residue theorem to make

the integration smooth. Next, spatial domain integrals of Sommerfeld type which arises in

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

(b)

Figure 4.3: Plot of denominator terms of the integrand (a) Magnitude plot ofDTE vs. kρ/k0 (b)
Magnitude plot ofDTM vs. kρ/k0.

4.3.1 Approximation of Vector and Scalar Potential Green’sFunction for

a HED on an Ungrounded Dielectric Slab

Since spatial domain potential (vector and scalar) Green’sfunction in integral form have no ana-

lytical solution, such integrals are evaluated numerically. To evaluate the integrals, the integrand

needs to be examined carefully in order to locate and avoid the pole(s). Roots of the functions

DTE andDTM appear as poles in the integrand. In Fig. 4.3 magnitude ofDTE andDTM for HED
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on an ungrounded dielectric slab is plotted as a function of normalized wave number. From

Fig. 4.3, it can be observed that the termDTE has one root betweenk0 and 1.5k0, i.e., there is

one pole in the integrand of spatial domain magnetic vector potential Green’s functionGxx
A . The

expression for spectral domain vector potential Green’s function for very thin substrate with

moderate dielectric constant can be obtained by settingu0 = u1 for the termDTE in equation

(4.17). In addition to this it can be noted thatu0 andu2 are equal since both the expressions

indicate free space region. Then using the integral in equation (4.21), the expression for spatial

domain vector potential Green’s function can be given as

Gxx
A =

µ0

4π
e− jk0R0

R0
(4.23)

whereR2
0 = ρ2 andρ =

√
(x−x0)2+(y−y0)2 is the radial distance between source and the ob-

server. It can be noted that for thin substrate case, the magnetic vector potentialGxx
A is free space

Green’s function, and thus the expression become independent of the thickness and dielectric

constant of the substrate. In addition to these equation (4.23) is low frequency approximation

for vector potential Green’s function of a HED on an ungrounded dielectric slab.

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

settingu0 = u1 in equation (4.22) can be obtained, which can be expressed as[42],

GV =

(
K +

1
1+ εr

)[
e− jk0R0

R0
− (1−K)

∞

∑
i=1

K2i−1e− jk0Ri

Ri

]
(4.24)

whereK = 1−εr
1+εr

, R2
0 = ρ2 andR2

i = ρ2+(2ih)2.

4.3.2 Evaluation of Numerical Integration for Spatial Domain Potential

Green’s Function

In the previous section, it has been observed that the termDTE gives rise to a pole in the inte-

grand of spatial domain vector potential Green’s function.Since for most of the practical cases

PMA has a thin substrate, hence the expression in equation (4.23) can be directly used in MPIE

for carrying out the analysis. Similar expression is also derived for thin and moderate dielectric

constant material in case of scalar potential Green’s function in equation (4.24). Even though
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(a)

(b)

Figure 4.4: Plot of spatial domain scalar potentialGV at different frequencies (a) Variation of
integrand ofGV (real and imaginary) with normalized distancekρ/k0 for the parameterεr = 4.4
, h= 1.52 mm andk0ρ = 3 at 10GHz (b) Variation of integrand ofGV (real and imaginary) with
normalized distancekρ/k0 for the parameterεr = 4.4 , h = 1.52 mm andk0ρ = 3 at 5 GHz.

the substrate thickness is small, the expression in equation (4.24) depends both on thickness

as well as dielectric constant. So, in order to analyze the effect of both thickness and dielec-

tric constant of the substrate on PMA, the integrand of spatial domain scalar potential Green’s

functionGV has been investigated in detail followed by numerical integration. Thus, instead of
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using equation (4.24) directly in MPIE, numerical integration of GV is performed next. Fig. 4.4,

shows the plot of the integrand of spatial domain scalar potential Green functionGV of a HED

on an ungrounded dielectric slab at two different frequencies. For a given dielectric constant

and substrate thickness, the branch cut and pole(s) are separate and distinct, which are denoted

as Region A and Region B, respectively. Region A indicates the branch cut atk0 whereas Re-

gion B comprises both ofTE andTM poles. The poles which arises due to zeros ofDTE and

DTM in the denominator of the integrandGV are denoted asTM andTE surface wave pole. The

number of pole increases with the increase of surface waves.For an HED over thin ungrounded

lossless dielectric slab, the pole is real and it location can be theoretically estimated by

kρ

k0
≈ 1+

(εr −1)
3
2k0h

4εr
f or DTM (4.25a)

kρ

k0
≈ 1+

(εr −1)
3
2k0h

4
f or DTE (4.25b)

Using equation (4.25), theoretically the location ofTE andTM pole can be found out and they

are located at 1.1k0 and 1.49k0 respectively, where as the graphical location ofTE andTM

pole are at 1.01k0 and 1.2k0 as shown in Fig. 4.4(a). The difference between theoreticaland

graphical location of both the poles depend on the choice of operating frequency. In Fig. 4.4(a)

the operating frequency is 10 GHz, where the difference is quite pronounced whereas Fig. 4.4(b)

shows the location ofTE andTM pole obtained analytically and graphically at lower frequency

of 5 GHz. It can be seen that in Fig. 4.4(b) the theoretical location ofTE andTM pole are at

1.02k0 and 1.05k0 whereas graphically same is obtained at 1k0 and 1.04k0. Thus we find that

at lower operating frequencies theTE andTM pole can be found more accurately by using

equation (4.25). Now, the branch cut for the present case occur atkρ = ±k0 due to zeros of the

functionu0 = 0. For the case ofu1, the terms in the integrand ofGV are even functions ofu1.

Hence, branch cut is only considered foru0. In addition to this it has also been observed that

lowering the substrate thickness the surface wave pole and branch cut coincides in the complex

plane, which makes nearly omnidirectional radiation pattern [91]. Now, to evaluate the spatial

domain scalar potential Green’s functionGV , branch cut atk0 and poles singularity at 1.01k0

and 1.2k0 must be avoided which are located onkρ axis in order to integrate the function in a
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(a)

(b)

Figure 4.5: Plot of magnitude and phase of spatial domain scalar potentialGV (a) Variation
of magnitude of scalar potential Green’s functionGV with radial distancek0ρ of HED on un-
grounded dielectric slab of dielectric constantεr = 4.4 and thicknessh = 1.52mm(b) Variation
of phase of scalar potential Green’s functionGV with radial distancek0ρ of HED on ungrounded
dielectric slab of dielectric constantεr = 4.4 and thicknessh = 1.52mm.

smooth manner. To overcome the branch cut, the integration is performed by substitutingkρ

with k0cos(ht) in the limit [0,k0], and to avoid the poles which are located in the limit[k0,∞]

the integration is performed using [21]. The magnitude and phase variation of spatial domain

scalar potential Green’s functionGV with distance is shown in Fig. 4.5. The magnitude plot
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of GV in Fig. 4.5 shows the formation of near field for the initial values of the distance is of

the nature 1/ρ whereas for the farthest value of distance, far field become more dominant of

behavior 1/
√ρ . The transition of near field region to far field is shown by rapid variation of

phase in phase plot of Fig. 4.5.

4.3.3 Effect of Substrate Thickness and Dielectric Constant on Scalar Po-

tential Green’s Function

In this section the effect of substrate material and its thickness on scalar potential Green’s func-

tion GV is considered. It can be noted from Fig. 4.6(a) that the normalized scalar potential

Green’s function for a HED with ungrounded dielectric slab attains far field conditions more

quickly in low thickness cases compared to high thickness cases. As surface waves are trapped

more in thick substrate, the radiating power is reduced. Similarly from Fig. 4.6(b), it can be

concluded that though both lower and higher dielectric constant material attains far field con-

dition in similar fashion but for larger values of dielectric constant, far field condition degrades

rapidly with increased distance, because for large dielectric constant material, fields becomes

highly confined within high dielectric region. Hence, it canbe seen that for practical printed

monopole antennas low thickness and low dielectric constant material are preferred to get max-

imum radiation characteristics. The issues discussed regarding the variation of scalar potential

Green’s function are important, since for practical PMAs, selection of the thickness and dielec-

tric constant of the substrate are important in getting proper radiation characteristics required

for specific design.

4.4 Full Wave Analysis of Printed Monopole Antenna Using

MPIE MoM
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(a)

(b)

Figure 4.6: Plot of scalar potential Green’s function variation with varying thickness(h) and
dielectric constant(εr) of the substrate (a) Plot of normalized scalar potential Green function
|GVn| vs. radial distance of a HED on a lossless ungrounded dielectric slab with varying thick-
ness of slab having dielectric constantεr = 4.4 (b) Plot of normalized scalar potential Green
function|GVn| vs. radial distance of a HED on a lossless ungrounded dielectric slab with vary-
ing dielectric constant having fixed slab thickness ofh = 1.52mm.

In this section, the Mixed Potential Integral Equation (MPIE) which is discussed in [92–94]

is solved for PMA, using the vector and scalar potential Green’s function derived in equations

(4.21) and (4.22). The solution is based on solving the integral equation for unknown current
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and charge density using Method of Moment (MoM). Now, the MPIE can be expressed as

~E = jω
∫ ∫

GA · ~JsdS+∇
∫ ∫

GV · ∇ · ~Js

jω
dS (4.26)

The unknown current density~Js and charge densityqs can be written as

~Js =
N

∑
i=1

αi~Ti (ρ) (4.27)

qs =
N

∑
i=1

αiπi (ρ) (4.28)

where~Ti (ρ), πi (ρ) are the basis function for current and charge density, andαi are the unknown

coefficients in equations (4.27) and (4.28).

The charge density basis functions can be related to currentdensity basis function through the

continuity equation which can be written as

πi (ρ) = −∇ ·~Ti (ρ)

jω
(4.29)

Here, piecewise sinusoidal subdomain function is used as current density basis function for

~Ti (ρ).

By applying Method of Moment to the integral equation in equation (4.26), we get a matrix

equation of the form

[Z] [α] = [b] (4.30)

where [Z] is the 2× 2 impedance matrix and[α], [b] are the column matrix of unknown

coefficients and known excitation voltage. Thus, the elements of the impedance matrix can be

expressed asZi j = ai j + vi j , whereai j represent the contribution due to vector potential~A is

given byai j = jω
∫

~Ti(ρ) ·
∫

GA ·~Tj(ρ)dS′dSwhereas for scalar potentialV can be written as

vi j = 1
jω
∫

∇ ·~Ti(ρ) ·
∫

GV∇ ·~Tj(ρ)dS′dS. The elements of the 2×2 impedance matrix can be

explicitly written as

Zxx = jω
∫

~Ti (x) ·
∫

Gxx
A ·~Tj

(
x′
)

dx′dx+
1
jω

∫ ∂
∂x

·~Ti (x) ·
∫

GV
∂

∂x′
·~Tj
(
x′
)

dx′dx (4.31)

Zyy = jω
∫

~Ti (y) ·
∫

Gyy
A ·~Tj

(
y′
)

dy′dy+
1
jω

∫ ∂
∂y

·~Ti (y) ·
∫

GV
∂

∂y′
·~Tj
(
y′
)

dy′dy (4.32)
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Figure 4.7: Geometry of a simple rectangular printed monopole antenna on a substrate having
thicknessh = 1.52mmand dielectric constantεr = 4.3.

Zxy =
1

ω2

∫ ∂
∂x

·~Ti (x) ·
∫

GV
∂

∂y′
·~Tj
(
y′
)

dy′dx (4.33)

Zyx =
1

ω2

∫ ∂
∂y

·~Ti (y) ·
∫

GV
∂

∂x′
·~Tj
(
x′
)

dx′dy (4.34)

whereGxx
A = Gyy

A

Hence, using the four elements of 2×2 impedance matrix[Z], equation (4.30) can be solved

for unknown coefficients ofα. Now as the current density becomes known, the parameter like

input impedance and reflection coefficient for printed monopole antenna of given dimension

can be found out easily.

4.4.1 Results and Discussion

The layout of a simple rectangular printed monopole antennais shown in Fig. 4.7. The com-

puted MPIE-MoM results for input impedance and reflection coefficient of printed rectangu-

lar monopole antenna are compared with HFSS results, which shows agreement as shown in

Fig. 4.8 (a), (b) and Fig. 4.9. However, results shows some deviation in Fig. 4.8(a),(b) and
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(a)

(b)

Figure 4.8: Plot of input impedance of a simple rectangular printed monopole antenna shown in
Fig. 4.7 (a) Plot of input impedance (Real) inΩ of a simple rectangular PMA (b) Plot of input
impedance (Imaginary) inΩ of a simple rectangular PMA.

Fig. 4.9 which may be attributed to fact that in theory, the feed gap between the patch and the

ground is not being considered since in general Green’s function is evaluated for patch metal-

lization only.

The detailed geometry of F shaped PMA of [80] is depicted in Fig. 4.10, and Fig. 4.11 shows

the verification of reflection coefficient of F shaped PMA using MPIE MoM and compared with
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Figure 4.9: Plot of reflection coefficent of a simple rectangular printed monopole antenna shown
in Fig. 4.7.

Figure 4.10: Geometry of F shaped printed monopole antenna.

HFSS and experimental results addressed in [80].
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Figure 4.11: Plot of reflection coefficent theory (—•—), HFSS (—), and measured [] (– –) of a
F shaped printed monopole antenna shown in Fig. 4.10.

4.5 Summary

Green’s potential functions (both scalar and vector) in spectral domain are derived for horizon-

tal electric dipole on a lossless dielectric slab which is not backed by conducting ground plane.

Expressions for Green potential functions in spatial domain are derived here and are not avail-

able in existing literature. In addition to this the variation of potential Green’s functions with

dielectric constant and substrate thickness have also beenreported here. Applying the potential

Green’s function to integral equation and solved using MoM based on Galerkin’s method to

calculate input impedance and reflection coefficient of a printed rectangular monopole antenna.

The computed results using MPIE MoM are validated with simulated one using HFSS. Further,

the reflection coefficient of a F shaped PMA has also been evaluated using MPIE MoM and the

results are verified using both HFSS and available experimental results.
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CHAPTER 5

ANALYSIS OF RADIATION

CHARACTERISTICS OFPRINTED

MONOPOLEANTENNAS

5.1 Introduction

Printed monopole antenna (PMA) is considered as one of the most suitable antenna for broad-

band and ultra wideband applications due to its very large impedance bandwidth and omni-

directional radiation patterns. Some of the simulation andexperimental works on PMAs are

available in the literature [78–80, 95, 96]. However, theoretical analysis of radiation character-

istics of PMAs is not adequately dealt in the literature. Microstrip excited printed monopole

antenna can be considered as an asymmetrically driven dipole antenna, in which the patch and

the ground plane form two arms of the dipole [97]. Since both the antenna as well as the ground

plane lie on a dielectric substrate, it is necessary to derive Green’s function taking the effect of

the dielectric into account. To derive Green’s function, the field components of an infinitesimal

current source on an ungrounded dielectric layer are found using proper boundary conditions

at the interfaces. Then, this analysis is further extended for calculation of the overall radiation

characteristics of PMA taking into account the current distribution on the patch as well the ef-

fect of the ground plane below the feed line. Theoretical treatment of PMA along with closed

form expressions for the far field radiation patterns of rectangular, circular PMA has been pre-
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sented in this chapter. In our proposed method of analysis ofPMA which is described in detail

in the next section, the field components are determined in the spectral domain. The spectral

domain field components are then used to calculate far field radiation patterns and gain for

PMAs. The theoretical results of radiation patterns for rectangular and circular PMAs fed by 50

Ω microstrip line are compared with experimental data given in [95] and [79], and simulation

results obtained using HFSS. In addition to this, the calculated theoretical gain is also verified

by HFSS simulation results.

5.2 Theory

The radiated fields of a PMA can be formulated using Green’s function of an HED lying on an

ungrounded substrate and from the knowledge of current distribution on the patch as well as the

ground plane below the feed line. The procedure for derivation of spectral domain electric and

magnetic field Green’s function has already been discussed in section 4.2.

Using the equations (4.5) and (4.6a),Ẽx andẼy at x = h are given by

Ẽx =
j

ωε0k2
ρ

[
k2

xu2

DTM
+

k2
0k2

y

DTE

]
J̃x (5.1)

Ẽy =
j

ωε0k2
ρ

[
kykxu2

DTM
− k2

0kykx

DTE

]
J̃x (5.2)

Similarly, for ay directed dipole, the final expressions forẼx andẼy are given by

Ẽy =
j

ωε0k2
ρ

[
k2

yu2

DTM
− k2

0k2
x

DTE

]
J̃y (5.3)

Ẽx =
j

ωε0k2
ρ

[
kykxu2

DTM
+

k2
0kykx

DTE

]
J̃y (5.4)

The above expressions can be re written in matrix format as,



Ẽx

Ẽy


=




Z̃xx Z̃xy

Z̃yx Z̃yy







J̃x

J̃y


 (5.5)
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The elements of 2×2 matrix can be explicitly expressed as

Z̃xx =
j

ωε0k2
ρ

[
k2

xu2

DTM
−

k2
0k2

y

DTE

]
(5.6a)

Z̃yy =
j

ωε0k2
ρ

[
k2

yu2

DTM
− k2

0k2
x

DTE

]
(5.6b)

Z̃xy = Z̃yx =
j

ωε0k2
ρ

[
kykxu2

DTM
+

k2
0kykx

DTE

]
(5.6c)

The far field radiation pattern of an x directed HED on an ungrounded dielectric layer in region

2 (z> h) can be written as [53],

Eθ =
jk0e− jk0r

2πr

[
cos(φ) Ẽx +sin(φ) Ẽy

]
(5.7)

Eφ =
jk0e− jk0r

2πr

[
−sin(φ)cos(θ) Ẽx +cos(φ)cos(θ) Ẽy

]
(5.8)

Now, substituting equations (5.1), (5.2) in equation (5.7)and(5.8),k0sin(θ)cos(φ), k0sin(θ)sin(φ),

k0cos(θ) in place ofkx, ky andkz we get the final far field expressions as,

Eθ = α1
n(θ)cos(θ){εr cos(θ)+ jn(θ) tan(β1h)}

2εrn(θ)cos(θ)+ j tan(β1h){n2(θ)+ ε2
r cos2(θ)} (5.9)

Eφ = α2
{n(θ)sec(θ)+ j tan(β1h)}

2n(θ)sec(θ)+ j tan(β1h){n2(θ)sec2(θ)+1} (5.10)

whereα1 = −cos(φ)
(

jωµ0
4πr

)
e− jk0r , α2 = sin(φ)

(
jωµ0
4πr

)
e− jk0r , β1 = k0n(θ) andn(θ) =

√
εr −sin2(θ).

The theoretical gain (G) of a HED on an ungrounded dielectric layer in a given direction (θ , φ )

can be expressed as [20],

G =
4
(
sin2φ |Eθ |2+cos2φ |Eφ |2

)

π
2∫

0
(sinθ)

[
|Eθ |2+ |Eφ |2

]
dθ

(5.11)

It may be noted that the above Green’s function for far field depend on both substrate thickness

and dielectric constant (εr ). Thus, the variation of thickness and dielectric materialand their

effects on the field as well as in the gain can be theoreticallyobserved.
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5.2.1 Derivation of Expressions for Radiated Fields of PMA

The above expressions in equations (5.9) and (5.10) give farfields of a HED on a dielectric

substrate. The current supported by the feed in printed monopole antenna shown in Fig. 5.1 can

be expressed in terms of incident traveling wave (e− jk0(x+ fg)) and reflected wave (Γejk0(x+ fg))

due to impedance discontinuity at the junction of feed and the patch. Note that,x+ fg is the

total length of the feed including feedgap (fg) andΓ is the current reflection coefficient. Thus

the net current given to PMA through the feed line can be givenby [98],

J(x,y) = âxI0(e
− jk0(x+ fg) +Γejk0(x+ fg)) (5.12)

Hence,

Figure 5.1: Geometry of rectangular printed monopole antenna on dielectric substrate (εr = 4.3
, tanδ = 0.02 ) of thicknessh = 1.52mm

J̃(kx,ky) =

L/2∫

−L/2

W/2∫

−W/2

J(x,y)e− j(kxx+kyy)dxdy (5.13)
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So after replacingkx andky by k0sin(θ)cos(φ) andk0sin(θ)sin(φ) and forΓ = −1, equation

(5.13) can be written as,

J̃(θ ,φ) =
4Wsinc(05k0Wsin(θ)sin(φ)) [σ1−σ2](

(k0sin(θ)cos(φ))2−1
) (5.14)

where

σ1 = 2sin(0.5k0Lsin(θ)cos(φ))cos(0.5k0L)
{

k0cos( fgk0)+ jk0sin(θ)cos(φ)sin( fgk0)
}

σ2 = 2cos(0.5k0Lsin(θ)cos(φ))sin(0.5k0L)
{

k0sin(θ)cos(φ)cos( fgk0)+ jk0sin( fgk0)
}

It may be noted that current distribution in equation (5.14)includes a quadrature term. In

(a) φ = 0 (b) θ = 90

Figure 5.2: Radiation patterns of the rectangular printed monopole antenna shown in at 2.45
GHz (Theory (—), simulation using HFSS (– –) and measured (• )) .

case of printed monopole antennas, the ground plane also contributes to the radiation field. The

ground plane acts as an asymmetric image of the monopole to form an asymmetrically driven

dipole antenna. The current distribution in the ground plane can be given as,

J̃g(θ ,φ ) =
4Wgsinc(05k0Wgsin(θ)sin(φ)) [σ11−σ12](

(k0sin(θ)cos(φ))2−1
) (5.15)

where

σ11 = 2k0sin(0.5k0Lgsin(θ)cos(φ))cos(0.5k0Lg)

σ12 = 2k0cos(0.5k0Lgsin(θ)cos(φ))sin(0.5k0Lg)sin(θ)cos(φ)
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(a) φ = 0 (b) θ = 90

Figure 5.3: Radiation patterns of the rectangular printed monopole antenna shown in at 5.2 GHz
(Theory (—), simulation using HFSS (– –) and measured (• )) .

Lg, Wg represents the length and width of the ground plane of PMA. Thus the overall radiation

pattern for the rectangular printed monopole antenna, including the effect of the partial ground

plane as shown in Fig. 5.1 can be written as,

Eθ pr =

(
jωµ0

4πr

)
e− jk0r(J̃(θ ,φ)+ J̃g(θ ,φ ))Eθ (5.16)

Eφ pr =

(
jωµ0

4πr

)
e− jk0r(J̃(θ ,φ)+ J̃g(θ ,φ ))Eφ (5.17)

The gain for the case of a rectangular printed monopole antenna can be calculated using equa-

tion (5.11). The closed form expressions for the far field radiation patterns of circular printed

monopole antenna shown in Fig. 5.5, can be written as

Eθ pc =

(
e− jk0r

r

)
(J̃(θ ,φ)+ J̃g(θ ,φ))Eθ (5.18)

Eφ pc =

(
e− jk0r

r

)
(J̃(θ ,φ)+ J̃g(θ ,φ))Eφ (5.19)

For circular PMA,J̃(θ ,φ) can be written as,

J̃(θ ,φ) =

2π∫

0

a∫

0

J(acos(θ),asin(θ))e− j(kxacos(θ )+kyasin(θ ))adadθ (5.20)
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Figure 5.4: Gain of the rectangular printed monopole antenna on dielectric substrate (εr = 4.3 ,
tanδ = 0.02) of thicknessh = 1.52mm.

Figure 5.5: Geometry of circular printed monopole antenna on dielectric substrate (εr = 4.7 ,
tanδ = 0.02) of thicknessh = 1.5mm

, wherekx = k0sin(θ)cos(φ), ky = k0sin(θ)sin(φ) anda is the radius of the circle. Similar to

rectangular PMA, the gain of circular printed monopole antenna can be found using equation

(5.11).
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5.3 Results

This section presents the results computed using the analytical expressions derived for the rect-

angular PMA and circular PMA and compares the same with the measured results available

in literature [95] (for rectangular), [79] (for circular) as well with the results obtained through

HFSS simulations. The radiation patterns of rectangular printed monopole antenna are shown

in Fig. 5.2 and Fig. 5.3, whereas the gain plot is shown in Fig.5.4.

(a) E plane (b) H plane

Figure 5.6: Radiation patterns of the circular printed monopole antenna shown in Fig. 5.5 at 3
GHz ( Theory (—), simulation using HFSS (– –) and measured (• )).

(a) E plane (b) H plane

Figure 5.7: Radiation patterns of the circular printed monopole antenna shown in Fig. 5.5 at 6.5
GHz ( Theory (—), simulation using HFSS (– –) and measured (• ) ).

The radiation patterns of circular printed monopole antenna are shown in Fig. 5.6 and Fig.

5.7, whereas the gain plot is shown in Fig. 5.8.
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Figure 5.8: Gain of the circular printed monopole antenna ondielectric substrate (εr = 4.7 ,
tanδ = 0.02) of thicknessh = 1.5mm.

5.4 Summary

This chapter presents the details of analytical evaluationof radiation patterns for rectangular and

circular printed monopole antenna. Since the ground plane also affects the radiation character-

istics of PMAs, taking the ground plane as an asymmetric image of the monopole the overall far

field components of PMA are derived. Using the analytical expressions for the far field, the the-

oretical gain for the PMAs is computed. The theoretical results for the radiation pattern are in

good agreement with HFSS simulated results and experimental results. Further, the theoretical

gains of both PMAs are also verified using HFSS simulations.
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CHAPTER 6

PERFORMANCE OFPRINTED MONOPOLE

ANTENNA WITH MAGNETO-DIELECTRIC

COVER

6.1 Introduction

As already mentioned, printed monopole antennas are suitable choices for ultrawideband (UWB)

operation and for obtaining omnidirectional radiation characteristic. In general, UWB refers to

an absolute bandwidth in excess of 500 MHz or percentage bandwidth more than 20 [99]. PMAs

are generally fabricated on a dielectric substrate supported on a ground plane which extend upto

feedline only [79], [95]. PMA design covering the UWB band (3.1 GHz-10.7 GHz) is reported

in literature [79]. In order to achieve UWB operation in the 8GHz to 18 GHz band, simple

rectangular printed monopole antenna (RPMA) with a cover layer of magneto-dielectric ma-

terial is proposed here. In [25], closed form expressions for far field radiation parameter has

been evaluated for simple microstrip antenna by modeling the antenna as an horizontal electric

dipole (HED) lying on an grounded dielectric layer. For the proposed antenna configuration,

the metallic patch of PMA can be modeled as a horizontal electric dipole (HED) lying on a

ungrounded dielectric layer covered by another magneto-dielectric layer, and both dielectric

as well as magneto-dielectric layer can be modeled as a transmission line with characteristic

impedance and propagation constant which depend on angleθ [20]. Since the characteristic

impedance depends both on the substrate and the superstratematerial, thus the change in radi-

59
TH -1533_11610238



Chapter 8 Performance of Printed Monopole Antenna with Magneto-dielectric Cover

ation properties of PMA with respect to variation in dielectric substrate and magneto-dielectric

superstrate can be considered theoretically. Finally, theoretical results derived here for the radi-

ation pattern of a rectangular PMA with magneto-dielectriccover fed by 50Ω microstrip line

on a dielectric substrate is compared with Ansoft High Frequency Structure Simulator (HFSS)

results. In addition, return loss performance of the proposed antenna is compared with that of

PMA with and without dielectric cover to demonstrate bandwidth enhancement for the proposed

antenna.

6.2 Theory

Figure 6.1: Geometry of HED along x- axis on the interface of ungrounded dielectric and
magneto-dielectric cover.

Horizontal electric dipole (HED) lying at the interface of dielectric substrate and magneto-

dielectric superstrate, and the substrate is backed by freespace rather than metallic ground

plane as shown in Fig. 6.1. Jackson et.al. [20] proposed thatelectric field alongx direction

at the interface (z = h) due to a far distant source either inθ or φ direction, by reciprocity

theorem, will be equivalent to far fieldEθ or Eφ due to HED at the interface. Thus, the substrate

and the superstrate layer can be modelled as transmission line having length equal to thickness

of the substrate and the superstrate respectively. In addition to this, characteristic impedance

and propagation constant areθ dependent. Thus, the far field expression for a PMA covered by
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a magneto-dielectric superstrate can be derived [20] as

Eθ = −cos(φ)

(
jωµ0

4πr

)
e− jk0r J̃(θ ,φ )

2cos(θ)(A+ jB)

(C+ jD)
(6.1)

Eφ = sin(φ)

(
jωµ0

4πr

)
e− jk0r J̃(θ ,φ)

2cos(θ)(A1+ jB1)

(C1 + jD1)
(6.2)

whereJ̃(θ ,φ ) can be written as given in [54]

J̃(θ ,φ) =
V0

Z0

(2π/L)cos(0.5k0Lsin(θ)cos(φ))

(π/L)2−
(
k2

0sin2(θ)cos2(φ)
) ×sinc(0.5k0Wsin(θ)sin(φ))

and

A = cos(θ)

(
1− εr1n2(θ)

εr2n1(θ)
tan(β1h1) tan(β2h2)

)

B =
n1(θ) tan(β1h1)

εr1
+

n2(θ) tan(β2h2)

εr2

C = 1+cos(θ)− tan(β1h1) tan(β2h2)

(
εr1n2(θ)

εr2n1(θ)
+

εr2n1(θ)

εr1n2(θ)
cos(θ)

)

D =

(
n1(θ) tan(β1h1)

εr1
+

n2(θ) tan(β2h2)

εr2

)
+cos2(θ)

(
εr2 tan(β2h2)

n2(θ)
+

εr1 tan(β1h1)

n1(θ)

)

A1 = cos(θ)

(
1− µr2n1(θ)

µr1n2(θ)
tan(β1h1) tan(β2h2)

)

B1 =
µr1 tan(β1h1)

n1(θ)
+

µr2 tan(β2h2)

n2(θ)

C1 = 1+cos(θ)− tan(β1h1) tan(β2h2)×
(

µr1n2(θ)

µr2n1(θ)
+

µr2n1(θ)

µr1n2(θ)
cos(θ)

)

D1 =

(
n1(θ) tan(β1h1)

µr1
+

n2(θ) tan(β2h2)

µr2

)
+cos2(θ)

(
µr1 tan(β1h1)

n1(θ)
+

µr2 tan(β2h2)

n2(θ)

)

wheren1(θ), n2(θ) are the effective refractive index which depend on angleθ equal to
√

εr1µr1−sin2(θ) and
√

εr2µr2−sin2(θ) respectively, propagation constantβ1 = k0n1(θ) and

β2 = k0n2(θ).
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Figure 6.2: Geometry of rectangular printed monopole antenna on dielectric substrate (εr1 = 4.3
, µr1 = 1, tanδe = 0.02) of thicknessh1 = 1.52mm cover by magneto-dielectric superstrate
(εr2 = 3 , µr2 = 1.5, tanδe = 0.02,tanδm = 0.02) of thicknessh2 = 4mm.

6.3 Results

(a) X-Y plane (b) X-Z plane

Figure 6.3: Radiation patterns of rectangular printed monopole antenna with magneto-dielectric
cover at 13 GHz (Theory (—), simulation using HFSS (– –)).

In order to show the validity of the proposed method, the theoretical results are compared

with results simulated using HFSS. A simple rectangular printed monopole antenna fed by a 50

Ω transmission line covered with magneto-dielectric substrate is shown in Fig. 6.2. In Fig. 6.4,
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Figure 6.4: Simulation results (HFSS) for reflection coefficient of rectangular printed monopole
antenna as shown in Fig. 6.2 for magneto-dielectric cover, dielectric cover and without cover

the comparison of reflection coefficient of printed rectangular monopole antenna with cover

(magneto-dielectric and dielectric) and without cover is shown, whereas Fig. 6.3 shows the

radiation plot of rectangular PMA with magneto-dielectricsuperstrate. Fig. 6.3(a) and Fig.

6.3(b) are the radiation plots in both the plane for rectangular PMA with magneto-dielectric

cover whereas Fig. 6.4, shows the reflection coefficient of the same with dielectric, magneto-

dielectric cover and without any cover, in which huge 8.1 GHzbandwidth is achieved with

magnetodielectric cover in comparison to both dielectric cover and without cover.

6.4 Summary

The present chapter focusses on performance of a rectangular printed monopole antenna cover

by a magneto-dielectric substrate. Using transmission line analogies, closed form expression

for far field radiation pattern are theoretically derived and they are validated by HFSS. Some

mismatch is observed between theory and simulation (HFSS) which can be attributed to fact

that in theory the feed gap between the patch and the ground isnot taken into consideration and

the effect of ground plane is also neglected. PMA with magneto-dielectric cover is found to

offer larger bandwidth as compared to PMA with dielectric cover or PMA without any cover.
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CHAPTER 7

PERFORMANCE OFPRINTED MONOPOLE

ANTENNA ON UNIAXIAL SUBSTRATE

7.1 Introduction

Spectral domain immittance approach is used to analyze multilayered microstrip structures.

As mentioned earlier, Itoh et. al. [26], first proposed the immittance approach based analysis

for dispersion characteristics of printed transmission lines. In general, patch portion of the

microstrip structure is considered as an equivalent current source or a horizontal electric dipole

(HED) to calculate Green’s function. Similarly the metallic patch of printed monopole antenna

(PMA) can be considered as HED with the difference that the ground plane below the patch

is removed. However, in case of PMA, ground plane below the feed line is also a part of

the radiator to form an asymmetric dipole antenna. Thus, immittance approach offers electric

field formulation by avoiding the calculation of the coefficients of the field components from

the boundary conditions at each interfaces. In earlier cases, studies of PMA is primarily done

using dielectric substrate, but here the performance of thesame is performed with uniaxial

substrate and on the same note the PMA is also analyzed using immittance approach which

was earlier used mainly for the analysis of microstrip antennas. In the following sections of the

present chapter, theoretical analysis of rectangular PMA on uniaxial substrate using immittance

approach is presented and validation of the analytical results using HFSS is performed in the

results section. The simulation for the return loss of rectangular PMA on uniaxial substrate is

also performed by High Frequency Structure Simulator (HFSS). It may be mentioned here that
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the performance of microstrip antenna on uniaxial substrate has been reported in literature [33],

but such studies for PMA is not available in literature.

Figure 7.1: Geometry of HED along x- axis on the interface of dielectric and free space.

7.2 Theory
The uniaxial dielectric can be characterized using a permittivity tensor in the form

ε =




εx 0 0

0 εx 0

0 0 εz




(7.1)

In general, uniaxial dielectric can be subdivided into two groups in terms of Axial Ratio (AR)

which is basically ratio ofεz/εx. If, εz/εx < 1 then it is negative uniaxial and forεz/εx > 1 it is

positive uniaxial [33].

To derive spectral domain Green’s function, an HED lying on aungrounded uniaxial dielectric

layer is considered first since the ground plane under the patch is not present for PMAs as shown

in Fig. 7.1. The spectral domain field components of a HED on lossless ungrounded uniaxial

dielectric can be expressed in matrix form as,



Ẽx

Ẽy


=




Z̃xx Z̃xy

Z̃yx Z̃yy







J̃x

J̃y


 (7.2)
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Now the above matrix equation in (7.2), can be explicitly written using [26] as,

Ẽx = − 1
α2 +β 2

(
α2Z̃e+β 2Z̃h

)
J̃x−

αβ
α2 +β 2

(
Z̃e− Z̃h

)
J̃y (7.3)

Ẽy = − 1
α2 +β 2

(
β 2Z̃e+α2Z̃h

)
J̃x−

αβ
α2 +β 2

(
Z̃e− Z̃h

)
J̃y (7.4)

whereα = jkx andβ = jky.

The termsZ̃e, Z̃h in equation (7.3) and (7.4) are corresponding Green’s function for TM and

TE waves.Z̃e, Z̃h are identified as inverse of wave admittances observed from HED located at

the interface of free space and ungrounded dielectric. The expressions related tõZe, Z̃h can be

given by [100],

Z̃e =
1

jω
{

1
u2

+ εx(ua+εxu0 tanh(uah))
ua(u0εx+ua tanh(uah))

} (7.5)

Z̃h =
jω{

u0+
ub(u0+ub tanh(ubh))
(ub+u0 tanh(ubh))

} (7.6)

whereu0 = u2 =
√

α2 +β 2−k2
0, ua =

√
εx
εz

(α2 +β 2)− εxk2
0 andub =

√
α2 +β 2− εxk2

0.

The far field radiation pattern of a HED on an ungrounded uniaxial dielectric layer in air(z> h)

can be written as [53],

Eθ =
e− jk0r

2πr

[
cos(φ) Ẽx +sin(φ) Ẽy

]
(7.7)

Eφ =
e− jk0r

2πr

[
−sin(φ)cos(θ) Ẽx +cos(φ)cos(θ) Ẽy

]
(7.8)

The directivity of given antenna can be given as,

D =

r2

2η0

(
|Eθ |2+

∣∣Eφ
∣∣2
)
|θ=0

1
2η0

2π∫

0

π
2∫

0

(
|Eθ |2+

∣∣Eφ
∣∣2
)

r2sin(θ)dθdφ

(7.9)
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Figure 7.2: Geometry of printed rectangular monopole antenna on uniaxial substrate of thick-
ness h = 1.5mm.

Figure 7.3: Comparison of reflection coefficient using positive uniaxial substrate (εx = 1.2,
εz = 2.1), negative uniaxial substrate (εx = 2.1, εz = 1.2) and dielectric substrate (εr = 2.2) on
a simple rectangular printed monopole antenna shown in Fig.7.2.

7.3 Results

The geometry of simple rectangular PMA fed by 50Ω microstrip line on an uniaxial substrate

of thickness 1.5 mm is shown in Fig. 7.2. Here, we consider both positive as well as negative
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uniaxial substrate cases, for negative uniaxial the valuesof the matrix in equation (7.1) are

εx = 2.1, εz = 1.2 and for positive uniaxialεx = 1.2, εz = 2.1. The axial ratio (AR) becomes

1 for simple dielectric. It can be noted from Fig. 7.3 that uniaxial substrate offers greater

Figure 7.4: Comparison of efficiency using positive uniaxial substrate (εx = 1.2, εz = 2.1),
negative uniaxial substrate (εx = 2.1, εz = 1.2) and dielectric substrate (εr = 2.2) on a simple
rectangular printed monopole antenna shown in Fig. 7.2.

(a) φ = 0 (b) θ = 90

Figure 7.5: Theory (—) and simulation using HFSS (– –) for the radiation patterns of printed
rectangular monopole antenna shown in Fig. 7.2 using positive uniaxial substrate at 1.7 GHz.

bandwidth compared to simple dielectric one. From Fig. 7.4 it can be be seen that the efficiency

increases in the given band with increase in frequency for positive uniaxial substrate. But within

the same range of frequency for negative uniaxial and dielectric substrate efficiency degrades.

In dielectric case efficiency is much worse compared to negative uniaxial. The comparison
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(a) φ = 0 (b) θ = 90

Figure 7.6: Theory (—) and simulation using HFSS (– –) for the radiation patterns of printed
rectangular monopole antenna on shown in Fig. 7.2 using positive uniaxial substrate at 2.1 GHz.

of theoretical and simulation (HFSS) results for the radiation pattern of rectangular PMA on

positive uniaxial substrate are shown in Fig. 7.5 and Fig. 7.6.

From Fig. 7.7 and Fig. 7.8, it can be concluded that PMA with positive uniaxial substrate

offers greater directivity compared to negative uniaxial one. In other words, gain of PMA with

positive uniaxial substrate is greater than negative uniaxial substrate since directivity is directly

proportional to gain.

Figure 7.7: Plot of directivity of a simple rectangular printed monopole antenna on positive
uniaxial substrate (εx = 1.2, εz = 2.1) shown in Fig. 7.2.
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Figure 7.8: Plot of directivity of a simple rectangular printed monopole antenna on negative
uniaxial substrate (εx = 2.1, εz = 1.2) shown in Fig. 7.2.

7.4 Summary

In this chapter spectral domain immittance approach is usedto derive Green’s function for hor-

izontal electric dipole which lies on a uniaxial dielectriclayer not backed by metallic ground

plane. Expressions for far field Green functions for the sameare derived here. The derived

far field Green’s function are utilized to calculate the radiation pattern for rectangular printed

monopole antenna lying on a uniaxial substrate. From the results presented it can be seen that

the uniaxial substrate performs better in comparison to dielectric substrate in terms of band-

width, efficiency and directivity for PMAs. Among both type of uniaxial substrate, positive

uniaxial substrate is better compared to negative one. Further, the theoretical results for the ra-

diation pattern as well as directivity are in good agreementwith simulated ones obtained using

HFSS.
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CHAPTER 8

CIRCUIT REPRESENTATION OFDIFFERENT

PRINTED MONOPOLEANTENNAS

8.1 Introduction

PMAs are preferred for UWB applications and some of the PMAs used as ultrawideband

(UWB) antennas are available in [78, 79, 95]. Ammann et. al. in [101], give optimum size

of the antenna as well as ground plane for proper radiation characteristics of PMA. Impedance

should be matched properly between the feedline and the antenna in order to achieve proper

radiation characteristics. Radiation pattern is almost independent of the frequency near the first

resonance, but the same become strongly frequency dependent as the radiation pattern changes

rapidly for next higher order resonances [102]. Circuit representation of a lossy one port device,

for example antenna, can be represented in first canonical form of Foster [103], which consists

of series inductance and capacitance with parallel R, L, C circuit. In case of printed antennas

particularly for microstrip antenna the series capacitance is the static capacitance which arises

due to patch and the ground plane, inductance represents contribution of different higher order

modes which arises due to step impedance discontinuity at the junction of the feedline and the

patch, the parallel R, L, C circuit represents particular radiating mode(s) only. In [102], ultra-

wideband (UWB) antennas is represented in first canonical form of Foster. Printed monopole

antenna with ground slot is presented in equivalent circuitform is given in [104]. But both of

the two previous literatures didn’t present the lumped element values of resistance, inductance

and capacitances for the overall structures. Here, we presents the equivalent circuit of different
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PMA cases with slight modification in existing form of equivalent circuits. Unlike microstrip

antenna, PMA is devoid of ground plane below the patch so the static capacitance in series

can be neglected. Thus a single inductance in series with parallel R, L, C circuit is enough to

represent such antennas. In addition to this, each of the values of different elements such as

resistance, inductance and capacitance for different PMA cases are presented in tabular form.

The theoretical results for the different cases are then compared with simulation using High

Frequency Structure Simulator(HFSS) and available experimental results.

Figure 8.1: Equivalent circuit of multiple resonant antenna in first canonical form of Foster

8.2 Analysis of Antenna

Antennas operating in multiple resonating frequency are generally represented in first canonical

form of Foster as shown in Fig. 8.1. The overall impedance of the above network can be given

explicitly given as

Zin = j

(
ωL0−

1
ωC0

)
+

N

∑
n=1

(
ω2Ln

2Rn

(Rn−ω2RnLnCn)
2
+ω2Ln

2
+ j

ωRn
2Ln
(
1−ω2LnCn

)

(Rn−ω2RnLnCn)
2
+ω2Ln

2

)

(8.1)

It may be noted from equation (8.1) that both real and the imaginary parts of the input impedance

are varying with frequency.

For printed monopole antenna, the equivalent circuit as shown in Fig. 8.1 can be used with the

modification thatC0 is not included in the equivalent circuit. In the following sections of the

chapter different printed monopole antenna cases with their different circuit parameter values

and their validation with simulation (in HFSS) and available experimental results are presented.
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8.2.1 Case I: Printed Strip Monopole Antenna

A printed strip monopole antenna considered here is shown inFig. 8.2. The circuit represen-

Figure 8.2: Geometry of printed strip monopole antenna on FR4 substrate having thickness 1.6
mm

tation of the printed strip monopole antenna is shown in Fig.8.3. The different values of the

Figure 8.3: Circuit representation of strip printed monopole antenna

resistance, inductance and capacitance corresponding to strip printed monopole antenna are

given below in Table. 8.1. The return loss for printed strip monopole antenna is shown in

Fig. 8.4, whereas real and imaginary impedance are shown in Fig. 8.5 and Fig. 8.6 respectively.

The number of resonator chosen for a given antenna is depend on the number of zero crossing in

the imaginary impedance plot. In Fig. 8.6, it can be observedthat the number of zero crossing

is four. But on the same note, the radiation would be proper onthe frequency band in which
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Table. 8.1: Lumped element values of strip printed monopoleantenna

Zin Z0 Z1 Z2 Z3 Z4

Rn 79.49 195.94 49.63 28.77
Ln 0.178 nH 0.190 nH 1.3 nH 0.189 nH 0.226 nH
Cn 21.4 pF 1.1 pF 2 pF 0.528 pF
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Figure 8.4: Return loss of printed strip monopole antenna
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Figure 8.5: Real part of input impedance of printed strip monopole antenna

reactance is zero or very low and resistance part is 50Ω or near by 50Ω. Antenna depicts in

Fig. 8.2 shows good impedance matching near about 2.8 GHz and8.1 GHz. The value of real

part of the impedance i.e. resistance, can be obtained directly from the real impedance plot. In

order to obtain the value of imaginary part of the impedance one can use equationXL = ωL or

XC = 1/ωC to get inductive or capacitive values.
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Figure 8.6: Imaginary part of input impedance of strip printed monopole antenna

8.2.2 Case II: Rectangular Printed Monopole Antenna

The geometry of rectangular PMA considered in [95], is shownin Fig. 8.7 and it is being tested

through circuit approach and validated by simulation in HFSS. In Fig. 8.8, return loss for

Figure 8.7: Geometry of rectangular printed monopole antenna on substrate having dielectric
constant 4.3 and thickness h= 1.52 mm

rectangular PMA is shown and it is observed that the available measured result in [95] is close

to theoretical one. The width of the strip increases the bandwidth increases drastically. The

Fig. 8.9 and Fig. 8.10 are input impedance (real and imaginary) plot for the rectangular PMA.
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Figure 8.8: Return loss of rectangular printed monopole antenna
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Figure 8.9: Real part of input impedance of rectangular printed monopole antenna
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Figure 8.10: Imaginary part of input impedance of rectangular printed monopole antenna

The different values of the resistance, inductance (in nH) and capacitance (in pF) corresponding

to rectangular printed monopole antenna are shown in Table.8.2. From Fig. 8.10, it has been

observed that the number of zero crossing is nine in reactiveimpedance plot. For this type of

antennas the resonance takes place at the frequencies whichare very nearer to each other to get
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Table. 8.2: Lumped element values of rectangular printed monopole antenna

Zin Z0 Z1 Z2 Z3 Z4 Z5 Z6 Z7 Z8 Z9

Rn 122 130.3 23.24 54.67 24.01 32.58 20.31 41.7 27.22
Ln 0.178 0.43 2 0.328 0.5 0.59 0.12 0.15 0.17 0.16
Cn 126 4.9 18 7.3 3.6 13 8.4 6.2 4.8

huge bandwidth.

8.2.3 Case III: Bend Strip Printed Monopole Antenna

In this section bend strip monopole antenna is analyzed. Thegeometry of the antenna is shown

in Fig. 8.11. The different values of the resistance, inductance and capacitance corresponding to

Figure 8.11: Geometry of bend strip printed monopole antenna on FR4 substrate having thick-
ness 1.6 mm

bend strip printed monopole antenna are given below in Table. 8.3. In case of bend strip printed

Table. 8.3: Lumped element values of bend strip printed monopole antenna

Zin Z0 Z1 Z2 Z3 Z4

Rn 47.09 264.77 24.30 89.67
Ln 0.178 nH 0.7 nH 0.127 nH 0.35 nH 0.38 nH
Cn 6.2 pF 11.3 pF 2.5 pF 0.94 pF

77
TH -1533_11610238



Chapter 8 Circuit Representation of Different Printed Monopole Antennas

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
−25

−20

−15

−10

−5

0

Frequency (in GHz)

S 11
 (

in
 d

B
)

 

 

HFSS
Circuit

Figure 8.12: Return loss of bend strip printed monopole antenna

monopole antenna overall current path length is increased compared to simple strip monopole

antenna, so the first resonant frequency get lowered near 2.5GHz as shown in Fig. 8.12. The
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Figure 8.13: Real part of input impedance of bend strip printed monopole antenna
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Figure 8.14: Imaginary part of input impedance of bend stripprinted monopole antenna

input impedance plot of bend strip printed monopole antennashown in Fig. 8.13 and Fig. 8.14.
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The number of resonator considered here is four since zero crossing point observed in Fig. 8.14

is four.

8.2.4 Case IV: Bend Strip Printed Monopole Antenna with Protruding

Stub in the Ground Plane

In [105], simulated and measured results are produced for bend strip printed monopole antenna

with protruding stub in the ground plane. Here, the circuit representation with corresponding

values of lumped elements of printed monopole antenna with protruding stub in the ground are

presented. The results are both verified by simulation and available measured result in [105]

for the return loss. The layout for the said configuration is shown in Fig. 8.15. The values of

Figure 8.15: Geometry of bend strip printed monopole antenna with protruding stub in the
ground plane on FR4 substrate having thickness 1.6 mm.

the resistance, inductance and capacitance related to bendstrip printed monopole antenna with

protruding stub in the ground plane are given below in Table.8.4. In Fig. 8.16, it has been

Table. 8.4: Lumped element values of bend strip printed monopole antenna with protruding
stub in the ground plane

Zin Z0 Z1 Z2 Z3 Z4

Rn 79.25 250.72 92.39 20.31
Ln 0.178 nH 0.83 nH 1.0 nH 0.20 nH 0.9 nH
Cn 6.5 pF 1.2 pF 3.4 pF 1 pF
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Figure 8.16: Return loss of bend strip printed monopole antenna with protruding stub in the
ground plane

observed that second resonance become more specific in 5.8 GHz due to addition of the stub in

the ground plane which provides an another path for the current to radiate. But in Fig. 8.12 due

to absence of the stub in the ground the small amount of radiation is occurring at 5.8 GHz due to

presence of ground plane only. The theoretical result in Fig. 8.16 is verified with measurement

result available in [105]. The input impedance both real andimaginary for the present case is

shown in Fig. 8.17 and Fig. 8.18. The number of resonator considered here is four since zero
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Figure 8.17: Real part of input impedance of bend strip printed monopole antenna with protrud-
ing stub in the ground plane

crossing point observed in Fig. 8.18 is four.
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Figure 8.18: Imaginary part of input impedance of bend stripprinted monopole antenna with
protruding stub in the ground plane

8.3 Summary

This chapter presents a circuit representation approach for the analysis of printed monopole

antenna for different cases. Modified circuit representation is presented for PMA cases. The

work not only focussed on presenting circuit representation of the different cases of PMA but

also provides the values of different lumped elements whichconstitute the circuit. Further,

the performance of such equivalent circuit are compared with simulation using HFSS via input

impedance and return loss calculation. In addition, the return loss plot for rectangular PMA, cir-

cular PMA and printed monopole antenna with protruding stubin the ground plane are verified

with available experimental results.
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CHAPTER 9

CONCLUSIONS ANDFUTURE WORK

9.1 Conclusions

Many research work on printed monopole antenna based on simulation and measurements have

been reported in literatures. However, detailed theoretical investigation on PMA have not been

reported. In this thesis, theoretical analysis for PMA is presented in detail and theoretical results

are verified with simulation (HFSS) and available experimental data from published works.

Briefly, the approach used for the analysis of PMA are summarized as follows:

A. Full wave analysis of PMA

Spatial domain potential Green’s functions of a horizontalelectric dipole (HED) lying on

an ungrounded dielectric slab is derived. The full wave technique (MoM) based on Mixed

Potential Integral Equation (MPIE), involving the derivedpotential Green’s functions, is used to

calculate the input impedance as well as the refection coefficient of printed monopole antennas

(PMAs). The performance of rectangular and F shaped PMAs areevaluated using MPIE-MoM.

The computed results for the input impedance and reflection coefficient of rectangular PMA are

verified with HFSS results. Further, refection coefficient of F-shaped PMA is computed using

MPIE-MoM which is verified by HFSS simulation and available experimental result.

B. Approximate analysis of PMA using transmission line analogy

Derivation of a closed form expression for input admittanceof horizontal electric dipole

over an ungrounded substrate using transmission line analogy is presented. The derived expres-
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sion is then used to calculate reflection coefficient of rectangular and circular printed monopole

antenna (PMA) fed by a microstrip line. Analytical result for the reflection coefficient of both

rectangular and circular PMA is verified using HFSS. For circular PMA, analytical and sim-

ulated results are also compared with the measured results available in literature. Effect of

the dimension and dielectric material parameters on the antenna bandwidth is also studied and

verified by HFSS.

C. Circuit Representation of Different Printed Monopole Antennas

Circuit representation of printed monopole antennas for different antenna cases is presented

here. In general, a simple parallel R, L, C circuit is enough to represent a particular band of an

antenna. Similarly for multi-band antenna, each resonancecan be replace by their equivalent

parallel R, L, C circuit. Thus overall circuit of a lossy one port device such as antenna can be

modeled by series inductance and capacitance with parallelR, L, C circuit(s). But the effect of

capacitance in series is not relevant for printed monopole antennas since ground plane below the

patch is absent for such cases. Circuit representation is presented for different printed monopole

antennas cases with their individual lumped element valuesfor each design of the antenna which

are further verified by HFSS and available experimental results.

9.2 Suggestions for Future Research

Following the proposed methods described in this thesis, a number of possible directions for

extensions to this work are discussed below:

• In this work basically microstrip line fed PMA have been analyzed. Coplanar waveguide

fed PMA is not considered here so further study of such structure would be interesting.

• In the present work, polarization aspect of PMA is not considered theoretically. Such

investigation may be carried out for further analysis of PMA.

• Theoretical investigation for any arbitrary shape patch and ground plane would be inter-

esting.
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• It will be interesting to carry out the theoretical analysisof PMA with notches.
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