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Abstract 

 
Recently, antenna designs with multi-frequency operation and multi-polarization 

characteristics are in great demand for future wireless systems. In the thesis, 

several integrated microstrip antenna designs have been proposed for wireless 

applications. Integrated semi-circular and triangular patch antennas have been 

designed for various wireless data communication applications exhibiting linear 

polarization characteristics. In these designs, the patch has been integrated with 

slots and monopoles for multi-resonance operation. Another multi-band antenna 

realizing annular ring patch configuration has been designed for similar wireless 

applications. A technique to independently tune the frequencies of operation has 

also been introduced. Furthermore, a single layer, multi-band rectangular patch 

antenna has been proposed for data transmission and localization applications 

with different polarization requirements. The patch has been integrated with four 

monopoles to achieve circularly and linearly polarized radiation characteristics. 

The design procedures of the antennas have been described and their 

performances have been validated using electromagnetic solvers and 

measurements.  
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Chapter 1 

 

Introduction 

 

 

Immense development in the field of wireless communications has increased the 

need to design equipments capable of supporting multiple wireless applications 

with a single portable device. Therefore to satisfy the growing needs of upcoming 

technologies, one of the desired aspects of the products will be the miniaturized 

multi-purpose antenna designs for multi-band operations with suitable radiation 

and polarization characteristics [1-8]. These wireless applications include wireless 

data transmission, navigational and positional support, satellite radio services and 

various other applications.  Today, wireless technology has become an integral 

part of the lives of the common people. With the introduction of numerous 

advancements in the communication industry; the competitiveness in designing 

multi-purpose antennas has grown manifolds.   

 

 

1 
 

                                                 
1 A version of this chapter had been submitted as MSc. research project proposal ECE 601; K. 

Jhamb, “Miniaturized Multi-band Multi-polarized Microstrip Patch Antennas for Wireless 
Systems”, April 2010, University of Alberta, Edmonton, Canada. 
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Nonetheless, many countries have allocated different frequency requirements for 

same wireless applications that further require incorporation of independent 

frequency tunabilty in future antenna designs [9]. For example, the existing first 

and second generation wireless cellular mobile communication systems operate in 

the AMPS (824-894 MHz) and PCS (1850-1990 MHz) bands in America, in the 

GSM (880-960 MHz) and DCS (1710-1880 MHz) bands in Europe, and in the 

PDC (810-915 MHz) and PHS (1895-1918 MHz) bands in Japan [10]. Therefore, 

if an antenna incorporates independent frequency tuning, the same design can be 

implemented to realize an antenna for different countries. Furthermore, the next 

generation mobile communication systems have also been established in the 

market. A new spectrum has already been allocated around 2 GHz (IMT 2000) for 

3G and 4G communication systems [11]. Thus, the products compatible for multi-

wireless applications require different frequency and polarization specifications, 

which is an impending challenge for the wireless industry. 

 

Among various wireless applications, some of the data communication 

technologies such as wireless local area network (WLAN), worldwide 

interoperability for microwave access (WiMAX), personal communication 

services (PCS) and Bluetooth (BT) are capturing a lot of market interest globally. 

The WLAN operates in 2.4 GHz band (2400-2484 MHz) and requires linear 

polarization (LP) [12-14]. WLAN (IEEE 802.11 b/g) enables portable devices like 

laptops, personal digital assistants (PDA’s) or cell phones to have wireless 

connectivity for various professional and personal applications. Furthermore, 
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technologies like HomeRF and BT also operate in the same frequency range, 

thereby making this band useful for various commercial applications. WiMAX 

operates at 2500/3500/5500 MHz bands and requires linear polarization 

characteristics [15-16]. It is based on IEEE 802.16 standard, also known as 

broadband wireless access band and offers similar features as WLAN, but 

possesses improved connectivity, better range and higher quality of service [15-

16]. WiMAX can be as convenient as WLAN and by just turning the user 

equipment on, it will connect the end user to the nearest WiMAX base station. 

PCS spectrum has also been categorized under data communication technologies. 

PCS operates in 1900 MHz band, which is being used for digital mobile phone 

services [17]. Facilities like call mobility, instant messaging or voice mails can be 

availed using this band. 

 

In addition to this, other than the stated communication technologies, there are 

several other satellite based communication services such as satellite digital radio 

audio communication services (SDARS) and positional support services such as 

global positioning systems (GPS) that require different polarization characteristics 

unlike WLAN, WiMAX or PCS [18]. These services are used by millions of users 

every day, all over the world. The SDARS operates at 2.32 GHz requiring left 

hand circular polarization (LHCP) and is used for satellite radio services [19].  

However, the GPS is compatible with right hand circular polarization (RHCP) and 

operates in two different bands [20]. The lower band (L2) operates from 1268.75 

MHz to 1288.75 MHz, and the upper band (L1) from 1564.4 MHz to 1583.4 

3 
 



 
 

MHz. The lower band has been reserved for United States (US) military purposes 

[21], while the upper band is extensively used for commercial navigational and 

positioning based products such as GPS systems for vehicular applications, 

laptops, cell phones, tablets and various other electronic equipments [22-24].  

 

Therefore, in order to get along with the emerging communication technologies, 

future wireless systems need to support multi-functional services such as voice, 

video, data transmission, navigational support and entertainment channels, with 

automatic access and seamless roaming across different operating frequency 

bands around the globe. Also, wireless equipments that are capable of operating 

with multi-frequency and multi-polarization requirements need to be miniaturized 

and inexpensive in order to advance their applicability. For example, a typical 

wireless system for automobiles needs to support voice (GSM), data transfers 

(WLAN or WiMAX) and location based services (GPS) along with the audio-

radio facility (SDARS). Consequently, the ideal system for the stated automobile 

applications requires a miniaturized multi-band and multi-polarized antenna that 

is capable of receiving signals at 900 MHz (voice communication - LP), 2.4 GHz 

(data transfers - LP), 1.575 GHz (GPS - RHCP) and 2.32 GHz (SDARS - LHCP). 

These multi-band multi-polarized antennas carry the real potential to create a new 

market which hands the provision of qualitative multiple services to the user. 

However to have a good quality of service, signal reliability needs to be 

maintained that requires appropriate polarization characteristics for the desired 

applications.  

4 
 



 
 

 

Microstrip antenna configuration is a preferred solution for the stated commercial 

wireless applications due to its low profile, low volume, low cost, robustness and 

easy fabrication [25-32]. There are various shapes of the microstrip patch that 

have been used in the literature, such as rectangular, semi-circular, circular, 

square, annular ring, triangular etc. All these shapes have been used for distinct 

requirements and applications [31, 33-40]. Additionally, along with the multi-

band operation, radiation requirement at different frequencies also needs to be 

encountered. For example, in case of wireless applications such as the WLAN and 

WiMAX the radiation pattern should be sideways in such a way that the 

connectivity with the base station is always maintained. However, for satellite 

based applications such as GPS and SDARS, the radiation pattern should be 

towards zenith so that better signal reception can be achieved through satellites.   

 

As inferred from the published literature, various techniques have been proposed 

for multi-band antennas. Planar inverted F antennas [2, 41-45], printed monopoles 

[1, 3, 6, 46-47], folded and printed dipoles [48-49], fractal antenna designs [50-

52], multi-layered patch or stacked patches [53-58], aperture coupled resonators 

[59], slots on the patch [60], using active elements [61-62] and other design 

configurations of microstrip antenna [63-70] are some of the examples. All the 

referred designs are limited to single polarization that is either linear or circular, 

and their configurations can be either multilayered or multi-fed. Also, many of the 

multi-band referred designs work on a single wide band resonance instead of 
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multiple resonances and do not possess independent frequency tuning. Hence, 

controlling polarization of the antenna is not possible. 

 

To achieve both circular and linear polarizations in a frequency tunable microstrip 

design using single feed and single layer configuration is much more challenging 

than achieving multi-band resonances with same polarization requirements. There 

are very few designs available in the published literature that comprehends dual 

polarizations (linear and circular) in a single layer antenna design. However, these 

designs are implemented using dual feed, dual substrate or dual patch 

configurations [71-73]. Multi-feed designs are complex due to multi receiver 

requirements. Therefore, the design of a single feed, single substrate, microstrip 

antenna that can resonate at multiple frequencies with multi-polarization is of a 

great advantage. 

 

In this thesis, a research project is proposed to achieve single feed and single layer 

multi-polarized antennas with multi-band characteristics. The framework and 

design strategies to achieve the multi-band and multi-polarized antennas will be 

presented. The overall research project is divided into two sections. The first 

section realizes single layer, single probe-fed, multi-band antenna designs with 

linear polarization characteristics (chapter 2 and chapter 3). Three independent 

frequency tunable designs will be presented and thoroughly discussed. The 

second section describes a single layer, single probe-fed, multi-band antenna 

design with circular and linear polarization characteristics (one RHCP and two 

6 
 



 
 

LP; chapter 4). A rectangular microstrip patch is integrated with printed 

monopoles to achieve the desired characteristics. Nevertheless, in future, more 

research can be carried out to design single layer multi-band antennas realizing 

RHCP-LHCP-LP, RHCP-LHCP-RHCP or LHCP-RHCP-LHCP requirements. 

 

The working principles and coherent design procedures for the proposed single 

feed, single layer multi-band and multi-polarized antennas have been developed. 

Thorough description of the theoretical and practical aspects of the proposed 

designs involving different polarization requirements will be stated. Furthermore, 

design simulations using full wave analysis softwares (CST Microwave studio 

and Ansoft HFSS) and physical measurements for antenna characteristics such as 

operating frequencies, gain and radiation patterns have been carried out. Some 

techniques aimed at realizing the miniaturization of the proposed designs have 

also been studied. The thesis will be presented in the form of five chapters. 

Chapter 2 and chapter 3 state the antenna designs for single layer multi-band 

antennas with linear polarization characteristics, while chapter 4 states a circularly 

and linearly polarized antenna design for GPS, 3G and WLAN applications. 

Chapter 5 describes the potential future research that can be carried out in this 

domain. 

 

For the proposed microstrip antenna configurations such as triangular shape 

patch, semi-circular patch and annular ring patch, various multi-band antennas 

have been realized in the literature using slots, truncated corners, shorting pins, 
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shorting walls etc [33, 35-36, 74-85]. However, the referred designs are either 

multi-layered or multi-fed and do not achieve desired polarization and radiation 

requirements with independent frequency tunabilty. For example, in ref [35,36], 

shorting pins and walls are used to achieve multi-band or wide-band operations, 

however, due to size reduction radiation characteristics are not as desired. Even 

cross polarization levels also got degraded. Therefore, the main goal of this thesis 

is to design single feed and single layer integrated antennas that achieve multi-

resonance operation with desired radiation and polarization requirements with 

independent frequency tunability. All the design strategies described in this thesis 

can be used as independent design principles to realize antenna for any wireless 

applications. All these proposed antennas can be used for commercial applications 

such as automobiles and laptops for wireless data transmission and navigational 

support, where antenna can be just mounted on the roof top of the car or behind 

laptop screens.  Furthermore, more research needs to be carried out to realize 

much miniaturized versions of the antennas using proposed design principle to 

advance antenna applicability for smart phones, personal digital assistants etc.  

 

In chapter 2 of the thesis, two integrated multiband antenna designs have been 

presented, incorporating independent frequency tunabilty. One of the designs is an 

integrated triangular patch antenna, resonating at PCS (1.96 GHz), WLAN (2.45 

GHz) and WiMAX (3.5 GHz) frequencies. The right isosceles triangular patch is 

integrated with two monopoles, one on the side and one at the bottom of the patch 

respectively. The monopoles are resonating at 1.96 GHz and 2.45 GHz. However, 
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the patch resonates at 3.5 GHz. A field reflection technique to enhance the 

antenna gain and achieve desired radiation characteristics has also been proposed 

for the triangular patch antenna. This technique has been thoroughly explained in 

the section 2.2.1.1 of the thesis. The other proposed design in chapter 2 is an 

integrated multi-band semi-circular patch antenna design for WLAN and WiMAX 

operations. This design consists of a semi-circular patch resonating at 3.5 GHz 

integrated with a slot and a monopole. The slot and monopole realize resonances 

at 5.5 GHz and 2.45 GHz respectively. Simulation and measurement results for 

both the proposed designs will be demonstrated in section 2.2.1.2 and section 

2.2.2.1 of the thesis respectively. An acceptable agreement has been found 

between simulations and measurements. Furthermore, the research work 

demonstrated in chapter 2 of the thesis has been accepted for the publication in 

the journal of IET Microwaves, antennas and propagation [J1]. 

 

In chapter 3 of the thesis, a dual-band and a tri-band antenna have been proposed 

using annular ring patch configuration. Multi-band operation in the proposed 

annular ring antenna has been achieved by exciting higher order modes of the 

patch around the dominant mode of annular ring. Since the multi-resonance in the 

design is due to the higher order modes, independent tunabilty of the frequencies 

is not realized. In order to overcome this concern, a novel technique has been 

proposed to incorporate independent frequency operation in the design. Using this 

technique, grooves of different depths have been cut on the ring at desired 

locations to independently tune the frequencies. The proposed antenna resonates 
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at 2.45 GHz, 3.5 GHz and 5.5 GHz for WLAN and WiMAX applications. Further 

improvements that can be incorporated into the proposed design will be discussed 

in section 3.5 of the thesis. The research work demonstrated in chapter 3 of the 

thesis has also been accepted for the publication in the journal of IET 

microwaves, antennas and propagation [J2].   

 

Finally, a multi-band antenna with dual polarization characteristics is described in 

chapter 4 of the thesis. The proposed antenna design in chapter 4 comprises of a 

rectangular patch integrated with four printed monopoles fused along the sides of 

the patch. This design resonates at 1.575 GHz (GPS) with RHCP, 2.1 GHz (3G) 

with LP and 2.45 GHz (WLAN) with LP. The antenna possesses return loss better 

than 10 dB and desired radiation characteristics at all the stated resonant 

frequencies. The research work demonstrated in chapter 4 of the thesis will be 

soon submitted for the publication in the Journal of IEEE transactions on 

Antennas and Propagation. Currently, the manuscript is under preparation [J3]. 

 

Future works in this domain that can be carried out have been explained in the last 

chapter (chapter 5) of the thesis. Ideas to achieve the proposed future designs have 

also been demonstrated. 

 

[J1] K. Jhamb, L. Li and K. Rambabu, “Novel Integrated Patch Antennas with Multi-band Characteristics”, 

accepted for publication in the Journal of IET, Microwaves, Antennas and Propagation; manuscript ID: 

MAP-2010-0515.R2, date of acceptance: 23rd May’2011. 
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[J2] K. Jhamb, L. Li and K. Rambabu, “Frequency Adjustable Microstrip Annular Ring Patch Antennas 

with Multi-band Characteristics”, accepted for publication in the Journal of IET, Microwaves, Antennas and 

Propagation; manuscript ID: MAP-2010-0571.R1, date of acceptance: 8th June’2011. 

 
[J3] K. Jhamb, K.K. M Chan, A.E.C. Tan and K. Rambabu, “Integrated Multi-polarized Multi-band Patch 

Antenna for Vehicular Applications”, to be submitted in the Journal of IEEE Transactions on Antennas and 

propagation, current status:  Manuscript under preparation.  
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Chapter 2 

 

Design of novel integrated patch antennas for commercial 

wireless applications 

 

 
Abstract 

 

In this chapter, two integrated multi-band microstrip patch antennas have been 

proposed for the next generation wireless systems. The first design is based on the 

microstrip triangular patch configuration that comprises of a right isosceles 

triangular patch integrated with a pair of monopoles. The patch resonates at 3.5 

GHz (WiMAX) and the monopoles realize resonances at 2.45 GHz (WLAN) and 

1.96 GHz (PCS) respectively. Furthermore, to enhance the antenna gain and to 

achieve the desired radiation characteristics, a field reflection technique has been 

introduced. As a part of this technique, a reflector metal sheet has been placed 

below the patch. However, the detailed analysis of this technique has been 

thoroughly explained in section 2.2.1.1 of this chapter. 

 

2 
                                                 

2 A version of this chapter has been accepted for publication in the Journal of IET Microwaves, 
Antennas and Propagation. Manuscript ID: MAP-2010-0515.R2. Date of acceptance: 23rd 
May’2011. K. Jhamb, L. Li and K. Rambabu, “Novel Integrated Patch Antennas with Multi-band 
Characteristics”. 
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Similarly, the second proposed antenna design is also based on the microstrip 

patch configuration. It consists of a semi-circular patch integrated with a slot and 

a monopole.  The patch resonates at 3.5 GHz, while the slot and the monopole are 

resonating at 5.5 GHz (WiMAX) and 2.45 GHz respectively.  Both the designs 

are realized on a 1.58 mm thick FR4 substrate (dielectric constant = 4.4) and 

possess return loss better than 10 dB with desired radiation characteristics at the 

specified resonant frequencies. Prototypes of the proposed designs have been 

fabricated and their radiation characteristics have been measured. A close 

agreement has been found between simulations (CST microwave studio and 

Ansoft HFSS) and measurements.  

 

2.1 Introduction 

 

Among various shapes of the microstrip patch antenna; the triangular and semi-

circular configurations are preferred due to their miniaturized configuration and 

their suitability for wireless applications [35, 74]. As inferred from the published 

literature, there are various multi-band microstrip patch designs with triangular 

and semi-circular shape configurations using slots [33, 75-76], notches [77], 

truncated corners[78, 79], active elements [80], shorting pins and walls [81-82], 

shorting strips [83], excitation of higher order modes by the patch [84], shorting 

planes [35], different feeding techniques [36, 85] or achieving single wideband 

resonance instead of multiple resonances [86].  However, in this chapter, two 

novel designs have been proposed for the commercial wireless applications. These 
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designs realize return loss better than 10 dB and possess desired radiation 

characteristics at the stated resonant frequencies. The proposed designs are novel 

in terms of integration with monopoles and slot. In addition to this, simplicity, 

flexibility and frequency tunability in the designs have also been maintained. 

 

The first proposed design is a right isosceles triangular patch antenna integrated 

with a pair of monopoles. This design realizes resonances at 1.96 GHz, 2.45 GHz 

and 3.5 GHz respectively, thus making the design capable of multi-band operation 

(PCS, WLAN, and WiMAX). A field reflection technique to achieve the desired 

directive radiation characteristics has also been introduced. Similarly, the second 

antenna design is also based on the microstrip patch configuration and consists of 

a semi-circular patch integrated with a slot and a monopole. The patch resonates 

at 3.5 GHz, while the slot and the monopole resonate at 5.5 GHz and 2.45 GHz 

respectively. The prototypes for both the designs have been fabricated.  

 

2.2 Antenna designs 

 

2.2.1 Integrated triangular patch antenna design  

 

The proposed antenna design comprises of a right isosceles triangular patch 

integrated with a pair of monopoles as shown in Fig. 2.1. The patch resonates at 

3.5 GHz for WiMAX operations while the monopoles resonate at 2.45 GHz and 

1.96 GHz for WLAN and PCS communication services respectively. The 

monopole fused along the base (bottom) of the isosceles triangular patch 
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resonates at WLAN frequency (2.45 GHz), while the other monopole fused along 

the height (side) of the triangular patch is responsible for the PCS (1.96 GHz) 

operations (refer Fig. 2.1). The design principle of the patch has been introduced 

in [84]. However, the monopoles are quarter wavelength long including the fringe 

field depth. As shown in the Fig. 2.1, a part of the printed monopoles acts as a 

microstrip feed line while the other part acts as a radiating strip. The patch has 

been fed through a single coaxial feed while the monopoles fused along the patch 

are fed through the currents from the patch. Furthermore, the width and location 

of the monopoles have been optimized using electromagnetic (EM) solvers in 

such a way that maximum current flows into the monopole, thus achieving better 

impedance match at 2.45 GHz and 1.96 GHz.  

 

The monopoles have been bent in order to achieve miniaturization in the design 

(refer Fig. 2.1).  The novelty in this design is the integration of the patch with two 

monopoles, making it capable of multi-band operation and at the same time 

simplicity in the design has also been maintained. The proposed design is a probe-

fed design and is realized on a 1.58 mm thick glassy epoxy substrate with a 

dielectric constant of 4.4. The structural view and dimensions of the proposed 

design have also been shown in Fig. 2.1. Prototype of the design has been 

fabricated and is shown in Fig. 2.2. A close agreement has been found between 

simulations and measurements.  

 

15 
 



 
 

 

 

Figure 2.1 – Proposed integrated triangular patch antenna design. This figure represents 

the top (left) and side view (centre) of the antenna design. All the dimensions of the 

antenna have been shown in the table (right). 

  

 

 

Figure 2.2 – Prototype of the proposed triangular patch antenna. This antenna has been 

fabricated on a 1.58 mm thick FR4 substrate with a dielectric constant of 4.4. Photo 

etching technique has been used for fabrication of this antenna. 
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2.2.1.1 Field reflection technique 

 

The major drawback of the proposed design was that the boresight radiation from 

the patch and the monopoles was not in the same direction. The radiation beam 

from the patch was focussed towards zenith. However, the beam, due to the 

monopoles, got tilted towards the backward direction (below the patch). The 

stated reason for the beam tilt is due to the existence of dielectric substrate below 

the radiating strip of the printed monopoles. The radiation characteristics of the 

proposed antenna without realizing pattern synthesis technique have been shown 

in Fig. 2.3, Fig. 2.4 and Fig. 2.5. Fig. 2.5 shows the radiation from the patch with 

a realizable gain of 5 dBi. While Fig. 2.3 and Fig. 2.4 show radiation from the 

monopoles and possess realizable gain of 3.4 dBi and 3.5 dBi at 1.96 GHz and 

2.45 GHz respectively. It can be easily noticed from Fig. 2.3 and Fig. 2.4 that the 

radiation peak is beneath the patch that makes the antenna impractical for the 

stated applications and hence justifies the need of a reflector for the proposed 

design. It can be seen from these figures that the peak radiation from the antenna 

at 2.45 GHz and 3.5 GHz is below the patch which is undesirable for the stated 

applications.  

 

Hence, in order to overcome this radiation problem, a reflector metal sheet has 

been added below the actual ground plane of the patch to accomplish high gain as 

well as desired radiation characteristics. The location of the reflector plane has 

been optimized at 5 mm below the ground plane of the patch. The basic concept 

of this technique is to choose location of the reflector plane in such a way that the 
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reflected signal from this sheet adds in a phase with the radiated signal from the 

patch and improves the gain of the proposed antenna as well as the radiation peak 

is focussed in the desired direction. A parametric study on the location of the 

reflector plane has been carried out using EM solvers (CST Microwave Studio 

and Ansoft HFSS) and it has been found that the minimum dimension of the 

reflector plane is 80 X 80 mm2. However, in practice, the mounting platform can 

be used as the reflector plane to achieve stated radiation and gain characteristics. 

The detailed parametric analysis that was carried out using CST microwave studio 

has been shown in the table 2.1. Antenna structure was simulated with different 

sizes of reflector plane at different locations below the patch to find the optimum 

case with desired radiation characteristics for stated commercial applications (the 

optimum case has been highlighted in the table 2.1 shown below). For the stated 

wireless applications (PCS, WLAN and WiMAX), the radiation characteristics 

should be in such a way that the connectivity with the base station antennas is 

ubiquitously maintained. Using this technique, the desired radiation  

characteristics and gain profile have been attained.  

 

Reflector 
plane size 
(sq. mm) 

Location of 
reflector 
below the 
patch (mm) 

Beam direction Gain (dBi) Return loss 
(dB) 

Original 
design 
without 
reflector 

 
N/A 

 
Backward 
direction 
 

3.5/3.4/5 at 
1.96/2.45/3.5 
GHz 

-13/-22/-13 at 
1.96/2.45/3.5 
GHz 

40 X 40 3 mm Backward 
direction 

N/A N/A 

40 X 40 5mm Backward 
direction 

N/A N/A 
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40 X 40 7 mm Backward 
direction 

N/A N/A 

40 X40 9 mm Backward 

direction 

N/A N/A 

60 X 60 3 mm Backward 

direction  

N/A N/A 

60 X 60 5 mm Backward 

direction  

N/A N/A 

60 X 60 7 mm Both sided 4.5/5.5/6 at 
1.96/2.45/3.5 
GHz 

-11/-11/-21 at 
1.96/2.45/3.5 
GHz 

60 X 60  9 mm Both sided 4.58/6/6.58 at 
1.96/2.45/3.5 
GHz 

-11/-11.3/-18 at 
1.96/2.45/3.5 
GHz 

80 X 80 3 mm Towards zenith 3.62/7.5/7.6 at 
1.96/2.45/3.5 
GHz 

-18/-7/-21 at 
1.96/2.45/3.5 
GHz 

80 X 80 5 mm Towards 

zenith 

6/8.1/7.2 at 
1.96/2.45/3.5 
GHz 

-13/-13/-21 at 
1.96/2.45/3.5 
GHz 

80 X 80 7 mm Towards zenith 6.88/7.5/6.96 at 
1.96/2.45/3.5 
GHz 

-13/-13.1/-18 at 
1.96/2.45/3.5 
GHz 

80 X 80 9 mm Towards zenith 6.6/8/6.83 at 
1.96/2.45/3.5 
GHz 

-14/-14/-15 at 
1.96/2.45/3.5 
GHz 

 

Table 2.1 – This table shows the parametric analysis carried out using CST Microwave 
Studio towards the size and location optimization of reflector plane below the patch. The 
highlighted case in the table has been realized for the proposed integrated triangular patch 
design. Note: Slight variations in the resonant frequencies were also noticed while 
optimising dimensions of the reflector sheet (that have not been shown here). These 
variations in resonant frequencies were further optimized to original frequencies by 
changing corresponding dimensions in the antenna. 
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Figure 2.3 – Simulated (solid line) radiation patterns without reflector plane at 1.96 GHz. 

This figure shows both E-plane (X-Z plane) and H-plane (Y-Z plane) normalized patterns 

at PCS frequency of operation.  

 

  -25

  -15

  -5

60

240

210

0

180

330

150

300

120

270 90

E plane (2.45 GHz) without reflector

30

  -25

  -15

  -5

60

240

30

210

0

180

330

150

300

120

270 90

H plane (2.45 GHz) without reflector

 

Figure 2.4 – Simulated (solid line) radiation patterns without reflector plane at 2.45 GHz. 

This figure shows both E-plane (X-Z plane) and H-plane (Y-Z plane) normalized patterns 

at WLAN frequency of operation.  
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Figure 2.5 – Simulated (solid line) radiation patterns without reflector plane at 3.5 GHz. 

This figure shows both E-plane (X-Z plane) and H-plane (Y-Z plane) normalized patterns 

at WiMAX frequency of operation.  

 

2.2.1.2 Measurement and simulation results 

 

The antenna operation has been verified using two EM solvers - CST Microwave 

Studio and Ansoft HFSS, and the experimental measurements. The simulated and 

measured return loss has been shown in Fig. 2.6. The simulated (CST) return loss 

at 1.96 GHz, 2.45 GHz and 3.5 GHz are -23.46 dB, -16.55 dB and -14.12 dB 

respectively. While the measured return loss are around -12.97 dB, -10.87 dB and 

-8.6 dB respectively at the specified resonant frequencies. The percentage error 

between the simulation and measurements with regard to shift in the resonant 

frequency is around 1.9 %, 1.45 % and 2 % at 1.96 GHz, 2.45 GHz and 3.5 GHz 

respectively. The real and imaginary impedances of the antenna have also been 

shown in Fig. 2.7 and Fig. 2.8 respectively. The simulated and measured 

impedances plots illustrate an acceptable impedance match at the resonant 
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frequencies i.e. the real part of the impedance is close to 50 ohms while the 

imaginary value is as low as 0 ohms.  
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Figure 2.6 – Return loss vs. frequency. This figure shows the comparison of return loss 

characteristics for the proposed antenna design between two EM solvers (CST 

microwave studio and Ansoft HFSS) and measurements. 
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Figure 2.7 – Simulated and measured real impedance vs. frequency. This figure 

represents the variation of real impedance versus the frequency.  
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Figure 2.8 – Simulated and measured imaginary impedance vs. frequency. This figure 

represents the variation of imaginary impedance versus frequency. It can be noticed that 

the imaginary impedance is close to 0 ohms at 1.96 GHz, 2.45 GHz and 5.5 GHz as 

desired. 

 

Furthermore, the current distribution patterns (CST) at 1.96 GHz, 2.45 GHz and 

3.5 GHz have also been shown in Fig 2.9, Fig. 2.10 and Fig. 2.11 respectively. 

These patterns clearly demonstrate the independent functionality of the design 

with regard to resonant frequency operation. Nevertheless, a similar design 

procedure can be followed to realize an antenna design for different commercial 

applications. 
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Fig 2.9 – Surface current distribution at 1.96 GHz. This figure noticeably shows that the 

strong surface currents exist on the monopole fused along the height (side) of the 

triangular patch that realizes resonance at PCS frequency. 

 

The simulated and measured radiation patterns of the antenna at PCS, WLAN and 

WiMAX frequencies have also been shown in Fig. 2.12, Fig. 2.13 and Fig. 2.14 

respectively. The measured radiation patterns are very similar to the simulated 

patterns; thus making this design suitable for the stated applications. All the 

patterns shown below are the normalized patterns. The simulated beamwidths in 

E-plane (X-Z plane) and H-plane (Y-Z plane) at the specified resonant 

frequencies are typically around 770 and 800 respectively. However, in terms of 

comparison between the simulated and the measured patterns, the typical error in 

the E-plane and H-plane beamwidths is about 4.9 % and 13.3 % respectively. Due 

to the lack of availability of anechoic chamber, all the measurements have been 

24 
 



 
 

carried out in the free space environment using power meter as the receiver and 

network analyzer as the source. However, the agreement found between simulated 

and measured patterns is still very close to each other. The measurement setup 

that has been used to assess radiation characteristics and gain of the antenna has 

been shown in Fig. 2.15. During free space measurements, a turn table has been 

used to capture the signal at different angles in the far field (c.f. Fig. 2.15). 

Furthermore, peaking has been carried out to measure the boresight gain in the far 

field.  

 

 

 

Fig 2.10 – Surface current distribution at 2.45 GHz. This figure noticeably shows that the 

strong surface currents exist on the monopole fused along the base (bottom) height of the 

triangular patch that realizes resonance at WLAN frequency. 
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Fig 2.11 – Surface current distribution at 3.5 GHz. This figure noticeably shows that the 

strong surface currents exist on the right isosceles triangular patch that resonates at 

WiMAX frequency of operation. 
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Figure 2.12 – Simulated (solid line) and Measured (dash line) radiation patterns at 1.96 

GHz. This figure shows both E-plane (X-Z plane) and H-plane (Y-Z plane) normalized 

patterns at PCS frequency of operation.  
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Figure 2.13 – Simulated (solid line) and Measured (dash line) radiation patterns at 2.45 

GHz. This figure shows both E-plane (X-Z plane) and H-plane (Y-Z plane) normalized 

patterns at WLAN frequency of operation.  
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Figure 2.14 - Simulated (solid line) and Measured (dash line) radiation patterns at 3.5 

GHz. This figure shows both E-plane (X-Z plane) and H-plane (Y-Z plane) normalized 

patterns at WiMAX frequency of operation.  

 

27 
 



 
 

 

Fig 2.15 - Measurement setup. This figure shows the measurement setup that has been 

used to carry out the measurements. All the measurements have been done in the open 

range at far field distance. 

 

The simulated and measured realizable gain has also been shown in Fig. 2.16. The 

simulated (CST) realizable gain at all the resonant frequencies is better than 5 

dBi, which explains the role of the reflector ground plane below the patch to 

achieve directive radiation characteristics. The simulated realizable gain (CST) at 

1.96 GHz, 2.45 GHz and 3.5 GHz is 5.8 dBi, 7.9 dBi and 7.5 dBi respectively. 

The measured gain at the resonant frequencies is around 1.3 dBi, 6.28 dBi and 

7.95 dBi respectively. Also, it is found that the measured impedance bandwidth is 

smaller than the simulated impedance bandwidth. However, to improve the 

bandwidth of the antenna, broadband monopole configurations can be integrated 

at different resonant frequencies [87-88]. 
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Figure 2.16 – Simulated and measured realized gain vs. frequency. This figure shows 

antenna gain profile as a function of frequency. Note: Measured realized gain data has 

been shown only at desired frequencies due to the limitation of measurement facilities. 

 

 

2.2.2 Integrated semi-circular patch antenna design  

 

The second proposed antenna design is also a single probe-fed design that 

comprises of a semi-circular patch integrated with a slot and a monopole. The 

patch resonates at 3.5 GHz (WiMAX), while the slot and the monopole resonate 

at 5.5 GHz (WiMAX) and 2.45 GHz (WLAN) respectively. The design and 

structural view of the proposed design is shown in Fig. 2.17.  

 

The design principle of the semi-circular patch can be followed using this 

empirical equation: 
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                                              gD  ,                                                                    (1) 

Where, D is the diameter of the patch and 
0

g

reff

c

f



  

Where,  is the speed of the light, c 0f  is the frequency of the operation and reff is 

the effective dielectric constant [26].  

 

 

Figure 2.17 – Integrated semi-circular patch antenna design. This figure represents the 

top (left) and side view (centre) of the antenna design. All the dimensions of the antenna 

have been shown in the table (right).  

 

The stated empirical equation is derived based on detailed parametric study and 

current distribution analysis of the patch. The current distribution at 3.5 GHz is 

shown in Fig. 2.18. Two half wavelength variations can be easily observed from 

the current pattern shown in Fig. 2.18, which supports the stated mathematical 
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interpretation in equation (1). Furthermore, the current distribution at the other 

two resonant frequencies (2.45 GHz and 5.5 GHz) has also been shown in Fig. 

2.19 and Fig. 2.20. The current distribution patterns shown below at specified 

frequencies support the concept of independent frequency operation in the 

proposed integrated semi-circular patch antenna design.  

 

 

 

Fig 2.18 – Surface current distribution at 3.5 GHz. This figure noticeably shows that the 

strong surface currents exist on the semi-circular patch that realizes resonance at WiMAX 

frequency (3.5 GHz). 

 

 

 

Fig 2.19 – Surface current distribution at 2.45 GHz. This figure noticeably shows that the 

strong surface currents exist on the monopole that realizes resonance at WLAN frequency 

of operation. 
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Fig 2.20 – Surface current distribution at 5.5 GHz. This figure noticeably shows that the 

strong surface currents exist on the slot that realizes resonance at WiMAX (5.5 GHz) 

frequency. 

 

The monopole integrated into the antenna design is a quarter wavelength 

monopole including fringing field depth. As shown in Fig. 2.17, tapers have been 

added to the monopole to enhance the flow of current into it. The taper width 

however has been optimized in accordance with the return loss characteristics at 

2.45 GHz using EM solvers. A part of the monopole acts as a feeding microstrip 

line (with ground plane) and the other part as the radiating strip (without ground 

plane). 

 

Also, as stated earlier, to realize resonance at 5.5 GHz, a slot has been cut on the 

patch at the location where the surface currents are maximum at 5.5 GHz. The 

dimension of the slot has been calculated based on the analysis that slot acts as 
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an / 2  electric dipole in the far field including the effect of effective dielectric 

constant [26]. So the length of the slot can be approximated as  

                                                                 

      / 2gl                                                                        (2) 

 

where l is the length of the slot. However, the width of the slot is optimized for 

the impedance matching at 5.5 GHz. The dimension of the proposed design has 

been shown in Fig. 2.17. This design is also realized on a 1.58 mm thick FR4 

substrate ( r  = 4.4). Prototype of the proposed design has been fabricated and is 

shown in Fig 2.21. 

 

 

Figure 2.21 – Prototype of the proposed semi-circular patch antenna. This antenna has 

been fabricated on a 1.58 mm thick FR4 substrate with a dielectric constant of 4.4. Photo 

etching technique has been used for fabrication of this antenna. 

 

2.2.2.1 Measurement and simulation results 
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Two EM solvers (CST Microwave Studio and Ansoft HFSS) have been used for 

the verification of the antenna characteristics. An agreeable match has been found 

between simulated and measurement results. The simulated and measured return 

loss has been shown in Fig. 2.22. The simulated return loss at 2.45 GHz, 3.5 GHz 

and 5.5 GHz is 19.8 dB, 12.1 dB and 10.91 dB, while the measured return loss at 

the specified resonant frequencies are 23.2 dB, 9.8 dB and 15.8 dB respectively. 

The typical error in terms of the shift in the resonant frequency between the 

simulation and the measurements is around 7.9 %, 6.8 % and 1.8% at 2.45 GHz, 

3.5 GHz and 5.5 GHz respectively. The simulated and measured impedances (real 

and imaginary) of the antenna have also been shown in Fig. 2.23 and Fig. 2.24 

respectively.  
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Figure 2.22 – Return loss vs. Frequency. This figure shows the comparison of return loss 

characteristics for the proposed antenna design among two EM solvers (CST microwave 

studio and Ansoft HFSS) and measurements. 
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Figure 2.23 – Simulated and measured real impedance vs. frequency. This figure 

represents the variation of real impedance versus frequency. It can be noticed that the real 

impedance is close to 50 ohms at 2.45 GHz, 3.5 GHz and 5.5 GHz as desired. 
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Figure 2.24 – Simulated and measured imaginary impedance vs. frequency. This figure 

represents the variation of imaginary impedance versus frequency. It can be noticed that 
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the imaginary impedance is close to 0 ohms at 2.45 GHz, 3.5 GHz and 5.5 GHz as 

desired. 

Furthermore, the simulated and measured radiation patterns of the antenna at 

WLAN (2.45 GHz) and WiMAX (3.5/5.5 GHz) frequencies have been shown in 

Fig. 2.25, Fig. 2.26 and Fig. 2.27 respectively. The typical simulated beamwidth 

in E-plane (Y-Z plane) and H-plane (X-Z plane) at specified resonant frequencies 

is around 1270 and 720 respectively. The percentage difference between the 

simulated and measured beamwidth is around 8.5 % and 21 % for the E-plane and 

H-plane respectively.  
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Figure 2.25– Simulated (solid line) and Measured (dash line) radiation patterns at 2.45 

GHz. This figure shows both E-plane (X-Z plane) and H-plane (Y-Z plane) normalized 

patterns at WLAN frequency of operation.  
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Figure 2.26– Simulated (solid line) and Measured (dash line) radiation patterns at 3.5 

GHz. This figure shows both E-plane (X-Z plane) and H-plane (Y-Z plane) normalized 

patterns at WiMAX (lower band) frequency of operation.  
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Figure 2.27– Simulated (solid line) and Measured (dash line) radiation pattern at 5.5 

GHz. This figure shows both E-plane (X-Z plane) and H-plane (Y-Z plane) normalized 

patterns at WiMAX (Upper band) frequency of operation.  

 

The simulated and measured realizable gain has also been shown in Fig.2.28. The 

simulated realizable gain at 2.45 GHz and 3.5 GHz and 5.5 GHz is 1.2 dBi, 1.5 
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dBi and 1.8 dBi, while the measured gain at the resonant frequencies is around 1.7 

dBi, 2 dBi and 3.9 dBi respectively. It can be noticed that at 5.5 GHz, the reported 

measured gain (3.9 dBi) is quite higher that the simulated gain (1.8 dBi). The 

anticipated reason for this could be due to the free space measurement setup (ref. 

Fig. 2.12) that might give rise to multiple reflections. Nevertheless, the stated 

comparisons between the simulation and the measurements support the design 

operation and its usability for the specified applications. 
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Figure 2.28– Simulated and measured realized gain vs. frequency. This figure shows 

antenna gain profile as a function of frequency. Note: Measured realized gain data has 

been shown only at desired frequencies due to the limitation of measurement facilities. 
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2.3 Limitations and Improvements 

 

Both the designs have been thoroughly explained in the above stated sections of 

the chapter. One of the major drawbacks that both these designs have is the 

limited bandwidth. However, in the future works, more research can be carried 

out to increase the antenna bandwidth. Different countries provide the same 

wireless services using different sub channels of the allocated wireless bands [9]. 

Hence, increased bandwidth will support the usability and applicability of the 

proposed antenna designs in more countries. Some of the ideas that can be 

implemented for the proposed designs to improve the bandwidth are using 

broadband configurations of monopoles [87-88], realizing shorting walls and 

strips [81-83], using modified ground planes [89] or by changing the substrate 

properties like thickness and permittivity [26]. Furthermore, other improvements 

that can be entertained towards the betterment of the proposed antenna designs 

depend on additional miniaturization of the designs to advance applicability and 

incorporation of more frequency bands in the same design. 

  

2.4 Conclusion 

 

Two multi-band probe-fed microstrip patch antenna designs have been proposed. 

Both the designs are realized on a 1.58 mm thick FR4 substrate with a dielectric 

constant of 4.4. The first design comprises of a right isosceles triangular patch 

integrated with a pair of monopoles. The patch resonates at 3.5 GHz (WiMAX 

frequency); however, the monopoles realize resonance at 2.45 GHz (WLAN 
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frequency) and 1.96 GHz (PCS frequency) respectively. Additionally, to achieve 

better radiation characteristics and higher gain, a reflector ground plane has been 

placed below the patch. The second proposed design consists of a semi-circular 

patch integrated with a slot and a monopole. The patch resonates at 3.5 GHz; 

however, the slot and monopole resonate at 5.5 GHz and 2.45 GHz respectively. 

For the analysis of the proposed designs, two EM solvers are used – CST 

Microwave Studio and Ansoft HFSS. A reasonable agreement has been found 

between simulation and experimental results. 
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Chapter 3 

 

Design of frequency tunable annular ring patch antenna 

for multi- frequency applications 

 

 

Abstract 

 

In this chapter, a frequency tunable dual-band microstrip annular ring patch 

antenna design has been proposed for wireless local area network (2.45 GHz) and 

WiMAX (3.5 GHz) applications. The proposed antenna achieves realizable gain 

over 5dBi and return loss better than 10 dB for the stated applications. The 

antenna design consists of an annular ring patch loaded with a slot or gap. The 

loaded ring patch excites higher order modes around the dominant mode (TM11) 

of the annular ring thus making this design capable of dual-band operation. This 

design is realized on a 1.57 mm thick PTFE (Poly Tetra Fluoro Ethylene) 

substrate using a co-axial probe feed. A novel technique for independent 

frequency tuning has also been introduced by cutting grooves on the periphery of 

the ring at the desired locations.  

3 
                                                 

3 A version of this chapter has been accepted for publication in the Journal of IET Microwaves, 
Antennas and Propagation. Manuscript ID: MAP-2010-0571.R1. Date of acceptance: 8th 
June’2011. K. Jhamb, L. Li and K. Rambabu, “Frequency Adjustable Microstrip Annular Ring 
Patch Antenna with Multi-band Characteristics”.  
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Furthermore, the design capability for multi-band operation (2.45 GHz/3.5 

GHz/5.5 GHz) has been explained in the later section of the chapter. Two EM 

solvers (CST Microwave Studio and Ansoft HFSS) and measurements have been 

used to verify the operation of the proposed annular ring antenna. An acceptable 

agreement has been found between the simulated and the measured results. 

 

3.1 Introduction 

 

Among various shapes of microstrip patch antennas, ring antennas are one of the 

types preferred for wireless equipments due to their compatibility with small 

portable units [90-92]. Bandwidth, input impedance and radiation pattern 

characteristics for ring antennas have been studied in [93]. As inferred from the 

published literature [94-98], microstrip ring antennas are generally loaded with 

stubs, notches and slots to improve polarization purity or to improve impedance 

match at the dominant mode of operation. However, in this paper, an antenna 

design has been proposed for the dual-band operation by loading the ring with a 

gap that excites higher order modes of the patch for multi-band operation. The 

proposed design realizes resonance at 2.45 GHz and 3.5 GHz for WLAN and 

WiMAX applications respectively. The design principle for this technique has 

been discussed in [95]. The proposed design realizes gain better than 5 dBi, return 

loss better than 10 dB and the desired radiation characteristics at 2.45 GHz and 

3.5 GHz.  
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Generally, for this design, the freedom to independently tune the resonant 

frequencies is not possible due to the excitation of higher order modes of the 

patch. In this chapter, a novel technique to independently tune the resonant 

frequencies has been introduced by cutting grooves of different depths at the 

desired locations on the ring. The detailed description of this technique has been 

explained in the later part of the chapter. Furthermore, analytical analysis for the 

frequency tuning technique has also been described by deriving empirical 

equations. The capability of the design for multiband operation has also been 

shown. A prototype for the proposed design has been fabricated. The antenna 

design has been verified using two EM solvers – Microwave CST Studio and 

Ansoft HFSS, and measured results. A close agreement has been found between 

the simulation and the measurements. 

 

3.2 Dual band antenna design 

 

Emerging trends in the field of wireless communication systems and the zeal to 

develop the devices with integrated services have turned out in a need to achieve 

products that are capable of receiving and transmitting wireless signals at the 

appropriate frequency bands. Introducing WLAN and WiMAX applications into a 

single mobile device is a growing trend in commercial applications. It makes end 

user capable of operating all wireless services with a single device. So the desired 

scenario will be a miniaturized antenna that supports multiple frequency operation 

with the appropriate polarizations, and the suitable radiation characteristics that 

maximize the signal connectivity.  
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The structure of the proposed dual-band annular ring antenna comprises of an 

annular ring patch loaded with a gap as shown in Fig. 3.1. The concept of loading 

to excite higher order modes of the patch and the design procedure have been 

introduced in [95] and have been utilized for the proposed design. The effect of 

loading on the radiation characteristics of the antenna has also been studied in 

[95]. For the proposed dual-band design, the loaded structure has been optimized 

to resonate at 2.45 GHz and 3.5 GHz respectively. This single coaxial probe-fed 

design is realized on a 1.57 mm thick PTFE substrate (dielectric constant = 2.5). 

Furthermore, the structural view and dimensions of the design have been shown 

in Fig. 3.1.  

 

The cavity model of the ring can be obtained by replacing its peripheries with 

magnetic walls; and since there is no magnetic field component along the 

direction of signal propagation, the modes are designated as TMmn modes [95]. 

The dominant mode of operation for the annular ring is TM11 mode [95-96]. The 

dual band characteristic for this structure has been achieved due to the slot or 

loading, which excites higher order modes of the patch around the dominant mode 

of the annular ring. The proposed antenna achieves design applicability for 

WLAN (2.45 GHz) and WiMAX (3.5 GHz) applications. First resonant frequency 

(f1) that is WLAN frequency is due to the dominant mode of the annular ring. 

While the second resonant frequency (f2), for WiMAX, is due to the gap that 

excites higher order mode of the patch. 
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The resonant wavelength of the dominant mode is approximately equal to the 

average circumferential length of the ring resonator, which is equal to 2π(Ravg). It 

can be calculated using Ravg=(R1+R2)/2, where R1 and R2 are the outer and inner 

radii of the annular ring respectively as shown in Fig. 3.1. 

 

However, in terms of empirical equations, it can be interpreted as: 

                                     )(2 avgg R                                                                   (1) 

Where, λg represents resonant wavelength for the dominant mode. Therefore, 

resonant frequency for the dominant mode (f1) can be calculated as 

                                  reffavgRcf 2/1                                                              (2) 

Where, reff  is the effective dielectric constant of the substrate. 

 

 The current distribution at 2.45 GHz and 3.5 GHz has been plotted in Fig. 3.2 and 

Fig. 3.3 respectively using CST microwave studio. At WLAN frequency (ref. Fig. 

3.2), the ring structure possesses two half wavelength variations as current 

patterns, one on the upper half and the other on the lower half of the structure 

respectively. However, at WiMAX frequency, it can be found that the ring 

possesses three-half wavelength variations in current, as three 120 degree sectors 

on the circular ring, as shown in Fig. 3.3. 
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Figure 3.1 – Design of dual band antenna. This figure represents the top (left) and side 

view (centre) of the dual band antenna design. All the dimensions of the antenna have 

been shown in the table (right).  

 

 

     

  

Figure 3.2 – Current distribution at 2.45 GHz. The proposed dual band antenna realizes 

two half wavelength variations in current distribution pattern at WLAN frequency of 

operation.         
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Figure 3.3 – Current distribution at 3.5 GHz. The proposed dual band antenna realizes 

three half wavelength variations in current distribution pattern at WiMAX frequency of 

operation.  

                                                                                     

 
3.2.1. Simulation and measurement results of dual-band antenna 

 

For the simulation of the proposed design, two EM solvers – CST Microwave 

Studio and Ansoft HFSS have been used. In terms of comparison, a close 

agreement has been found between two solvers with regard to the antenna 

parameters like return loss, realizable gain and input impedance. A prototype of 

the proposed dual band antenna has been fabricated and is shown in Fig. 3.4. The 

fabrication has been carried out using photo etching process and all the 

measurements have been done in the free space environment using network 

analyzer. 

 

For the proposed design, the ring and slot dimensions are optimized in such a way 

to make this structure suitable for the stated wireless applications. The simulated 

and measured return loss vs. frequency has been shown in Fig.3.5. The simulated 
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return loss at 2.45 GHz and 3.5 GHz is 19.5 dB and 11.4 dB respectively. 

However, the measured return loss at these frequencies is 19 dB and 11.2 dB 

respectively. Furthermore, the simulated real and imaginary impedances of the 

antenna have also been shown in Fig. 3.6 and Fig. 3.7 respectively. The proposed 

design possesses an acceptable impedance match at the desired resonant 

frequencies, thus supporting the usability of the design for commercial 

applications. 

 

 

Figure 3.4 – Prototype of the proposed semi-circular patch antenna. This antenna has 

been fabricated on a 1.57 mm thick PTFE substrate with a dielectric constant of 2.5. 

Photo etching technique has been used for fabrication of this antenna. 
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Figure 3.5 – Return loss vs. frequency. This figure shows the comparison of return loss 

characteristics for the proposed antenna design among two EM solvers (CST microwave 

studio and Ansoft HFSS) and measurements. 
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Figure 3.6 – Simulated real impedance vs. frequency. This figure represents the variation 

of real impedance versus frequency. It can be noticed that the real impedance is close to 

50 ohms at 2.45 GHz and 3.5 GHz as desired. 
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Figure 3.7 – Simulated imaginary impedance vs. frequency. This figure represents the 

variation of imaginary impedance versus frequency. It can be noticed that the imaginary 

impedance is close to 0 ohms at 2.45 GHz and 3.5 GHz as desired. 

 

The simulated realizable gain vs. frequency has also been shown in Fig. 3.8 that 

supports the suitability of the antenna for the proposed applications. The 

realizable gain is better than 5 dBi at both the WLAN and WiMAX frequency 

band. At 2.45 GHz and 3.5 GHz, the simulated realizable gain is 7.3 dBi and 7 

dBi respectively. Nevertheless, the radiation characteristics of the antenna are also 

one of the important parameters of the design, considering the design suitability 

for the commercial applications. HFSS simulated radiation patterns at 2.45 GHz 

and 3.5 GHz have been shown in Fig. 3.9 and Fig. 3.10 respectively. The typical 

E-plane/H-plane beamwidth at 2.45 GHz and 3.5 GHz is around 100o/88 o and 

74o/100o respectively.  All the plotted radiation patterns have been normalized. 
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Figure 3.8 – Simulated realizable gain vs. frequency. This figure shows antenna gain 

profile as a function of frequency.  
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Figure 3.9 – Simulated radiation patterns at 2.45 GHz. This figure shows both E-plane 

(X-Z plane) and H-plane (Y-Z plane) normalized patterns at WLAN frequency of 

operation.  
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Figure 3.10 – Simulated radiation pattern at 3.5 GHz. This figure shows both E-plane (X-

Z plane) and H-plane (Y-Z plane) normalized patterns at WiMAX frequency of 

operation.  

 

3.3. Frequency tuning technique 

 

Although the above design is resonating at 2.45 GHz (WLAN) and 3.5 GHz 

(WiMAX) frequencies; the resonant frequencies are not independently tunable. 

The dual band operation is due to the excitement of higher order modes, therefore, 

tuning the resonant frequencies independently is challenging. At the same time, 

incorporation of independent frequency tunability without any distortion in 

radiation characteristics is further more difficult.  Hence, in this chapter, we 

propose a novel technique to independently tune the resonant frequencies of the 

proposed antenna by cutting grooves at different locations on the periphery of the 

ring as shown in Fig. 3.11.  
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R1 R2 W0 W1 W2 W3 W4 W5 

19.198 8.048 11.15 2.18 1 5 1 1 

W6 W7 W8 W9 H X y  

5 5 80 80 1.57 2.4923 -9.5824 unit: mm

 
 

 

 

Figure 3.11 – Antenna design with single groove and two grooves. This figure represents 

the top (left) and side view (centre) of the dual band antenna design. All the dimensions 

of the antenna have been shown in the table (right).  

 

Furthermore, the location of the grooves on the periphery of the antenna should be 

selected in such a way that the current distribution of the other mode is not 

disturbed. For example, to tune the resonant frequency of the WiMAX 

application, a single groove has been cut on the periphery of the antenna at the 

location where WLAN excitation has zero currents (c.f. Fig 3.2). Therefore, this 

groove will not have any effect on WLAN operating frequency. Same principle 

can be applied to tune the WLAN frequency operation. As explained above, at 

2.45 GHz, the ring possess two half wavelength variations while at 3.5 GHz, it 

possess three half wavelength variations like three 120 degree sectors in the circle 
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(c.f. Fig. 3.3). Therefore, based on the ring structure and current distributions at 

2.45 GHz and 3.5 GHz, an empirical equation (3) has been derived to find the 

location of the groove. For the notation of , refer to Fig. 3.11. 

                                                                        

3

 k
                                                                  

(3) 

Where k defines the number of half wavelength variations of current at that 

resonant frequency on the surface of the ring, for example the value of k is 2 and 3 

for 2.45 GHz and 3.5 GHz respectively.  

 

By using this technique, the same antenna can be used for the stated wireless 

applications in different countries. The variations of WLAN and WiMAX 

standards in different countries have been reported in [9].  To tune the WLAN 

frequency without affecting the WiMAX frequency, two grooves have been cut as 

shown in Fig. 3.11. The effect of groove depth on the operating frequency can be 

easily analysed by the simulated and measured return loss shown in Fig. 3.12 and 

Fig. 3.13 respectively. Similarly, a single groove has been cut to achieve 

independent tuning characteristics at 3.5 GHz as shown in Fig. 3.11. The 

simulated and measured return loss vs. frequency for the single groove design has 

also been shown in Fig. 3.14 and Fig. 3.15 respectively. It can be easily 

investigated from these plots that as the groove depth increases, the currents on 

the surface of patch travels longer electrical path. Hence, it reduces the operating 

frequency further down. Prototypes of the antenna, for single groove and two 
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grooves design have also been fabricated and measurements have been done for 

different depths of the groove. The prototypes for the single groove and two 

groove designs have been shown in Fig. 3.16 and Fig. 3.17 respectively.  
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Figure 3.12 – Simulated (CST) return loss vs. frequency for two groove design. This 

figure shows the return loss characteristics for the proposed antenna design with different 

depths of the groove. 
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Figure 3.13 – Measured return loss vs. frequency for two groove design. This figure 

shows the measured return loss characteristics for the proposed antenna design with 

different depths of the groove. 
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Figure 3.14 – Simulated (CST) return loss vs. frequency for single groove design. This 

figure shows the return loss characteristics for the proposed antenna design with different 

depths of the groove. 
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Figure 3.15 – Measured return loss vs. frequency for two groove design. This figure 

shows the measured return loss characteristics for the proposed antenna design with 

different depths of the groove. 
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Figure 3.16 – Prototype of the proposed single groove antenna design. This antenna has 

been fabricated on a 1.57 mm thick PTFE substrate with a dielectric constant of 2.5. 

Photo etching technique has been used for fabrication of this antenna. 

 

 

Figure 3.17 – Prototype of the proposed two groove antenna design. This antenna has 

been fabricated on a 1.57 mm thick PTFE substrate with a dielectric constant of 2.5. 

Photo etching technique has been used for fabrication of this antenna. 

 

A theoretical analysis for the frequency tuning technique has also been presented 

in this section by deriving the empirical equations shown below. In this analysis, 

57 
 



 
 

we have assumed uniform current distribution along the groove towards the inner 

periphery. An empirical equation, based on a parametric study, has been presented 

below to calculate the tuned resonant frequency that depends on the depth and 

width of the groove.    

                                                                                    

                              
new

original
ed l

l
f0                                                                      (4)                                 tunf     

                   Where,
reff

originalnew
RR

dnWd
ll





)(

2(

21

                   (5) 

                          Where, 

)
                        

2
g

original kl


                                                                   (6) 

In these equations,  is the tuned resonant 

                                                                                  

tunedf  

new is

frequency, 0f is the original 

operating frequency,  l  the electrical path travelled by surfa  currents after 

cutting the groove, l

ce

original  is the total electrical length  at 0f without any groove, d 

is the depth of the groove, W is the width of the groove, n is the number of 

grooves (n = 1 at 3.5 GHz and n = 2 at 2.45 GHz), R1 and R2 are the outer and 

inner radii of the ring respectively and g is the resonant guided wavelength in the 

dielectric. Here, k represents the num r of half wavelength variations of the 

surface current along the ring at 0f . In equation (6), the value of k is 2 and 3 at 

2.45 GHz and 3.5 GHz respectively (ref. Fig 3.2 and Fig. 3.3). 

 

be

Since, lnew determines the modified electrical length; the depth of the groove can 

be adjusted for the desired shift in the operating frequency. However, in our 
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analysis, we have shown the performance of the antenna for four different groove 

depths i.e. 3 mm, 5 mm, 7 mm and 9 mm. Furthermore, the simulated E plane and 

H plane radiation patterns for both single and two groove designs, with different 

groove depths, have been shown in Fig. 3.18 and Fig. 3.19 respectively. All these 

patterns have been plotted in comparison with the original design (without any 

grooves). It can be easily found from these plots that even after cutting the 

grooves; the radiation characteristics are not changed. Nevertheless, a table stating 

typical E plane and H plane beamwidths at each shifted resonant frequency have 

also been shown in Fig. 3.18 and 3.19 respectively.  

 

In order to verify the stated empirical equation, a plot has been shown in Fig. 3.20 

 compare the theoretically calculated  and simulated  (Microwave 

n fo

 

to tunedf tunedf

CST studio) with respect to groove depth. It can be found from this plot that as n 

and d increases, the error also increases. The anticipated reaso r this error is 

the non-uniformity in the current distribution along the groove. The typical 

percentage error between the theory and simulated data is around 6.7%, verifying 

the validity of the stated empirical equation. 
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Figure 3.18 – Radiation patterns and HPBW for a single groove design. E plane and H 

plane patterns are shown at each tuned frequency in comparison to original design 

without groove. 
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Figure 3.19 – Radiation patterns and HPBW for a two groove design. E plane and H 

plane patterns are shown at each tuned frequency in comparison to original design 

without groove.  

 

Furthermore, for the better understanding and justification of the proposed 

frequency tuning technique, circuit theory analysis has also been introduced and 

explained below. Based on the circuit analysis, the depth and width of the groove 

that has been cut on the ring can be analyzed as series inductance and capacitance 

introduced in the circuit respectively. Since for the proposed design, a groove has 

been cut on the patch to independently tune the frequency of operation, the 

reactance of the patch should become more inductive as the groove depth 

increases at the tuning frequency. However, there should not be a major change in 
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reactance at the other frequency of operation. Fig 3.21 and Fig. 3.22 shows the 

simulated reactance plots for the single groove and two groove design 

respectively.  

 
 

Figure 3.20 – Measured, simulated, and theoretically calculated tuned frequency vs. 

groove depth. A comparison has been shown among the simulated, measured and 

theoretical data to justify the validation of derived empirical equations.  
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Figure 3.21 - Reactance (ohms) vs. Groove depth (mm) at 2.45 GHz and 3.5 GHz for two 

groove design. It can be seen from the figure that as the groove depth increases from 3 
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mm to 9 mm; reactance gets more inductive at 2.45 GHz (from 10.5 ohms to 22 ohms). 

However, reactance at 3.5 GHz remains almost the same (within 13-15 ohms). 
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Figure 3.22 - Reactance (ohms) vs. Groove depth (mm) at 2.45 GHz and 3.5 GHz for 

single groove design. It can be seen from the figure that as the groove depth increases 

from 3 mm to 9 mm; the reactance gets more inductive at 3.5 GHz (from 31 ohms to 58 

ohms). However, reactance at 2.45 GHz is almost the same (within 27.7 to 28.9 ohms). 

 

It has been clearly demonstrated through Fig. 3.21 and Fig. 3.22 that based on the 

groove location; the change in reactance will affect only that frequency that needs 

to be tuned while the other frequency remains constant. Furthermore, this analysis 

justifies the applicability of the frequency tuning technique for the proposed 

antenna design. 

 

3.4 Antenna design with multi-band characteristics 

 

The capability of the proposed design to be used as a multi-band antenna (tri 

band) has been described in this section of the chapter. By optimizing the ring 
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dimensions and the gap, this multi-band antenna resonates at 2.45 GHz, 3.5 GHz 

and 5.5 GHz respectively. This probe-fed design is also realized on a 1.57 mm 

thick PTFE substrate and the structure looks same as that shown in Fig. 3.1, with 

the dimensions R1=19.2 mm, R2=8.0 mm and gap =2.38 mm. The simulated 

return loss vs. frequency for the multiband design has been shown in Fig. 3.23, 

which shows return loss better than 10 dB for the above wireless applications. The 

resonance at 4.5 GHz is the second harmonic of the WLAN frequency that cannot 

be actually used for any application because of the undesired radiation 

characteristics. The simulated (CST) return loss at 2.45 GHz, 3.5 GHz and 5.5 

GHz are 19.2 dB, 11.1 dB and 10.6 dB respectively. Furthermore, the E plane and 

H plane radiation patterns at the stated resonant frequencies have been shown in 

Fig. 3.24, Fig. 3.25 and Fig. 3.26 respectively. The typical E plane and H plane 

beamwidths at the specified resonant frequencies are around 87 degree and 94 

degree respectively. The realizable gain vs. frequency has also been shown in Fig. 

3.27. It can be observed that at all the three resonant frequencies, the realizable 

gain is better than 5 dBi. All these simulated results have been verified using two 

commercially available EM solvers. 
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Figure 3.23 – Return loss vs. frequency for the multi-band design. This figure shows the 

comparison of return loss characteristics for the proposed antenna design among two EM 

solvers (CST microwave studio and Ansoft HFSS designer) and measurements. 
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Figure 3.24 – Simulated radiation pattern at 2.45 GHz. This figure shows both E-plane 

(X-Z plane) and H-plane (Y-Z plane) normalized patterns at WLAN frequency of 

operation.  
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Figure 3.25 – Simulated radiation pattern at 3.5 GHz. This figure shows both E-plane (X-

Z plane) and H-plane (Y-Z plane) normalized patterns at WiMAX (lower band) 

frequency of operation.  
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Figure 3.26 – Simulated radiation pattern at 5.5 GHz. This figure shows both E-plane (X-

Z plane) and H-plane (Y-Z plane) normalized patterns at WiMAX (upper band) 

frequency of operation.  
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Figure 3.27 – Simulated realized gain vs. frequency for the multi-band design. This figure 

shows antenna gain profile as a function of frequency.  

 

 

3.5 Limitations and Improvements 

 

One of the major improvements that can be incorporated into the proposed 

annular ring design would be the increased bandwidth at the stated resonant 

frequencies. Also, in future more research could be done to implement frequency 

tuning technique for the proposed multi-band design. Further design 

miniaturization and integration of more frequency bands into the design will be 

the potential improvements. 
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3.6 Conclusion 

 

In this chapter, a dual-band annular ring patch antenna design with independent 

frequency tunable characteristics has been proposed. The antenna design 

comprises of an annular ring patch loaded with a gap. This gap excites higher 

order modes of the patch, thus making the structure capable of dual band 

operation. The design resonates 2.45 GHz (WLAN) and 3.5 GHz (WiMAX) 

respectively, and possesses return loss better than 10 dB and the gain better than 5 

dBi for the stated applications. The antenna design is realized on a 1.57 mm thick 

PTFE substrate. A novel technique to independently tune the resonant frequencies 

has also been introduced by cutting grooves of different lengths at the desired 

location. The design capability to be used as a multi-band antenna has also been 

explored. Prototypes for all the proposed designs have been fabricated and 

measured. The antenna operation has been verified using two commercially 

available EM solvers – CST Microwave Studio and Ansoft HFSS, and 

experimental results. 
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Chapter 4 

 

Integrated multi-band multi-polarized microstrip 

antenna for wireless systems 

 

 

Abstract 

 

This chapter introduces a multi-band, multi-polarized microstrip antenna design 

for GPS, 3G, and WLAN applications. The proposed antenna design consists of a 

microstrip patch integrated with four printed monopoles that are fused with the 

patch. The design exhibits RHCP at 1.575 GHz for GPS applications and LPs at 

2.1 GHz and 2.45 GHz for 3G and WLAN applications respectively.  Two 

versions of the antenna designs have been proposed, namely V1 and V2. 

Previously, a prototype of the first version V1 was fabricated, but it was found 

that measurements results were not as expected. Therefore, an optimized version 

V2 has been proposed. Both the proposed antennas have been realized using same 

design methodology. The drawbacks in the V1 and the modifications brought up 

in the optimized version V2 have been thoroughly explained in this chapter.  

 

4 
                                                 

4 A Version of this chapter will be submitted for publication in the Journal of IEEE 
Transactions on Antennas and Propagation. Current status: Manuscript under preparation.  
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The proposed antenna designs have been realized on a 1.58 mm thick FR4 

substrate with a dielectric constant of 4.4. The optimized antenna design V2 has 

been validated using two commercially available EM solvers – CST Microwave 

studio and Ansoft HFSS designer. Good agreement has been found between the 

two EM solvers. 

 

4.1 Introduction 

 

As described, microstrip antenna configuration is a preferred choice due to low 

profile, low volume, low cost and refined compatibility with integrated circuits 

[25-32]. There are various microstrip antenna designs in the published literature 

exhibiting multi-frequency operation with linear polarization characteristics, such 

as linear polarized antennas for data transmission applications and circularly 

polarized antennas for GPS and SDARS applications [1-7, 18, 20, 22-24, 53, 57-

58, 63, 68]. To achieve both circular and linear polarized radiation in a single 

microstrip antenna with a single-feed is challenging. Furthermore, as inferred to 

the published literature, there are only a few antenna designs that successfully 

realize multi-band operation with different polarizations using dual feed, dual 

substrate or dual patch configurations, e.g. [71-73]. Therefore, the design of a 

single feed, single layer microstrip antenna that can generate multi-resonance with 

multi-polarization characteristics is a great advantage. In this chapter, an 

integrated probe-fed multi-band microstrip antenna has been proposed for 

different polarized radiation characteristics. The antenna resonates at 1.575 GHz, 

2.1 GHz and 2.45 GHz for GPS, 3G and WLAN applications respectively. The 
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antenna exhibits RHCP at 1.575 GHz and linear LPs at 2.1 GHz and 2.45 GHz. 

Two versions of the antenna design have been proposed, namely V1 and V2. A 

prototype of the first version V1 was fabricated and it was found that 

measurement results were not as desired. Therefore, another optimized version of 

the antenna design V2 has been designed.  The drawbacks in V1 have been clearly 

explained in section 4.2 of the chapter. In addition, the optimized version V2 has 

been described in section 4.3 of this chapter. Both the design methodology and 

results have been described in sections 4.4 and 4.5 of this chapter respectively. 

The proposed optimized design V2 has been validated using two commercially 

available EM solvers – CST Microwave studio and Ansoft HFSS. A close 

agreement has been found between the EM solvers.  Furthermore, in the 

optimized version V2, a reflector metal sheet has been added under the ground 

plane of the patch to achieve directive radiation characteristics. The proposed 

designs have been realized on a 1.58 mm thick FR4 substrate with a dielectric 

constant of 4.4. 

 

4.2 Antenna design V1 and its drawbacks 

 

In this section of the chapter, the structure of the proposed design V1 has been 

shown and described.  Nevertheless, all the drawbacks in the design V1 have also 

been discussed that proposed the need to design optimized antenna V2.  
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4.2.1 Antenna design V1  

 

The structure of the proposed multi-band antenna V1 comprises of a rectangular 

patch and a set of monopoles as shown in Fig. 4.1. Rectangular patch is fed 

through a single co-axial probe along the diagonal of the rectangular patch; 

whereas an array of monopoles is fused to the edges of the patch. The GPS patch 

exhibits right-hand circularly polarized radiation, while the other two resonances 

at 2.45 GHz and 2.1 GHz exhibit linear polarization characteristics. The 

rectangular patch antenna has been designed to resonate at the GPS frequency, 

while the monopoles resonate at the frequency of 2.45 GHz that corresponds to 

the 802.11 b and g variants of the popular WLAN standards. Furthermore, since 

the patch is fed along the diagonal, another resonant length appears between the 

two edges of the patch and the corresponding monopoles (c.f. Fig.4.6) that excite 

the third resonance at 2.1 GHz for 3G operations. The structure of the proposed 

antenna design V1 has been shown below in Fig. 4.1. All the dimensions are in 

mm and have been shown in the table in Fig. 4.1. This design is realized on a 1.58 

mm thick FR4 substrate. In Fig. 4.1, the top layer metallization (red) consists of 

the GPS patch and WLAN monopoles; and the bottom layer (blue) represents the 

ground plane. The substrate (gray) supports the metal layers and the entire 

structure. The center conductor of the coaxial probe is fed through the substrate to 

the top layer patch while the ground shield is attached to the bottom layer. 
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WP WG WM WS WD 

35.2 61.2 13.0 100 3 

LP LM LG LS LD 

35.02 12.94 60.89 100 10.77 

Figure 4.1 – Structure of the proposed V1 design (left). All the dimensions are in mm and 

have been shown in the table (right). Feed location has been shown as a white circle on 

the patch. The location of the feed with respect to centre is (-4.55, 4.3). 

 

 

4.2.2 Drawbacks 

  

Design V1 has been simulated using CST microwave studio and a prototype of 

V1 has also been fabricated as shown in Fig. 4.2. However, once the 

measurements were carried out, it was found that resonant frequencies were 

shifted and even return loss performance at 2.45 GHz was degraded. Further, 

investigations relating to this mismatch between the simulation and measurement 

results concluded that the structure definition of V1 and boundary conditions were 

erroneously defined in the CST microwave studio and later verified also using 

Ansoft HFSS designer. The measured and simulated return loss characteristics of 

the antenna design V1 has been shown in Fig. 4.3. This figure clearly shows the 

mismatch between the CST simulated results and measurements. 
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Furthermore, once the V1 was correctly defined in terms of structure definition 

and boundary conditions; it was found that the radiation peak at all the stated 

frequencies was tilted behind the patch due to the presence of substrate beneath 

the monopoles.  Therefore, there was a need for an optimized antenna design V2 

that achieve desired return loss performance and radiation characteristics at the 

stated resonant frequencies. In the optimized version V2, other than the 

dimensional modifications, a metal sheet has been used below the patch to tilt the 

radiation peak towards the zenith and to achieve directive radiation 

characteristics.  

 

 

Figure 4.2 – Prototype of the proposed microstrip patch antenna. This antenna has been 

fabricated on a 1.58 mm thick FR4 substrate with a dielectric constant of 4.4. Fabrication 

process has been carried out using milling machine. 
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Figure 4.3 – Return loss vs. frequency. This figure shows the comparison of return loss 

characteristics for the proposed antenna design V1 between two EM solvers (CST 

microwave studio and Ansoft HFSS) and measurements. 

 

 4.3 Optimized antenna design V2 and its modifications 

 

This section of the paper describes the structure of the optimized version of the 

antenna design V2. All the modifications have also been clearly described in this 

section. 

 

4.3.1 Optimized antenna design V2  

 

The structure and dimensions of the proposed V2 antenna design has been shown 

in Fig. 4.4. The antenna design V2 is similar to the design V1 in terms of 

structural outlook. The rectangular patch is fed through a single co-axial probe 
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along the diagonal of the patch and four printed monopoles are fused at the edges 

of the patch. This design also realizes RHCP at 1.575 GHz and LPs at 2.1 GHz 

and 2.45 GHz. The design performance of V2 has been verified using CST 

Microwave Studio and Ansoft HFSS. All the results have been shown in section 

4.5 of the chapter and a good match has been found between the two solvers. 

 

4.3.2 Modifications 

 

Other than dimensional optimizations, the two major modifications brought up in 

the optimized design V2 are the tapered microstrip lines as feeds for printed 

monopoles and the introduction of metal reflector plane beneath the patch to tilt 

the radiation peak towards zenith. New dimensions of the optimized design V2 

have been shown in Fig. 4.4.  

 

In the optimized version V2, tapers have been used to enhance the flow of 

currents into the printed monopoles, thus achieving good impedance match at 2.1 

GHz and 2.45 GHz.  In addition, a metal sheet beneath the patch has been 

introduced to tilt the radiation peak. As discussed before, in V1 the radiation peak 

at all the three frequencies was shifted behind the patch due to the presence of 

dielectric substrate below the monopoles. Therefore, in order to overcome this 

radiation concern, a field reflection technique has been proposed. A metal sheet 

has been added below the actual ground plane of the patch to achieve high gain as 

well as desired radiation characteristics. The location of the reflector sheet has 
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been optimized at 5 mm below the ground plane of the patch. The design 

principle behind this technique is same as described in section 2.2.1.1 of the thesis 

i.e. to choose location of the reflector metal sheet in such a way that the reflected 

signal from the reflector should add in phase with the radiated signal from the 

patch, thus improving the gain of the proposed antenna as well as shifting the 

radiation bore sight towards zenith.  

 

A parametric study on the location of the reflector plane has been carried out 

using EM solvers (CST Microwave Studio and Ansoft HFSS) and it has been 

concluded that the minimum dimension of the reflector plane is 90 X 90 mm2. 

However, in practice, the mounting platform can be used as the reflector plane to 

achieve stated antenna characteristics. Antenna design V2 had been optimized 

with different sizes of reflector plane at different locations below the patch to find 

the optimum case. Using this technique, the desired antenna performance has 

been achieved. 

 

4.4 Design methodology 
 

The detailed design procedure has been explained in this section of the chapter. 

Sections 4.4.1, 4.4.2 and 4.4.3 explain the resonance operation at 1.575 GHz, 2.1 

GHz and 2.45 GHz. Next, section 4.4.4 describes the patch integration with the 

monopoles, thus acting as an integrated multi-band multi-polarized design for 

stated applications. 
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WP WG WM WS WD WT 

35.24 54.24 12.5 121 2.5 3.5 

LP LM LG LS LD  

34 11.84 54.68 121 27.9  

Figure 4.4 – Structure of the proposed V2 design (left). All the dimensions are in mm and 

have been shown in the table (right). Feed location has been shown as a white circle on 

the patch. The location of the feed with respect to centre is (-10.95, 6.74). 

 

 
 
4.4.1 GPS frequency 
 
 
Design methodology for the GPS patch is similar to the conventional square patch 

antenna. The feeding point for the probe is chosen to be on the diagonal axis of 

the patch to achieve circularly polarized radiation. The diagonal feeding position 

on the patch is also unique in the sense that it inherently phases the excitation of 

the vertical and horizontal edges orthogonally to produce CP radiation [99]. 

Appropriate selection of the diagonal axis for feeding will determine the sense of 
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polarization rotation [100]. Additional perturbation at the lengths of either edge 

pairs is necessary to optimize the axial ratio. Furthermore, an offset in the distance 

from the center of the antenna tunes the real and imaginary impedance so that the 

antenna can be matched to the feed-line characteristic impedance. For the 

proposed antenna design, the patch exhibits RHCP radiation at 1.575 GHz. The 

current distribution at 1.575 GHz has also been shown in Fig. 4.5. The figure 

clearly shows the presence of strong surface current on the patch.  

 

4.4.2 3G Frequency 
 

 

Resonance at 2.1 GHz has been achieved due to the current path shown in Fig. 4.6 

and Fig.4.7. Both the figures show current distribution at 2.1 GHz. Fig. 4.6 has 

been manually drawn to illustrate the current distribution. Due to the fact that the 

patch has been fed on the left diagonal of the rectangular patch, the monopoles 

showed in Fig. 4.6 act as discontinuities for the strong patch currents. Hence, the 

stated current path acts as a resonant length at 2.1 GHz. Furthermore, an 

approximated electrical length travelled by these currents has been calculated to 

76 mm, justifying the resonance at 2.1 GHz. This electrical length has been 

calculated based on the assumption of uniform current distribution along the 

current path.  
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4.4.3 WLAN Frequency 
 

 

The WLAN monopoles are fed from the GPS patch. The monopoles are a quarter-

wavelength long, including the additional electrical length due to fringing fields. 

Widths of the monopoles are determined by the impedance of the feeding 

microstrip lines. Fig 4.8 shows the current distribution on the V2 antenna 

structure at WLAN frequency. At resonance, current density increases around the 

tapers leading towards the open circuit ends of the monopole arms. The function 

of the tapers is to encourage the flow of currents into the arms. The tapers also act 

as a broadband impedance match as observed in the impedance plot (c.f. Figs. 

4.10 and 4.11), in which the slope of the real and imaginary components around 

resonance became more gradual. Phasing of the monopoles can be determined by 

the patch dimensions; therefore, a trade-off is the controllability of the excitation 

phase. The size of the ground plane on the bottom layer affects the WLAN 

antenna impedance and edge lengths are tuned for optimum match. 

 

The monopole arms on the structure can be perceived as a planar array of two 

elements on orthogonal planes. This produces dual-linear polarization which is 

suitable for a mobile user scenario in which the incident wave can be from an 

arbitrary angle and remains a variable. Monopoles generate a more omni-

directional radiation that can be seen in the pattern descriptions of Figs. 16 and 17 

and is desired for the intended application. 
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Figure 4.5 - Surface current distribution at 1.575 GHz. This figure noticeably shows that 

the strong surface current exists on the edges of the rectangular patch that realizes 

resonance at GPS frequency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 - Surface current distribution at 2.1 GHz. This figure noticeably shows that the 

current path exist between the two monopoles and the corresponding edges of the patch.  
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Figure 4.7 - Surface current distribution at 2.1 GHz. This figure noticeably shows that the 

current path exist between the two monopoles and the corresponding edges of the patch.  

 

 

 

Figure 4.8 - Surface current distribution at 2.45 GHz. This figure noticeably shows that 

the strong current exists on the fused monopoles. 
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4.4.4 Design Integration 
 

 

A transition from the GPS patch to the monopoles is required due to the different 

radiation mechanism of the individual antennas. The patch antenna radiates 

through fringing fields created by the potential difference between the patch edges 

and ground. Therefore, a ground structure is required for these fringing fields to 

exist. Size of the ground plane controls the impedance of the antenna at GPS 

frequency and the monopoles radiate because of standing wave currents 

developed along their lengths. Due to the requirement of the ground plane for 

GPS operation, part of the monopole length becomes the microstrip line structure 

and the remaining becomes the radiating strip. The electrical length of the 

monopole includes the fringing field depth. Furthermore, the size of the ground 

plane affects the impedance of the antenna at GPS frequency, 3G frequency as 

well as at WLAN frequency; therefore, the dimensions of the ground plane are 

optimized by considering the trade off in performance amongst all the bands. 

 

When combined, the structure as a whole exhibits multi-band frequency response 

and achieve good antenna gain at all the frequencies, greater than 3 dBi (CST) 

and return loss better than 10 dB that makes the design suitable for mobile 

wireless communications integrated with location based services and localization 

capabilities. 
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4.5 Results 
 

The design performance of the proposed V2 design has been validated using two 

commercially available EM solvers – CST Microwave Studio and Ansoft HFSS. 

The simulated and measured return loss has been shown in Fig. 4.9. The CST and 

HFSS simulated return loss at 1.575 GHz, 2.1 GHz and 2.45 GHz is -13.4 dB, -

15.12 dB and -15.9 dB and -13.2 dB, -18.2 dB and -16.24 dB respectively. The 

percentage error between the two simulators with regard to shift in the resonant 

frequencies is around 5 %.  Return loss that is better than 10 dB has been 

achieved at all the three stated resonant frequencies that support the design 

suitability for commercial applications.  
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Figure 4.9 – Return loss vs. frequency. This figure shows the comparison of return loss 

characteristics for the proposed antenna design V2 between two EM solvers (CST 

microwave studio and Ansoft HFSS). 
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Simulated real and imaginary impedances of the antenna have been shown in Fig. 

4.10 and Fig. 4.11 respectively. The CST real impedances at 1.575 GHz, 2.1 GHz 

and 2.45 GHz are 83.7 ohms, 44.7 ohms and 41 ohms respectively. HFSS real 

impedances at stated frequencies are 40 ohms, 42.3 and 43.4 ohms respectively.  

Furthermore, the CST imaginary impedances at the sated resonant frequencies are 

7.7 ohms, 5.3 ohms and 5.4 ohms respectively and HFSS imaginary impedances 

are 15 ohms, 2.8 ohms and 12.8 ohms respectively. The stated impedances values 

justify the antenna operation for stated wireless applications. 
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Figure 4.10 – Simulated real impedance vs. frequency. This figure represents the 

variation of real impedance versus frequency. It can be noticed that the real impedance is 

close to 50 ohms at 1.575 GHz, 2.1 GHz and 2.45 GHz as desired. 
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Figure 4.11 – Simulated imaginary impedance vs. frequency. This figure represents the 

variation of imaginary impedance versus frequency. It can be noticed that the imaginary 

impedance is close to 0 ohms at 1.575 GHz, 2.1 GHz and 2.45 GHz as desired. 

 

 

Simulated E-plane (X-Z plane) radiation patterns of the antenna at GPS, 3G and 

WLAN frequencies have also been shown in Fig. 4.12, Fig. 4.14 and Fig. 4.16. 

However, simulated H-plane (Y-Z plane) patterns at stated frequencies have been 

shown in Fig. 4.13, Fig. 4.15 and Fig. 4.17 respectively. The CST simulated 

radiation patterns are similar to the HFSS simulated patterns. All the patterns 

shown below are the normalized patterns. The simulated beamwidths in E-plane 

and H-plane at the specified resonant frequencies are around 600 and 70.10 

respectively.  
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Figure 4.12– CST (solid line) and HFSS (dash line) E-plane radiation patterns at 1.575 

GHz. This figure clearly shows that the radiation peak is towards zenith as desired for 

satellite based applications such as GPS for better signal reception. 
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Figure 4.13– CST (solid line) and HFSS (dash line) H-plane radiation patterns at 1.575 

GHz. This figure clearly shows that the radiation peak is towards zenith as desired for 

satellite based applications such as GPS for better signal reception 
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Figure 4.14 – CST (solid line) and HFSS (dash line) E-plane radiation patterns at 2.1 

GHz. This figure shows radiation characteristics for 3G applications.  
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Figure 4.15 – CST (solid line) and HFSS (dash line) H-plane radiation patterns at 2.1 

GHz. This figure shows radiation characteristics for 3G applications. The simulated 

patterns are quite close to the desired patterns such a way that connectivity to the base 

station is ubiquitously maintained. 
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Figure 4.16 – CST (solid line) and HFSS (dash line) E-plane radiation patterns at 2.45 

GHz. This figure shows the radiation characteristics for WLAN operation. The simulated 

patterns are similar to the desired patterns i.e. sideways for better signal connectivity. 
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Figure 4.17 – CST (solid line) and HFSS (dash line) H-plane radiation patterns at 2.45 

GHz. This figure shows the radiation characteristics for WLAN operation. The simulated 

patterns are similar to the desired patterns i.e. sideways for better signal connectivity 
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The simulated realizable gain has been shown in Fig. 4.18. The simulated (CST) 

realizable gain at all the resonant frequencies is better than 3 dBi that explains the 

function of reflector ground plane to achieve directive radiation characteristics. 

The CST simulated realizable gain at 1.575 GHz, 2.1 GHz and 2.45 GHz is 6.83 

dBi, 6.82 dBi and 3.9 dBi respectively. HFSS simulated gain is 3.4 dBi, 5.2 dBi 

and 0.79 dBi respectively. The simulated axial ratio characteristics have also been 

discussed in this section of the chapter. The simulated E-plane and H plane axial 

ratio at 1.575 GHz is shown in Fig. 4.19 and Fig. 4.20 respectively. The CST and 

HFSS simulated boresight axial ratios at GPS frequency are 2.43 dB and 0.8 dB 

respectively. The stated axial ratio values at 1.575 GHz supports the usability of 

design for GPS applications exhibiting good right hand circularly polarized 

radiation. Furthermore, the simulated boresight axial ratio vs. frequency 

characteristics has been shown in Fig. 4.21. 
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Figure 4.18 – CST (solid line) and HFSS (dash line) realized gain vs. frequency. This 

figure shows antenna gain profile as a function of frequency.  
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Figure 4.19 – CST (solid line) and HFSS (dash line) E-plane axial ratio vs. theta. This 

figure justifies the antenna applicability at GPS frequency exhibiting right hand circular 

polarization. 
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Figure 4.20 – CST (solid line) and HFSS (dash line) H-plane axial ratio vs. theta. This 

figure justifies the antenna applicability at GPS frequency exhibiting right hand circular 

polarization. 
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Figure 4.21 – CST (solid line) and HFSS (dash line) boresight axial ratio vs. frequency. 

This figure justifies the antenna applicability at GPS frequency exhibiting right hand 

circular polarization. 

 

4.6 Limitations and Improvements 
 

One of the major drawbacks of the design is the limited bandwidth. Some of the 

ideas that can be implemented for the proposed designs to improve the bandwidth 

are: by using broadband configurations of monopoles [87-88], using modified 

ground planes [89] or by changing the substrate properties like thickness and 

dielectric constants [26]. Furthermore, broad-banding can be achieved through 

slight adjustments to each monopole length to generate multiple overlapping 

resonances. The same concept can also be applied to realize multiple (up to quad-) 

bands with linear polarization for each individual resonance. Miniaturization can 

also be realized through folding of the monopole arms. 
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4.7 Conclusion 
 

  

An integrated multi-band microstrip patch antenna has been proposed for GPS, 

3G and WLAN applications. Two versions of the antenna design have been 

proposed. A prototype of the first version, V1, was fabricated and measurements 

were carried out. It was found that measurement results were not similar to 

simulated results due to the inaccuracies in the structure definition in the EM 

solvers. Therefore, an optimized version, V2, has been proposed. Both the 

versions have been designed using same design principle. In addition, 

optimizations in the V2 have been explained in the section 4.3 of the chapter. The 

design performance has been verified using CST Microwave Studio and Ansoft 

HFSS. A workable agreement has been found between two solvers. The proposed 

designs are realized on a 1.58 mm thick FR4 substrate. A field reflection 

technique has also been proposed to achieve directive radiation characteristics. 
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Chapter 5 

 

Multi-band antenna designs for future research 

 

 

Abstract 

 

 

Design methodologies to achieve single probe-fed multi-band antennas with 

different polarization requirements incorporating independent frequency tunabilty 

have been proposed. Three prospected antenna designs have been described in 

this chapter of the thesis. The first design can be used to generate two circular 

polarizations and one linear polarization; the second design can be realized to 

generate three circular polarizations and the third design can be made capable to 

generate seven different resonances with different polarization requirements. The 

stated design methodologies have been proposed as future research problems and 

further research needs to be carried out to validate the antenna designs. 
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5.1 Introduction 

 

As described in the previous chapters of the thesis, integrated multi-band patch 

antennas have been designed for various wireless applications such as WLAN, 

WiMAX, GPS, SDARS, PCS and 3G. All of these antenna designs are based on 

single substrate layer and single probe feed configuration and achieve desired 

radiation characteristics for the stated applications. Radiation pattern requirements 

are different for each application. For example, GPS and satellite radio 

applications such as SDARS need its pattern to be focussed towards zenith; 

whereas cellular and data transmission applications need omni-directional pattern 

in azimuth plane. In chapter 2 and chapter 3 of the thesis, three independently 

tunable antenna designs have been realized for WLAN, WiMAX and PCS 

operations with multi linear polarization characteristics. Similarly, in chapter 4, a 

circularly and linearly polarized antenna has been proposed for GPS, 3G and 

WLAN applications. This antenna design realizes right hand circular polarization 

at GPS frequency and two linear polarizations at 3G and WLAN frequencies 

respectively.  

 

Therefore, in order to achieve multi-CP and multi-LP characteristics with 

independent frequency tunabilty, a few prospected antenna designs have been 

proposed in this chapter. However, further research needs to be carried out to 

realize actual performance of the proposed antenna designs in future. In this 

chapter, three independently tunable antenna designs have been proposed which 
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are capable of achieving multi-resonance with different polarization 

characteristics.  

 

 

5.2 Design 1 

 

Triple-band Applications; Polarization requirements: circular, circular and 

linear 

 

The design of triple-band systems for GPS-SDARS-WLAN or GSM-GPS-

SDARS is more complex than the design for GSM-GPS-WLAN due to the 

different polarization requirements. The design of a single antenna for 

applications that require RHCP, LHCP and LP is very challenging. In this 

research, a frequency tunable antenna design is proposed that can achieve three 

resonant frequencies and three different polarizations i.e. RHCP, LHCP and LP 

respectively. The proposed design is based on single probe feed configuration and 

is a subset of the antenna design realized in chapter 4 of the thesis.  As described 

before, the design proposed in chapter 4 consists of a patch fused with printed 

monopoles along the edges of the patch. The patch is responsible for RHCP at 

1.575 GHz for GPS applications and the monopoles are resonating at 2.1 GHz and 

2.45 GHz for 3G and WLAN applications. Similarly, for the proposed future 

design, another patch can be cut on the existing patch by introducing slots to 

achieve LHCP at different level of frequency [65]. This planar design can be 

achieved by coupling the signal between the outer and inner patch through the 

slots that separate the two patches. The first two resonant frequencies can be 
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controlled by the dimensions of the outer patch and inner patch respectively that 

can provide two circular polarizations. The third resonant frequency can be 

realized by tuning the length of the monopoles requiring linear polarization. The 

sense of polarization of the patch can also be controlled by perturbing the patch 

with respect to the feed point. Other combination of polarizations can also be 

achieved using the similar antenna structure with appropriate inner and outer 

patch antenna designs. Since, the proposed design offers the capability to realize 

independent frequency tunabilty, the polarization control in the design with 

desired radiation characteristics is achievable. 

 

 

5.3 Design 2 

 

Triple-band Applications; Polarization requirements: circular, circular and 

circular 

 

Achieving three resonances with two RHCP and one LHCP, or two LHCP and 

one RHCP with a single feed and single layer antenna will be considered as a 

bench mark design. This challenging task can be realized by using the above 

proposed design methodology and sequential rotation technique (SRT) [73]. The 

sequential rotation technique can be used to generate third circular polarization.  

 

As discussed before, inner and outer patches of the antenna can be used to 

generate the first two circular polarizations and third circular polarization can be 

achieved with SRT by shifting the location of monopoles for 90 degree 
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progressive shift, on the periphery of the outer patch. Locations of the monopoles 

and their width can also be used to adjust the progressive shift of the monopoles 

to achieve third circular polarization. Using this design methodology, frequency 

tunable multi circularly polarized antenna can be designed with desired radiation 

characteristics.   

 

5.4 Design 3 

 

Multi-band Applications; Polarization requirements: multi-CP and multi-LP 

 

The proposed design methodology in this section is capable of generating seven 

different resonant frequencies, and these can be two circular polarizations and five 

linear polarizations or all linear polarizations. First two resonances can be 

achieved through outer and inner patches, next four resonances can be achieved 

by changing the length of the printed monopoles i.e. each monopole will be 

responsible for the different frequency operation. Furthermore, the seventh 

resonance can be generated by cutting a slot on the patch where the slot length 

can be adjusted for a desired resonant frequency.  

 

 

5.5 Conclusion 

 

In this chapter, antenna design methodologies have been proposed to realize 

frequency tunable multi-band antennas for wireless applications with different 

polarization requirements such as two CP and one LP, three CP or multiple CP 
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and multiple LP in a single antenna design. These methodologies have been 

proposed on the basis of knowledge of antenna theory and experience gained 

while designing other antennas as described in chapter 2, chapter 3 and chapter 4 

of the thesis. However, further research and analysis needs to be carried out to 

validate the performance of the proposed antenna designs. 
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