
MACQUARIE 
UNIVERSITY

HIGHER DEGREE THESIS 
AUTHOR’S CONSENT 
DOCTORATE DEGREE

This is to certify that I, Yogeshwar Ranga being a candidate for the degree of Doctor of Philosophy am aware of 
the policy of the University relating to the retention and use of higher degree theses as contained in the University’s 
Higher Degree Research Thesis Preparation, Submission and Examination Policy.

In the light of this policy, I agree to allow a copy of my thesis to be deposited in the University Library for 
consultation, loan and photocopying forthwith.

/

Signature of Candidate 
Date; | vj I I 1 1 1

Full Nam e & Signature of Witness 

Date: / f / i / / o

MACQUARIE 
UNIVERSITY

¥

The Academic Senate on 15 November 2011 resolved that Mr Yogeshwar Ranga had satisfied 
the requirements for admission to the degree o f  PhD.

This thesis represents a major part of the prescribed program o f  study.
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ABSTRACT

Wide-band wireless systems are used in a wide range of applications including 

ground-penetrating radars, biomedical imaging systems, high-data-rate short range 

wireless local networks, communication systems and medium- and long-range mili

tary radars due to their high spatial and temporal resolution. As is the case in conven

tional wireless communication systems, an antenna plays a crucial role in wide-band 

systems. However, there are additional challenges when designing an antenna to oper

ate over a wideband or an ultra-wide-band. In the recent past the interest of academia 

and industry developed in the Federal Communication Commission (FCC)-sanctioned 

UWB systems standard, which makes use of the spectrum from 3.1 GHz to 10.6 GHz. 

To utilise this spectrum fully, the challenges in designing a viable antenna are great. 

Antenna design involves achieving a 110% bandwidth, stable radiation patterns over 

the bandwidth, compact size and low manufacturing cost particularly for consumer 

electronics applications. In some important applications such as point-to-point high

speed data-communication systems, in addition to the above characteristics a small 

gain variation over the bandwidth may required. Several compact planar monopole 

antenna geometries have been investigated for such UWB applications. Most of these 

planar antennas have a significant gain variation (1 dBi to 5 dBi) at lower frequencies 

(3 GHz to 6 GHz) and then the gain becomes nearly constant. On the other hand some 

slot antennas have a relatively constant gain between 2 dBi and 3 dBi and only 1 dB 

variation in gain over the complete bandwidth. High-gain slot antennas have exhib

ited a stronger gain variation, between 2 dBi to 7 dBi. Indeed, gain enhancement is 

a challenging task for UWB systems where gain flatness across 3 GHz to 10 GHz is 

preferred.





In this work, efforts have been made for enhancing the gain, and the gain variation 

with frequency, of printed monopole antennas. Extensive investigations were also car

ried out on different types of concepts in enhancing the gain of UWB antennas. The 

types of antenna studied in this thesis are based on monopole and slot antennas. A 

concept of proximity coupling has been proposed for the printed monopoles and it has 

been demonstrated with practical implementation and testing. This concept helps to 

enhance the angular stability of the printed monopoles. Based on the understanding of 

UWB antennas, two more compact versions of TEM horns are proposed. Their inte

gration with printed-circuit boards has been studied. Both of them are fed using printed 

monopoles; one fed by a circular monopole and the the other by a co-planar waveguide 

(CPW)-based semicircular monopole. Short horn antennas designed in this thesis are 

comparable to conformal or integrated antennas printed on the same substrate. Apart 

from enhancing the gain performance of antennas, significant work has been carried 

out in the field of Frequency Selective Surfaces (FSS). The behaviour of FSS-based 

reflectors in enhancing the gain while maintaining the operating bandwidth has been 

demonstrated for UWB applications. A concept of phase coherence over the UWB 

bandwidth has been proposed in this work and it is demonstrated with some practi

cal examples of antenna design and implementation. These multi-layer FSS reflector 

surfaces help to achieve a good gain enhancement in terms of flatness and directional 

radiation properties over the UWB bandwidth. A gain flatness of ±0.5 dB has been 

demonstrated over a 110 % impedance bandwidth.
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Chapter 1

Introduction

An antenna is a specialised transducer that converts unguided radio-frequency (RF) fields into 

guided fields or vice versa. They play a key role in most wireless systems from the beginning 

(transmitter) to the end (receiver). The focus of this thesis is on the design of antennas for 

ultra-wideband (UWB) systems. These systems are primarily intended for short-range wireless 

communication and are expected to handle an unprecedented bandwidth, which imposes addi

tional challenges in antenna design because satisfactory input match, gain and radiation patterns 

need to be maintained over a broad range of frequencies.

The UWB field originated from research in time-domain electromagnetics (EM) that was 

strong even in the early sixties and was able to fully describe the transient behaviour of a cer

tain class of microwave networks through their characteristic impulse response. During the 

1960s and 1970s impulse radars were investigated for military purposes to obtain greater res

olution through their larger relative bandwidth. The experiments with radar led to research on 

impulse radio or broadband radio. In these impulse radios, signals are transmitted in the form 

of very narrow pulses. This is also called carrier-less transmission because no sinusoidal carrier 

is used. These extremely short pulses use a large bandwidth and therefore fall in the category 

of UWB signals. Prior to 1994, much of the work in the UWB field, particularly in the area
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of impulse communications, was performed under classified programs. The only commercial 

non-classified application was Ground Penetrating Radar (GPR). The concept of OPR extended 

to new applications and is now being applied to new imaging devices which enable law en

forcement, fire and rescue personnel to see through walls and debris during emergencies. These 

devices can also improve safety in construction sites by locating steel bars, electrical wiring, 

and utility pipes hidden inside walls or underground. UWB offers several unique capabilities 

that can enable a host of new sensing, positioning, and communication applications. Since 

ultra-wideband systems use very narrow pulses they can be separated out at the receiver. This 

has two benefits: firstly, multi-path components from the same transmitter can be well resolved 

thereby reducing multi-path interference. Secondly, pulses from two different users can be well 

separated offering lower inter-symbol interference.

With the release of the spectrum of 7.5 GHz from 3.1 GHz to 10.6 GHz by the Federal 

Communication Commission (FCC) in 2002, the wireless market saw the commercial potential 

in UWB communication. Apart from the applications explained above their scope extends to 

collision-avoidance radars that are being developed to reduce auto accidents. For personal-area 

networking, UWB can provide wireless links among camcorders, personal computers, DVD 

players, flat-screen television displays, printers, MP3 players and other devices. These UWB 

devices, which potentially support data rates in excess of 1 Gb/s, pose a range of regulatory 

concerns. In these realisations, the UWB transmission takes the form of noise-like signals at 

or below the background noise floor. They work across an unprecedented range of the radio 

spectrum, which is already licensed to a large number of government and commercial users. A 

key concern from other spectrum users is the interference that UWB transmissions potentially 

cause. To prevent such interference, a restricted spectrum mask has been imposed to limit the 

use of this enormous bandwidth.

Challenges in antenna design for UWB systems can be readily identified:

• Ultra-wideband matching is a prime requirement. GPR systems need the widest possible



matching while FCC-based UWB systems need a good impedance match from 3.1 GHz 

to 10.6 GHz. This matching is attributed to the connection between the antenna input 

port and the feed transmission line. In UWB antennas this may be viewed as reflections 

at certain locations within the antenna, which produce ripples in the time domain and 

resonant behaviours in the frequency domain.

•  Antennas with the maximum possible gain are highly desirable for any wireless system. 

More gain from the transmitter antenna gives the flexibility to pump less power from the 

RF transmitter circuitry. This helps in reducing the design complexity of transceivers and 

reduces the size and weight of overall systems, which is highly desirable for compact, 

hand-held devices.

•  Both pulse-based Direct Spread-spectrum UWB (DS-UWB) and carrier-based Multi- 

Band Orthogonal Frequency Division Multiplex (MB-OFDM) UWB systems are avail

able and the gain of the antennas play a critical role in pulse shaping as well as carrier 

enhancements in both types. A flat gain over a broad range of frequency is highly desir

able.

• The gain of printed and planar UWB antennas increases with frequency, which is a chal

lenge for both technologies (DS-UWB and MB-OFDM) in maximising the dynamic range 

of the link while still meeting the very low FCC transmitted power spectral density (PSD) 

threshold. Due to the wide spectrum of UWB, frequency-dependent tilt severely compro

mises the dynamic range of the link. Since RF attenuation increases with frequency, the 

wider the frequency band the more tilted the received spectrum and the more dynamic 

range is lost to receiver equalisation or transmitter pre-distortion [6].

•  The angular and spectral stability of UWB antennas is a key concern over the UWB 

bandwidth. Printed antennas being counterparts of conventional dipoles and monopoles.
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have radiation patterns that are independent of distance but strongly dependent on fre

quency. This dependency leads different spectral components in a UWB signal to radiate 

in different directions with varying field strengths. The variation of pattern will cause the 

degradation of gain in the main beam direction, which in turn creates a problem in pulse 

transmission and the Line-of-Sight (LOS) scenario.

• The designers of UWB antennas should consider the overall performance of UWB sys

tems. For most of these systems, the improvement of the link budget, even by a few dB, 

is of great importance. A low-cost lightweight directional antenna is highly desirable for 

LOS applications, as opposed to a conventional bulky dielectric-loaded horn or a several 

wavelength-long TEM horn.

•  An appropriately designed antenna reflector, which works over a broad range of frequen

cies, can serve the purpose of enhancing the system performance and redirecting the 

energy going in an undesirable back-lobe direction towards the main beam.

•  Reflectors with in-phase reflection characteristics can be realised using periodic struc

tures. However, the designs available in the literature are mostly narrow band or dual 

band. Periodic structures capable of providing good reflection and appropriate phase over 

a UWB bandwidth are required for UWB antennas as reflectors, but their design is quite 

challenging.

• Near-field interactions lead to several imperfections in antenna performance unless they 

are accounted for in the design. For example, in GPR/imaging applications the hand

held devices need to be placed over lossy surfaces like the earth or human tissues, and in 

commercial devices like DVD players, HDTV, laptops and desktop computers, antennas 

are mounted in or over the metallic chassis. Such scatterers (feed cable, casing, furniture 

or human body) contribute to the far field radiated and even reflections into the source.



1.1 Organisation o f The Thesis

This thesis addresses the design aspect of UWB antennas. The main objective is to de

velop techniques to achieve the maximum possible flat gain from the existing printed antenna 

configurations available in the literature. Several new concepts are introduced to achieve this 

objective without compromising the antenna impedance matching over the UWB band. Low- 

cost, low-profile antennas with flat gain and a good impedance match over a UWB bandwidth 

are demonstrated in this work. Various hardware profiles are implemented and tested to prove 

the concepts employed to enhance the antenna gain and gain flatness.

1.1 Organisation of The Thesis

Chapter 2 presents a partial literature review, which is common to all chapters. Other chapters 

also have a literature review section relevant to individual chapters. Various problems caused 

by the variation in gain of printed and planar UWB antennas are explained in detail. Chapter 2 

also contains a brief history of UWB technology and current trends and application prospects 

of UWB systems.

Chapter 3 describes the gain stability of printed antennas over a broad range of frequen

cies. A concept of proximity-coupled metallic patches, incorporated on the surface along the 

printed UWB radiators, is presented. Two novel MS-fed and CPW-fed printed UWB antennas 

are designed to prove the concept of proximity coupling. To the best of the author’s knowl

edge, these monopoles are the first of this kind capable of achieving the UWB bandwidth while 

maintaining the gain over a broad range of frequencies. This work is in contrast to the surface- 

wave suppression techniques used in the past for patch configurations, where metallic patches 

and resistive cards are used around the antenna to reduce the propagation of surface waves. 

In addition to simple metallic patches/cavities coupled to printed monopoles, an array of these 

patches/cavities is proposed to enhance gain further from 3.1 GHz to 10.6 GHz. This flat gain 

contributes to an improved system dynamic range while meeting the limits of the FCC spectral
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mask.

Chapter 4 describes a new class of short two-plate and short TEM horn antennas and a novel 

feed mechanism for a short TEM horn with printed monopoles. These antennas possess flat gain 

characteristics and are capable of reducing near-zone scattering due to the chassis and the lossy 

materials present in the neighbourhood. A complete study, and an effective field analysis to 

justify the evolution of these short TEM horns, are presented in this chapter. Three different 

antennas are introduced in Chapter 4 to prove the concept of printed-monopole feeding of short 

TEM horns. Complete hardware profiles and validations of predicted results by measurements 

are presented. The limitation of the restricted bandwidth from the antennas proposed in Chapter 

3 are addressed and resolved by the antenna designs presented in Chapter 4.

Chapter 5 starts with a change of topic to periodic structures but ends with antenna design. 

Based on multi-layer periodic structures, UWB antenna reflectors are designed and demon

strated in this chapter. A novel concept of phase coherence over the UWB bandwidth is pre

sented. Based on the concept, frequency selective surface (FSS) are designed to achieve de

sirable phase and stop bands over a UWB bandwidth. Two different FSSs are proposed in this 

chapter. The first surface is a dual-layer FSS while the second is is a four-layer FSS. The optimi

sation of the dual-layer FSS, its oblique-incidence performance, experimental implementations 

and measurements are presented in Chapter 5. This FSS has a 133% transmission bandwidth, 

which seems to be the best available; the previous best has an bandwidth of 52% (explained in 

more detail in Chapter 5). Based on the concept of the dual-layer FSS a four-layer FSS is also 

presented in Chapter 5. Both FSSs were tested as a reflector with a UWB slot antenna. The 

dual-layer FSS needs a shorter gap between the antenna and the reflector. The four-layer FSS 

offers more control of gain by controlling the periodicity in each layer.

Chapter 6 concentrates on slot antennas and high-gain antennas with directional radiation 

patterns. Slot antennas are treated as magnetic monopoles, and they are capable of providing 

good immunity to the near-field interaction. The key challenge in the design of slot antennas is
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matching the feed of the slot to a 50Q or 75Q transmission line. Several bow-tie configurations 

show the potential of being used in hand-held GPR applications. Chapter 6 starts with the 

design of a compact semicircular slot antenna. This antenna is fed with a CPW line which 

forms a compact step transformer to match the impedance of the semicircular slot aperture to 

the feed. After optimising the structure, a short two-plate horn, proposed in Chapter 4, was 

mounted on top of the slot. This hybrid configuration of a slot with a short two-plate horn 

leads to significant gain enhancement over the UWB band. In addition to the design of this 

short horn a four-plate short horn is introduced, which is fed by a rectangular slot antenna. The 

newly designed short horn is capable of giving an average gain of 10 dBi with a compact size 

of around A/4 (at 3 GHz) while maintaining the UWB impedance bandwidth. An initial study 

and experimental results proves the potential of such a short horn antenna as compared to the 

conventional dual- and quad-ridge horns.

Chapter 7 provides the overall conclusions of the thesis, followed by a brief summary of all 

the design and suggestions for future work.

Commercial software packages used in the project are (a) High Frequency Simulation Soft

ware (HFSS) from ANSOFT (based on the Finite Element Method), and (b) CST Microwave 

Studio (based on the Finite Integration Technique).

1.2 Thesis Contributions

The key contributions of this thesis are in understanding and developing antennas with enhanced 

gain over an ultra-wide bandwidth.

Specifically, the contributions include:



1.2.1 Main Achievements

1. The effectiveness of proximity coupling to printed monopole antennas is investigated and 

proven (Chapter 3).

2. A novel concept of a short TEM horn and a feed mechanism for a short horn with printed 

monopoles are introduced (Chapter 4).

3. The phase-coherence principle is introduced for UWB antenna reflector design and a 

UWB antenna with periodic reflector has been designed to achieve 133% impedance 

bandwidth (Chapter 5).

4. A novel short four-plate UWB horn is introduced fed by a slot antenna. It has the perfor

mance comparable to dual- and quad-ridge horns (Chapter 6).

1.2.2 Other Contributions

1. Proximity-coupled printed circular monopole antenna with good angular stability (Chap

ter 3).

2. Extending the concept of proximity-coupled monopoles to CPW-fed antennas and de

signing thin antennas for a MB-OFDM System (Chapter 3).

3. Developing an array of proximity-coupled metallic slot antennas to further control the 

gain over the UWB band (Chapter 3).

4. Designing and developing unique monopole-fed surface-mounted short two-plate and 

TEM horn for hand-held UWB applications (Chapter 4).

5. Complete field analysis and optimisation of short TEM horn to understand the evolution 

of the present structure with TEM horns (Chapter 4)
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6. Demonstrating the concept of the short TEM horn with a surface-integrated horn fabri

cated on the same substrate with a printed monopole (Chapter 4).

7. Two different UWB periodic structures are introduced to design an antenna reflector with 

controllable gain performance (Chapter 5).

8. The optimisation of the dual-layer FSS, its oblique incidence performance, experimental 

implementations and measurements are presented (Chapter 5).

9. Designing and developing a compact slot antenna and proving the effectiveness of short 

horns coupled to a slot antenna in UWB applications (Chapter 6).

1.3 Publications

Some of the thesis contributions have been published in journal and conference proceedings. 

The list of papers is provided below. Several journal papers are under an internal review process 

and are yet to submitted to the corresponding editorial boards (listed under a separate category). 

The papers listed under other publication category are not explained in detail in thesis chapters 

but considered as a part of the process for gaining an understanding of periodic structures which 

are used in Chapter 5 of this thesis.

1.3.1 Invited Papers (IP)

1. [IPl] Y. Ranga, L. Matekovits, Karu P. Esselle and Andrew R. Weily, ""Enhanced gain 

UWB slot antenna with multilayer frequency-selective surface reflector," 2011 IEEE In

ternational Workshop on Antenna Technology: Small Antennas, Novel Structures and 

Innovative Metamaterials, pp 176-179.



2. [IP2] Y. Ranga, Karu. P. Esselle, A. Weily and A. K. Verma, ‘‘CPW-Fed Printed Semi

circular Disc Monopole Antenna Enhanced with Surface-Mounted Short H om r  ISMOT 

2009, Delhi, India.

1.3.2 Journal Papers (JP)

Accepted Papers

3. [JPl] Y. Ranga, A. K. Verma and Karu. P. Esselle, “Planar-Monopole-Fed, Surface- 

Mounted Quasi- TEM Horn Antenna for UWB Systems” IEEE Transactions on Antennas 

and Propagation vol 58, no.7 Pages 2436-2439.

4. [JP2] Y. Ranga, Karu. P. Esselle and Andrew R. Weily, “Compact Ultra-Wideband 

CPW-Fed Printed Semicircular Slot Antenna^ Microwave and Optical Technology Let

ters, vol. 52, no. 10, October 2010, Pages: 2367-2372.

5. [JP3]Y. Ranga, Karu. P. Esselle, Andrew R. Weily and A. K. Verma, “A Constant Gain 

Printed Circular Monopole Antenna for UWB Applications," Microwave and Optical 

Technology Letters, vol. 52, no. 6, June 2010, Pages 1261-1264.

6. [JP4] Y. Ranga, L. Matekovits, Karu P. Esselle and Andrew R. Weily, “Multioctave 

Frequency Selective Surface Reflector for Ultra-wideband Antennas," IEEE Antennas and 

Wireless Propagation Letters, vol. 10, Pages 219-222.

Papers Under Internal Review

7. [JP5] Y. Ranga, L. Matekovits, Karu P. Esselle and Andrew R. Weily, “Ultra-Wideband 

Phase Coherence with a Dual-Layer Frequency Selective Surfaces Reflector” IEEE Trans

actions on Antennas and Propagation.
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8. [JP6] Y. Ranga, L. Matekovits, Karu P. Esselle and Andrew R. Weily, “ Ultra Wide- 

Band Frequency-Selective-Surfaces with Angle and polarisation StudyT IEEE Antenna 

and Wireless Propagation Letters.

9. [JP7] Y. Ranga, L. Matekovits, Karu P. Esselle and Andrew R. Weily, “ Constant Gain 

Antenna with Ultra wideband Frequency-Selective-Surface Reflector” IEEE Transactions 

on Antennas and Propagation.

10. [JP8] Y. Ranga, Karu. P. Esselle, Andrew R. Weily and A. K. Verma, “ Compact Short 

Horn Antenna for UWB Radars and Communication Systems,” IEEE Antenna and Wire

less Propagation Letters.

11. [JP9] Y. Ranga, Karu. P. Esselle, Andrew R. Weily and A. K. Verma, “ Compact surface 

mounted Short Horn TEM Horn for hand-held UWB Applications” IEEE Antenna and 

Wireless Propagation Letters.

1.3.3 Conference Papers (CP)

Year 2012

12. [CPI] Y. Ranga, A. K. Verma, Karu. P. Esselle and Andrew R. Weily, “ An Ultra Wide

band Antenna with Uniform Gain,” 6th European Conference on Antenna and Propaga

tion (EuCAP 2012), Czech Republic (Under internal review).

Year 2011

13. [CP2] Y. Ranga, Karu. P. Esselle, Andrew R. Weily and A. K. Verma, "Compact High- 

Gain Short-Horn Antenna for UWB Applications^ 5th European Conference on Antenna 

and Propagation (EuCAP 2011), Rome, Italy.



14. [CP3] Y. Ranga, L. Matekovits, Karu P. Esselle and Andrew R. Weily, ‘'Multi-layer 

Frequency-Selective Surface Reflector for Constant Gain Over Ultra wideband^ 5th Eu

ropean Conference on Antenna and Propagation (EuCAP 2011), Rome, Italy.

15. [CP4] Y. Ranga, L. Matekovits, Karu P. Esselle and Andrew R. Weily, ‘"Design and 

Analysis o f Frequency-Selective Surfaces for Ultrawidehand Applications," EUROCON 

2011 Lisbon, Portugal.

16. [CPS] Y. Ranga, L. Matekovits, Karu P. Esselle and Andrew R. Weily, ""Oblique In

cidence Performance of UWB Frequency Selective Surfaces for Reflector Applicationsr 

IEEE Antennas and Propagation Society International Symposium, 2011.

17. [CP6] Y. Ranga, L. Matekovits, Karu P. Esselle and Andrew R. Weily, ""The Use of 

A Multi-layer Frequency Selective Surface Reflector to Achieve Antenna Gain Flatness 

Over a Ultra-wideband” 12th Australian Symposium on Antennas; Sydney, NSW. CSIRO 

ICT Centre; 2011; ISBN: 9780643096271.

Year 2010

18. [CP7] Y. Ranga, A. K. Verma, Karu. P. Esselle and Andrew R. Weily, ‘"A Gain-Enhanced 

Semicircular Disc Antenna with A Quasi-Planar Surface-Mounted Short TEM Horn” 

European Microwave Week 2010, Paris France.

19. [CPS] Y. Ranga, Karu P. Esselle and Andrew R. Weily, ""A Simple Thin Antenna with 

An Enhanced Gain for MB-OFDM UWB Systems,” Fourth International Conference on 

Signal Processing and Communication Systems, ICSPCS 2010.

20. [CP9] Y. Ranga, Karu. P. Esselle and Andrew R. Weily, ""Gain Enhancement Techniques 

fo r UWB Antennas,” WARS 2010, Canberra.
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21. [CPIO] Y. Ranga, A. K. Verma, Karu. P. Esselle and Andrew R. Weily, “Gain Enhance

ment o f UWB Slot with the Use of Surface Mounted Short Horn” IEEE APS URSIAJNSC 

2010 Canada.

22. [CPU] Y. Ranga, Karu. P. Esselle, Andrew R. Weily and A. K. Verma, Ultra- 

Wideband Printed Monopole Antenna Enhanced Using A Surface-Mounted Short Horn” 

EuCap 2010, Spain.

Year 2009

23. [CP12] Y. Ranga and Karu. P. Esselle, "'CPW-Fed Semicircular Slot Antenna for UWB 

PCS Applications,” IEEE Antennas and Propagation Society International Symposium, 

2009.

24. [CP13] Y. Ranga, Karu. P. Esselle, Andrew R. Weily and A. K. Verma, “A Compact 

Antenna with High Gain for Ultra Wide Band Systems” Microwave Conference, 2009. 

EuMC 2009, Rome, Italy.

25. [CP14] Y. Ranga, Karu. P. Esselle and A. K. Verma, "'Wide band High Gain Antenna 

for UWB Application” 11th Australian Symposium on Antennas; Sydney, NSW. CSIRO 

ICT Centre; 2009: 2. ISBN: 9780643096271.

1.3.4 Other Publications (OP)

26. [OPl] L. Matekovits, Y. Ranga, Karu P. Esselle and Mario Orefice, "'Scattering o f a 

Width-Modulated Microstrip Line for an Arbitrary Angle o f Incidence” Metamaterials 

’2011: The Fifth International Congress on Advanced Electromagnetic Materials in Mi
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27. [OP2] L. Matekovits, Y. Ranga, Mario Orefice and Karu P. Esselle, ""Width-Modulated 
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ray Applications ̂  Asia Pacific Microwave Conference (APMC) 2011, Melbourne, Aus

tralia (Accepted for publications).
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Chapter 2

Literature Review and Background

2.1 Introduction

UWB is one of the oldest radio technologies dating back to the early 20'̂  ̂ century. In 1918, 

UWB was banned for interfering with narrow-band frequencies and restricted to military appli

cations. In the early 1980s UWB made a resurgence but was limited to military applications and 

used the terminology of baseband or impulse radio [7]. Some commercial civilian applications 

like Ground Penetrating Radars (GPR) exist as UWB applications. More recently this technol

ogy re-emerged in 2002 after the approval of an unlicensed band from 3.1 GHz to 10.6 GHz 

for short-range wireless technology by the Federal Communications Commission (FCC) [8J. 

A similar document was released by the Office of Communications of the United Kingdom in 

2005 to be considered by the European Conference of Postal and Telecommunications Admin

istrations (CEPT) [9],

The current masks approved by different authorities are presented in Figure 2.1. In current 

developments, Alereon announced in September 2010 that their UWB ""NoWire(TM)” technol

ogy will be used in a Wireless Video/Audio Extender providing an up to 220 Mbps link. Alereon 

chips will also power the Toshiba Wireless Dynadock W20 system. EZAir is offering a variety

15
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of UWB video/USB extenders powered by Wisair UWB chips. Staccato Communications and 

Artimi joined forces in a 2008 merger to form a company called VeeBeam, which is working 

on the development of UWB wireless data systems. More recent developments can be found 

from [10] and [11].

This chapter contains background information and a literature review. More information 

and specific literature related to each chapter is also included in each chapter.

fkH<w>eyia*l

Figure 2.1: Power spectral density mask approved by various authorities.

2.2 UWB System Characterisation

Since the release of 7.5 GHz of unlicensed spectrum, UWB technology developers started work

ing in two different groups. The first group is the UWB forum headed by Motorola and the 

second group is the Multi-band Orthogonal Frequency Division Multiplexing (MB-OFDM) al

liances headed by Intel, which includes other well known companies like Microsoft, NEC,
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Philips and Samsung. These groups are divided on physical-layer standards. The UWB fo

rum adopted the policies of traditional direct spread spectrum (DS)-UWB, which spreads the 

information over a wide band using a pseudo-random bit sequence. The MB-OFDM alliance 

favours the division of the entire spectrum of 3.1 GHz to 10.6 GHz into 14 subcarriers, each with 

528 MHz bandwidth, which enables the incorporation of well established concepts of narrow

band techniques. In the current market the MB-OFDM alliance appears to be progressing more 

rapidly than the DS-UWB groups.

OFDM
128 subcarriers
Q PSK/DCM
signaling

1168 4.752 6.336 7.920 9L504 10.56
---------- 1----------

Existing products 
operate in Band 
Group 1

GHz
Time-frequencylnterleaf^ing CTFI) or Fixed Frequency 
Interleaving (FFI) is used to spread the transmit 
power among the three sub-bands thereby increasing 
the peak transmit pov«r and optimizing the range.

Figure 2.2: WiMedia MB-OFDM channel assignment in the 3.1 GHz to 10.6 GHz band. Most 
existing products support Band Group 1. The 528 MHz OFDM sub-bands in each Band Group 
can be used to interleave the signal and spread its power [ 1 ].

One successful partner alliances of MB-OFDM is Wi-Media. The details of the WiMedia 

specifications are available online at [12] in a document with the title “Standard ECMA-368: 

High Rate Ultra Wideband PHY and MAC Standard”. The WiMedia specification divides the 

available UWB spectrum into five Band Groups that are further subdivided into 528 MHz sub

bands (Figure 2.2). Data transmissions can be frequency hopped among the three sub-bands



to reduce the average transmit power while maximising the instantaneous power of symbol 

transmissions. For example, the OFDM signal can be pulsed in the time domain over any of the

3 frequency sub-bands with one-third duty cycle, thereby reducing the average transmit power 

by a factor of 3 or 4.77 dB. The WiMedia techniques for spreading the power include what 

WiMedia calls Time-Frequency Interleaving (TFI) and Fixed Frequency Interleaving (FFI). TFI 

is essentially a technique of frequency hopping the 528 MHz wide OFDM pulses over three 

bands. The FCC relaxed the -41.3 dBm/MHz limit to -36.5 dBm/MHz for peak power in the 

528 MHz sub-bands since the 1/3 duty cycle averages to -41.3 dBm/MHz. To avoid the UNII 

band 5.8 GHz interference from Wi-Fi, the current generation of WiMedia products operate in 

Band Group 1. WiMedia uses MB-OFDM with data rates of 53.3, 80, 106.7, 160, 200, 320, 400 

and 480 Mbps. Quadrature Phase Shift Keying (QPSK) modulation is used for data rates up to 

200 Mbps and Dual-carrier Modulation (DCM) is used for data rates of 320 Mbps and higher. 

On the TX side a single 4- to 6-bit digital-to-analogue converter running at 1 GHz is typically 

used to generate the 528 MHz TX spectrum and on the RX side two 4-bit, 1 GHz analog to 

digital converters (one for ”1”, the other for ”Q” component) are typically required to detect and 

recover the MB-OFDM sub-carriers [6].

2.3 Application Prospects

2.3.1 High-Data-Rate Applications

UWB technology started with much hype in the consumer market and high-data-rate appli

cations were the main target of this technology. The standard definition of ultra-wideband, a 

bandwidth exceeding 500 MHz (for carrier frequencies above 2.4 GHz), and an extremely low 

power spectral density (75 nW/MHz between 3.1 GHz to 10.6 GHz, according to FCC rules).

The problem of designing transceivers with reasonable complexity, also suitable for hand

held devices, is one of the main challenges for high-rate applications. Robustness against jam
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ming is also very important, as a large number of electrical devices emitting narrowband noise 

are usually found in home and office environments, as well as interfering signals from other 

wireless services operating in sections of the UWB bandwidth.

The main application areas include:

• Internet Access and Multimedia Services: Regardless of the envisioned environment 

(home, office, hot spot), very high data rates ( > 1 Gbit/s) have to be provided - either 

due to high peak data rates, high numbers of users, or both.

•  Wireless peripheral interfaces: A growing number of devices (laptop, mobile phone, 

PDA, headset, etc.) are employed by users to organise themselves in their daily life. 

The required data exchange is expected to happen as conveniently as possible or even 

automatically. Universal standardised wireless plug and protocols are highly desirable in 

this field.

•  Location-based services: To supply the user with the information he/she currently needs, 

at any place and any time (e.g. location-aware services in museums or at exhibitions), the 

user’s position has to be accurately measured. UWB techniques may be used to accom

modate positioning techniques and data transmission in a single system for indoor and 

outdoor operation.

•  Home Networking and Home Electronics: One of the most promising commercial ap

plication areas for UWB technology is wireless connectivity of different home electronic 

systems. It is thought that many electronics manufacturers are investigating UWB as the 

wireless means to connect together devices such as televisions, DVD players, camcorders, 

and audio systems, which would remove some of the wiring clutter in the living room. 

This is particularly important when we consider the bit rate needed for high-definition 

television that is in excess of 30 Mbps over a distance of at least a few metre. Some UWB 

products are already on the market for connecting computers to monitors.
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2.3.2 Wireless Body-Area Networks (WBAN)

WBANs are another example where our life is potentially dependent on UWB for medical 

monitoring. Due to the proposed energy-efficient operation of UWB, battery-driven handheld 

equipment is feasible, making it suitable for medical supervision. Moreover, UWB signals are 

inherently robust against jamming, offering a high degree of reliability, which will be necessary 

to provide accurate patient health information and reliable transmission of data in a highly ob

structed radio environment. UWB also offers good penetrating properties that could be applied 

to imaging in medical applications; with the UWB body sensors this application could be easily 

reconfigured to adapt to specific tasks and would enable high data rate connectivity to external 

processing networks. Some brief outlines of applications and advantages of UWB systems are 

listed below:

•  Penetrating through obstacles: In discussing this capability, we could compare UWB 

with ultrasound. The major difference is that ultrasound is basically a line-of-sight tech

nology and it is very short range (It is used for medical imaging but it typically works only 

over a few inches). However, UWB is different because it does not use high frequency 

sound waves which cannot penetrate obstacles. This makes UWB viable for wide-area 

applications where obstacles are certain to be encountered, although ultrasound may be 

inoperable in these circumstances. The feature makes it easy to image organs of the hu

man body for medical applications.

• High-precision ranging at the centimetre level: Another feature of UWB is high- 

precision ranging at the centimetre level based on the ultra-short pulse characteristic. 

High precision of ranging also means strong multi-path resolving capability. The con

ventional wireless technique used continuous waves and the standing time is much longer 

than the multi-path transmission time. The UWB pulse is much shorter, thus it has very 

strong temporal and space resolving capability (For a 1 nanosecond pulse, the multi-path
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resolving power equals 30 cm ), which is suitable for the localization and detection in the 

medical applications.

•  Low electromagnetic radiation: The third feature of UWB is the low electromagnetic 

radiation due to the low-radio-power pulse, less than -41.3 dB in an indoor environment. 

The low radiation has little influence on the environment, which makes it suitable for 

hospital applications. Furthermore, the low radiation is safe for the human body, even at 

a short distance, which makes it possible to apply UWB to the imaging equipment.

• Low processing energy consumed; Since UWB uses very short pulses for radio trans

mission and very careful design of signal and architecture, the transmitter could be de

signed to be simple, allowing extremely low energy consumption, which also enables the 

usage of long-life battery-operated devices.

2.3.3 Low-Data-Rate Applications

Apart from the previously discussed high-data-rate applications, low-data-rate technology is 

also a viable UWB candidate. The use of very short pulses in impulse radio transmission, and 

careful signal and architecture design, facilitate the design of very simple transmitters, permit

ting extremely low energy consumption and thus long-life battery-operated devices, which are 

mainly used in low-data-rate networks with low duty cycles. The inherent noise-like behaviour 

of UWB systems makes robust security systems highly feasible. They are not only difficult 

to detect, but also excel in jamming resistance. These characteristics are essential, not only for 

traditional security alarm systems, but also for Wireless Body-Area Networks (WBANs), which 

are envisaged for medical supervision as discussed above.



2.4 Antennas for UWB Applications

Defining an antenna for any application, we need to fulfil certain parameters like impedance 

bandwidth, gain, directivity, efficiency and radiation stability; based on these parameters we can 

define the bandwidth for any antenna system. In the case of UWB systems, with an enormous 

bandwidth of 7.5 GHz, the stabilisation of gain, efficiency or radiation patterns proved to be 

a tough task. A more standard definition based on impedance bandwidth and approved by 

the Defense Advanced Research Projects Agency (DARPA) and further modified with some 

suggestions and adopted by the FCC, is as follows [8]:

“UWB devices have -lOdB radiated power density fractional greater than 0.20 or -10 dB 

bandwidth greater than 500 MHz. The fractional bandwidth is defined by 2{Fh — Fl )/{Fh +  

Fi), where Fi, the lower end of the band, is the frequency at which power is lOdB down from 

that o f the center frequency and Fh is the frequency greater than the center frequency with 

lOdB less power than that o f the center frequency”.

UWB antennas are mostly characterised on the basis of impedance bandwidth, which is the 

first step for any antenna design. Recent research on UWB antennas has mostly concentrated 

on commercial compact printed or planar antennas. Several UWB antennas are available in the 

literature, based on the geometries and orientation of the radiating element with ground; some 

of them are explained in next section under three different categories.

2.4.1 Planar Antenna Configurations

In planar monopole antennas the planar elements are orthogonal to the finite ground plane. 

These antennas are traditionally fed using coaxial cable and are of different shapes and sizes, 

which determine their lower cutoff frequency. A detailed analysis of these antennas was carried 

out as elements comparable to a thick dipole [13]. The antennas demonstrated in [13] have more 

than 10:1 (VSWR < 2) bandwidth ratio. In most of the elliptical and circular antenna examples
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the feed has a smooth transition because of the curved geometry, and so wide-hand matching 

was achieved. The gap between the feed and the start transition for planar geometries holds the 

key for impedance matching. Similar kinds of planar configurations with a different basis were 

optimised in the past; these shapes are primarily square or rectangular but additional bevels, 

multiple feeds or shorting posts were incorporated for wideband operations [14-16]. Apart 

from the impedance bandwidth, gain is important for wideband applications. The performance 

of several antennas based on gain is listed below.

A multiple (trident feed) square monopole was presented in [16]. For frequencies up to 

about 6 GHz, it was seen that the antenna gain monotonically increases from about 4.0 to 7.0 

dBi for the higher-frequency portion of the impedance bandwidth, however the antenna gain 

varies by a relatively small amount in the range of 6.5 dBi to 7.0 dBi. In the most popular 

planar inverted-cone antenna (PICA) [17] the gain gradually increases with frequency. It was 

about 5 dBi at the lowest operating frequency of 1 GHz and was about 8 dBi at the high end 

of impedance operating bands, 7 and 10 GHz. In an annular monopole presented in 2002 [18] 

the antenna exhibited typical omnidirectional monopolar patterns with a maximum gain of 4.8 

dBi, which is constant to within ±0.5 dB over a small range of polar angles from 9 = 48° to 

e =  63°. It was clearly mentioned in the paper that the gain in the ground plane (0 =  90°) was 

0.3 dBi. The introduction of the hole had no effect on the maximum gain at this frequency. As 

the frequency was increased, a slight increase in directivity was observed, accompanied by a 

reduction in the half-power beam-widths in the vertical planes. The gain in the ground plane 

(6 = 90°) also fell. In the case of the circular annular configuration [19] the maximum gain at

1.8 GHz was found to be 2.8 dBi while the maximum gain in the ground plane (0 = 90°) was

0.8 dBi. A monopolar patch antenna with very wide impedance bandwidth was presented in 

2005 [20], This antenna had an average gain of 3.7 dBi with a variation of 2 dB from over 1 

GHz to 3 GHz. In [21] a discone with tapered cylindrical wire was presented. The measured 

gain in the 1 GHz frequency range had an average of 3 dBi or more with a variation of 3.5 dB
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over the whole bandwidth.

These variations in gain were attributed to diffraction on the edges and on the comers of 

the ground plane [22], and the beam tilt due to the finite ground plane [23], [24]. A clearer 

picture of system gain was presented for a rolled monopole [25]. The monopole pair had a 

system gain that was almost unchanged for different orientations and higher than that of the 

monopoles presented in [21], [22], [23], [24], [25]. It was clearly seen that, as compared with 

the other monopoles, the rolled monopole has the advantage of a perfectly omnidirectional 

radiation characteristic in the horizontal plane. The other planar monopoles exhibit direction- 

independent radiation characteristics in the multi-band scheme. Thus constant antenna gain [26] 

has been highly desirable since the start of the design of UWB antennas.

2.4.2 Printed Antenna Configurations

Planar antennas have shown great potential in the past but for UWB portable devices, the pro

truding nature of the planar monopole and the probe feed is not an attractive option. A low- 

profile version of the planar monopole antenna has been presented in [27]. This antenna is a 

folded monopole antenna supported by an edge ground plane, with a shorting pin employed 

for impedance matching. Printed monopole antennas have an even lower profile than the above 

antenna. These antennas are either fed with a microstrip line [4], [ 13] or a Coplanar Waveguide 

(CPW) [28]. They are supported by a truncated ground plane in contrast to the planar con

ducting ground of the monopoles described earlier. Various geometries/shapes are available in 

the literature for these printed configurations; most of them emphasise the optimisation of the 

impedance bandwidth.

Recently, many techniques have been examined to enhance the antenna bandwidth, includ

ing the use of a trident-shaped feeding strip and a tapered impedance transformer [29], and 

embedding a pair of notches in the two lower comers of the patch and the notch structure in 

the upper edge of the ground plane [30]. Other techniques such as using two bevel slots on the
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upper edge and two semicircular slots on the bottom edge of the ground plane [31 ], and using 

a half-bowtie radiation patch with a staircase shape, have also been reported for bandwidth en

hancement [32], The concept behind the large impedance bandwidth of these printed antennas 

was highlighted in one chapter of [2], According to the study, at the low-frequency end (the 

first resonance) when the wavelength is bigger than the antenna dimension, the electromagnetic 

waves (EM) can easily couple into the antenna structure so it operates in an oscillating mode,

i.e. a standing wave. The antenna starts to operate in a hybrid mode of standing and travelling 

waves with increase in frequency. These antennas also have a significant variation in gain across 

the whole UWB band. Several examples from the literature are described next.

A microstrip-fed printed circular monopole antenna (PCMA) [4] has a gain of around 0.58 

dBi at the lower band cutoff frequency. The gain increases up to 6.7 dBi at higher frequencies, 

which gives a variation of ±3.06 dB over the whole impedance bandwidth. A CPW-fed PCMA 

[5] shows a gain of 0.88 dBi to 5.8 dBi, which leads to a variation of ±2.46 dB across the band. 

Another similar configuration of a printed elliptical monopole antenna (PEMA) [33] has larger 

physical dimensions and covers a 1.10 GHz to 13.61 GHz band, and a similar increasing trend 

in gain was noted. The gain of the PEMA varies from 1.5 dBi to 8.3 dBi with a variation of 

±3.40 dB. Similar behaviour of the gain is noticed in several other printed monopoles where 

the antenna gain increases monotonically [34] with frequency. A constant gain and constant 

pattern is a very desirable feature for a UWB antenna, since it avoids the waveform dispersion 

and distortion associated with a pattern that varies with frequency. Further discussion on the flat 

gain is presented in Section 2.5.2. Gain enhancement is possible by narrowing the field of view 

of these antennas. Leon Brilluoin’s coaxial horn is one of the best examples, demonstrating the 

enhancement in gain by narrowing the field of view [35]. The concept of proximity-coupled slot 

presented in Chapter 3 and short horns presented in Chapter 4 follow the principle of narrowing 

the field of view and enhancing the gain.
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2.4.3 Printed Magnetic/Slot Monopoles

Slot antennas were developed in the late 1940s to early 1950s [36]. In recent years, printed 

slot antennas are under consideration for use in UWB systems and are getting more and more 

attention due to their attractive merits of simple structure and low profile. These antenna struc

tures have the advantage of low coupling with nearby metallic objects. Metallic interference is 

discussed in later sections and more detailed designs of printed monopoles which are capable 

of avoiding metallic interference are presented in Chapter 4. In the literature several slot config

urations have been demonstrated for UWB applications. In order to enhance the bandwidth and 

match to a 50Q impedance several modifications in the feed have been demonstrated in [37^0]. 

In one configuration, by extending a small rectangular slot of proper dimensions along the direc

tion of the microstrip feed line, an impedance matching of about 46% is achieved [37]. This is 

about three times that of a corresponding conventional printed wide rectangular slot antenna and 

the gain over this wide operating band is about 3.4 dBi to 5.1 dBi. A printed slot antenna with a 

fork-like tuning stub and a simple rotated slot has also been studied [38], giving a wide operating 

bandwidth of about 2.2 GHz (49.4%). However, this bandwidth is not wide enough to cover the 

entire FCC UWB frequency band. To provide a compact solution with good isolation and low 

ground inductance for shunt elements, several CPW-fed bow-tie slot antennas (BTSAs) have 

been developed [41,42]. A BTSA fed by a CPW has been investigated for broadband applica

tions [43], but it does not cover the UWB band because the feed transmission line is not well 

matched to the high input impedance at the vertex. This mismatch problem has been overcome 

through the use of tapered metal stubs [41] and inductive coupling [42], All these methods are 

complex and involve adjustment of the slot flare angle to enhance bandwidth along with loading 

the slot with stubs, patches or inductive coupling. A simple and innovative impedance transi

tion in the CPW feed of the BTSA has been investigated, achieving a match over the complete 

UWB band [44]. A study on the effect of vertex angle has also been conducted, illustrating the 

variation in bandwidth for different vertex angles when the overall surface area is 2500 mm^
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(50 X 50 mm) [44]. Slot antennas have a relatively constant directive gain between 2.0 dBi to

3.0 dBi with only 1 dB variation in gain over the complete bandwidth [45]. However high-gain 

slot antennas have exhibited a stronger gain variation of between 2.0 dBi to 7.0 dBi. [46]. In 

Chapter 6 the novel feeding mechanism of a step taper transformer for a semicircular slot an

tenna is presented. This antenna is compact and suitable for the various printed-circuit-board 

(PCB) applications and has relatively constant gain, like other slot configurations. Toward the 

end of Chapter 6 the enhancement of gain is also demonstrated for a slot antenna.

2.5 Current Trends and Issues in UWB Antennas

Before describing the current trends in UWB, this section discusses GPR, which is one of the 

prime applications of UWB, and several other applications that have been developed recently 

based on the concepts of GPR.

2.5.1 Ground-Penetrating Radar Imaging Systems

Ground-Penetrating Radar (GPR) was considered as the prime commercial application for the 

UWB bandwidth. Apart from mine detection by the military, several civilian applications like 

imaging, surveying (road inspection, archaeology and forensics) take advantage of GPR tech

nology. In fact some GPR-based applications do not involve the ground. For example through- 

wall imaging and medical imaging, which arose from the principles followed in GPR, do not 

involve the ground. GPR antennas are designed to operate with pulse waveforms and need to 

have the large bandwidth corresponding to the shortest pulse available. GPR systems explore 

targets within a short range of interest. These diverse GPR applications demand extra care in 

design of antennas with a wide impedance bandwidth. Most often, systems are installed out 

of laboratory environments and need to be human- or machine-portable. A system design is 

heavily influenced by the the size and weight of the antenna installed in the system. Additional



difficulties are imposed by the ground medium or human tissues or high-loss media involved in 

some applications. Such lossy media heavily attenuate the signals in any case. More details of 

attenuation in ground and human tissues are available in Chapters 19 and 20 of [2].

In these systems, if the depth of penetration, medium characteristics and scanning are kept 

constant, an antenna with low gain requires extra RF power from the transmitter, hence high- 

power RF components needs a heat sink for the components, which contribute to the cost and 

weight of the system. A 3dB improvement in antenna gain saves half the power consumption 

in the RF transmitter device. GPR is one of the well-established areas in the field of UWB 

systems. The requirements for antennas are mostly dependent on the system requirements and 

may vary from application to application, but the key component is as much bandwidth as pos

sible across the operating frequency region. Traditional configurations of dipoles [47], resistive 

loaded dipoles [48], V-dipoles [49], [50], bow-tie [51], [52], [53] and horn antennas [54], [55] 

are the most popular categories in GPR applications proposed in the past. Out of all the demon

strated solutions the Transverse Electromagnetic (TEM) Horn is a popular choice for most GPR 

applications. These antennas are capable of radiating an impulse with small distortion while 

their directionality contributes to high gain. A conventional TEM horn structure consists of two 

conductor plates flared at a certain angle to support TEM waves and accomplish the transition 

from a uniform feed line to a travelling wave in space [54]. These antennas are typically A to 

lOA long; this normally implies increased weight. These TEM horns also need a feed balun 

at the input network, which sometimes restricts the bandwidth of the antenna. A printed mi

crostrip balun presented in [55] operates over a broad range of frequencies. The reduction in 

the size of these antennas is achieved with dielectric loading. Chapter 4 presents the concept of 

a short TEM horn antenna, which may be useful in these applications. The antennas presented 

in Chapter 4 are less than A in length and capable of achieving more than 110% impedance 

bandwidth. The gain flatness of short horns fed by UWB printed monopoles is impressive. This 

should lead to a less dispersive pulse. The only drawback of these antennas is the bidirectional
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nature of their radiation, which can be rectified by using an appropriate reflector, as demon

strated in Chapter 5. Along with conventional horn antennas a new printed class of slot antenna 

fed using microstrip and CPW transmission lines shows great potential in imaging and GPR ap

plications [56], [37], [38], [39] and [40]. These antennas have stable gain of around 2 to 3 dBi 

depending on the size of the aperture. Chapter 6 presents a novel design of a semicircular slot 

antenna based on the concept of bow-tie antennas. The step transformation in the feed network 

helps to improve the bandwidth in a compact size. A short TEM horn mounted on top of a slot 

antenna is discussed in Chapter 6. The short TEM horns proposed in Chapter 4 and Chapter 

6 are TEM or quasi-TEM horns with bidirectional radiation patterns. At the end of Chapter 6 

we introduce another four-plate horn, which is equivalent to a dual- and quad-ridge horn and is 

capable of giving a directional pattern. This demonstrated concept of the four-plate horn avoids 

the complexity of designing a feed transition from coaxial to ridge structures.

2.5.2 Flat-Gain UWB Antennas

In UWB antennas, apart from the impedance bandwidth, gain is a critical parameter for efficient 

system performance. Most antenna research and design has been carried out with impedance as 

the prime focus. Only a few publications observe the gain variation of the proposed antennas. In 

the case of planar antennas a few articles from [ 16-24,26] mention the gain and significance of 

gain. In particular [4] shows the clear trend and variation of gain of printed monopole antennas. 

This trend in gain variation is similar for similar printed antennas with different shapes. A 

significant increase of gain with frequency and relatively stable gain at higher frequencies were 

observed in most of the printed antennas. This tendency of gain was quantified in the UWB 

band in relation to Friis’s transmission equation [57] as follows.

According to Friis’s law [58], the power received by an antenna is given by
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„  „  Gt G rX̂  Gt Grc^
w y r  • <2-1)

where Pr is the received power, Pt is the transmitted power, Gt and G r are transmitting 

and receiving antenna gains respectively, A is the wavelength, /  is the frequency, c is the speed 

of light and r  is the distance between two antennas. For UWB transmission, the equation can 

be rewritten as:

dPni f )  = (2.2)

We need to integrate over frequency band to find the total received power

Pt ^  I  dPR{f)df  (2.3)

and the effective isotropic radiated power is defined as :

E I R P i f )  = P t ( / ) G t ( / )  (2.4)

where G r i f )  is the peak gain of the antenna. In order to follow the regulatory limits imposed 

by the FCC and other regulatory bodies (shown in Figure 2.1) this E l  HP  should be constant. 

This means that the product PT iD Gr i f )  should be constant. In most of the printed antennas the 

gain increases significantly with frequency. As a result the transmitter consumes more power 

from the source than a system with a frequency-flat antenna system for the same received power.

This increasing gain causes another challenge for both UWB technologies (DS-UWB and 

MB-OFDM) in maximising the dynamic range of the link while still meeting the very low 

FCC transmit power threshold. Due to the wide spectrum of UWB, a frequency-dependent 

tilt severely compromises the dynamic range of the link. Since the RF attenuation increases 

with frequency, the wider the frequency band the more tilted the received spectrum and the



more dynamic range is lost to receive equalisation or transmit pre-distortion. In this scenario 

an antenna with a flat gain response at the transmitter and an antenna with a flat aperture at the 

receiver will be ideal. In this work the possibility of transforming a printed monopole antenna 

into a flat-gain antenna is explored. Various configurations are presented in Chapters 3, 4 and 

5 of this thesis to aim for a flat antenna gain. Chapter 3 explains the novel techniques used to 

enhance the gain over a broad range of frequencies. In most UWB communication scenarios, a 

high-gain antenna with a reasonable field of view is highly desirable.

The regulatory EIRP constraints require power to be decreased when using high-gain direc

tional antennas in transmitters but there is no such restriction at the receive side. Directional 

high-gain antennas are always desirable for UWB communication [57]. These antennas are ca

pable of reducing emission in undesirable directions and potentially reduce clutter and enhance 

the system performance. The low gain of UWB printed antennas is a severe limitation in the 

lowest three mandatory modes of MB-OFDM systems (3.1 GHz to 4.674 GHz). The gain of 

typical UWB printed antennas is 0 dB to 1 dB at these frequencies. To get a good signal-to-noise 

ratio (SNR) in such a system we can either reduce the noise or increase the transmitted power. 

Reducing noise means additional hardware complexity, and designing a low-noise amplifier 

(LNA) with UWB bandwidth is not an easy task. Increased transmitted power is regulated by 

EIRP limits; an other way is to enhance the carrier by enhancing the gain of the antenna.

In Chapter 3 the concept of proximity coupling is introduced for printed antennas. This 

concept is based on the surface-wave suppression techniques used in microstrip patch anten

nas in [59] and [60]. A significant gain enhancement over the UWB band is achieved with 

proximity-coupled slot radiators. A complete design guideline, hardware verification and com

parison with conventional PCMA is presented. Chapter 4 presents surface-mounted short TEM 

horns with relatively high and flat gain. Chapter 5 targets the design of reflectors for UWB 

printed antennas while Chapter 6 presents the work on slot antenna integration with high-gain 

short horns.
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2.5.3 Angular Stability of UWB Antennas

The UWB printed or planar antennas are considered as the equivalent of slim linear monopoles. 

The traditional Hertzian Dipole |61] is shown in Figure 2.3.

Figure 2.3: Hertzian Dipole.

The Hertzian Dipole is a dipole whose length dl is much smaller than the wavelength (i.e. 

dl < 50). Besides, it has zero thickness. As shown in Figure 2.3, the dipole is positioned sym

metrically at the origin of the coordinate system and oriented along the z -axis. The infinitesimal 

dipole is equivalent to a current element lodl. Since it is very short, the current is assumed to be 

constant. Although infinitesimal dipoles are not practical, they are utilised as building blocks 

of more complex geometries.

The current in the dipole element is given as I{t) = where Im is the maximum

current and w is the angular frequency. This current radiates an electromagnetic wave of the 

form E{r,t)  =  and H{r,t) = In a spherical coordinate system the

field components are represented as E{r) = {E^, Eg, E^) and H{r) = Hg, Hr). With a 

traditional solution of Maxwell’s equation given in [62] and [2] one can get the non-zero field 

solutions.



Radiation Intensity

The radiation intensity U is defined as the power P  per soHd angle fi.
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In the case of Hertzian dipole it turns out to be

8 \ X J

The radiation patterns are independent and strongly dependent on frequency. This depen

dency leads different spectral components in a UWB signal to radiate in different directions 

with varying field strength. This situation is explained in more detail in [63] for dipole and dis

cone antennas. Detailed frequency-dependent field patterns for various antenna configurations 

at different frequencies are plotted in Figure 2.4. This collection of radiation patterns is taken 

out from Chapter 9 of [2].

The variation of pattern causes a degradation of gain in the main beam direction. This in 

turn creates a problem in pulse transmission and the line-of-sight (LOS) scenario. In order 

to have a good temporal response of pulses a flat-gain transmitter antenna is highly desirable. 

A complete statistical analysis of antenna gain and group delay was carried out in [64]; these 

parameters play a critical role in the pulse-preserving capabilities of ultra-wideband antennas. 

Two parameters, the fidelity factor and the pulse-width stretch ratio (SR), were considered in 

those studies. Analytical results shows that Fidelity drops from 0.9867 and SR results increase 

from 1.202, with larger variations of the gain and the group delay for UWB antennas operating 

in the band 3.1 GHz to 10.6 GHz. Communication scenarios require radiated waveforms of 

constant shape in every direction from the transmitting antenna. The directions not only include 

directions in the azimuth plane but also directions off the azimuth plane as well. The techniques



34 Chapter 2. Literature Review and Background

presented in Chapter 3 help to solve the problem of variable gain encountered in most of the 

printed antennas available in the literature. The concept enhances the gain in the UWB region 

and make gain nearly constant over the UWB band.
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Figure 2.4: Radiation Patterns of various printed and planar configurations at different frequen
cies [2].

2.5.4 Developments in Ultra-wideband Horn Antennas

A horn is widely used as a feed element for large-reflector radio astronomy antennas used in 

satellite tracking and communication [62]. When broadband or ultra-wideband (UWB) horn 

antennas are required, ridges have been added to the waveguide transition region and the flare 

region [65], [66], [67]. In [3], an E-sectoral double-ridged horn antenna was demonstrated



for wideband operation. A detailed investigation on a 1 to 18 GHz broadband double-ridged 

horn antenna was reported in [68]. An improved design of the double-ridged horn antenna was 

presented by Rodriguez [69], showing that a good single radiation beam is maintained for the 

frequency range from 1 to 18 GHz. Some commercial designs of horn-based UWB antennas 

are shown in Figure 2.5. Figure 2.5(a) is a wideband commercial horn available from Q-par 

Angus Ltd. This horn has a physical aperture of 119 x 86 mm and a physical length of around 

119 mm. It is capable of operating from 2 to 18 GHz with a minimum gain of 7 dBi, which 

rises up to 14 dBi at 18 GHz. Its VSWR is less than 2.5:1. Another miniaturised version of 

horn from the same company is shown in Figure 2.5(b). This version has a 96 x 90 mm physical 

aperture and the physical length is 148 mm. The gain variation of this horn is greater. It varies 

from 1.3 dBi to 13 dBi within 1 GHz to 18 GHz bandwidth. Its VSWR is also less than 2.5:1. 

More details of the horns from Q-par Angus Ltd. are available from [70], Most of the ridge- 

based broadband horns needs a coaxial-to-waveguide transition at the feed point. A typical 

example of a transition is shown in Figure 2.5(c). As a recent development, printed UWB horn 

is presented by Next-RF. Their model 3 IOC horn antenna meets the following specifications: 

usable frequency range 2 GHz to 10 GHz, optimised for 3 GHz to 10 GHz, matching: VSWR 

better than 2:1 ( /  > 2.2 GHz), gain: +6 dBi at 3 GHz; +9 dBi at 6 GHz; approximately 

constant aperture and linear phase.
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(d) (e)

Figure 2.5: (a) Model WBH2-18: 2 to 18 GHz Wideband Horn from Q-par Angus Ltd. (b) 
Model WBH1-18S: 1 to 18 GHz Miniaturized Single Polarization Horn from Q-par Angus Ltd. 
(c) Typical feed transition for quad- and dual-ridge horn [3] (d) Next-RF’s 3 IOC UWB Horn 
Antennas (e) Surface-mounted short horn (SMSH).



2.6 UWB Periodic Structures: A Possibility o f Reflector Design 37

Chapter 6 of this thesis presents a surface-mounted short horn (SMSH), fed using a slot 

antenna as shown in Figure 2.5(e). The concept of the short horn (SH) was first introduced 

in [71], [72] for achieving high gain from microstrip antennas. Furthermore, the performance 

and effectiveness of the short horn was evaluated for linear and circular polarisation in case of 

dielectric resonators and dielectric resonators over patch antennas [73], [74], [75], [76]. This 

research work is an extension of the short horn concept over the UWB band. Work is in an 

initial stage and more research needs to be done in future to stabilise the radiation patterns, and 

to assess pulse and phase responses. The SMSH is optimised from 2.9 GHz to 18.39 GHz for a 

VSWR of less than 2:1. The minimum gain of around 9.15 dBi at 4 GHz. It rises to 14.53 dBi 

at higher frequencies. The aperture dimensions are 93 x 93 mm while the physical length is 35 

mm. The feed arrangement is quite simple compared to the transitions needed in the feeding of 

dual- and quad-ridge horns. The proposed horn does not have high power-handling capabilities 

because of the microstrip feed arrangement, and the radiation pattern is not stable at higher 

frequencies.

2.6 UWB Periodic Structures: A Possibility of Reflector De

sign

After the approval of the UWB band by the FCC in 2002, there has been a surge in research 

addressing UWB printed and planar antennas as outlined in the previous sections. These an

tennas have small gain at the lower frequencies and that is not desirable for some systems as 

noted in previous sections. Apart from these issues another critical aspect is the integration 

of printed antennas with real-world commercial devices. The near-field interactions between 

the antenna and the device can degrade the impedance performance of printed antennas and 

they will no longer be omni-directional after integration. These near-field interactions are due 

to the metallic conducting parts in the close vicinity of antennas [77] or lossy materials like



the earth’s surface or human tissues. According to the theory an antennas works properly only 

when the radiation generated by the antenna and that reflected back by other parts are in phase. 

This happens when the distance between the antenna and the conductor plane is a multiple of 

one fourth of the working wavelength. In compact devices like GPR hand-held instruments, 

DVD players, HDTV, laptops or portable hard disks the flexibility of having a space of one 

fourth of the working wavelength is limited. In UWB antennas, it is impossible to maintain a 

A/4 gap over a wide band. A suitable reflector structure capable of giving in-phase radiation 

without such a large gap is highly desirable. This will not only avoid the destructive reflection 

but also increases the gain by reflecting power otherwise going in the backward direction. This 

increase in gain is highly desirable in many UWB communication systems. In the design of 

reflectors or surfaces capable of giving in-phase radiation, periodic structures emerge as the 

prime candidate. In the recent past these structures have demonstrated the potential of creat

ing a perfect magnetic conductor (PMC) with in-phase reflection enabling efficient radiation 

from antennas placed close to an electromagnetic bandgap (EBG) ground [78]. In addition, by 

forbidding the propagation of electromagnetic (EM) waves in certain frequency bands, these 

configurations can be used to block the propagation of waves and/or guide them in a desired 

direction [79], [78]. These structures exist in ID, 2D and 3D periodic arrangements and are 

capable of producing a bandgap, which is suitable for in-phase reflections. However, mostly 

periodic structures available in the literature have small bandwidths. In the recent past rapid 

growth of research in this area led to improved designs suitable for dual-band and broadband 

applications. The structures with metallic vias or 3D complex geometries are not suitable for 

low-profile applications because they add design complexity and bulkiness to the systems. Fre

quency Selective Surface (FSS) have proven to be a useful periodic arrangement for printed 

implementations with no vias through to the ground, and they are more favourable for current 

applications.

38 Chapter 2. Literature Review and Background



2.6.1 Frequency Selective Surfaces

Historically, the idea of a FSS may be first found in a patent issued by G. Marconi and C. S. 

Franklin in 1919. In that patent they noted that for certain frequencies the reflection from a 

reflector made of wire grids was much higher if the elements composing the grid are resonant. 

Moreover, they also noted that it is possible to vary the response from the grid by modifying 

some geometric parameters of the wires. According to [80] the principle of FSSs re-emerged 

at the end of the Fifties and at the beginning of the Sixties, thanks to W. F. Bahret and E. M. 

Kennaugh who first imagined some new applications. They were followed by B. A. Munk who 

issued a classified patent in 1968, re-issued in 1974 for public release, concerning a new type 

of FSS based on a shape which was called four-legged.

Development of FSSs started with the design of radomes for antennas. A radome should 

provide protection to the antenna without interfering with the normal functioning of the antenna. 

Therefore radomes need to allow signals in the operating frequency range of the antenna to 

pass through while keeping out other signals. Thus a radome is a frequency selective surface 

(FSS). In reflecting back out-of-band signals a FSS can produce a weak reflected signal in the 

backscatter direction while producing a strong reflection in other directions. This reduces the 

Radar Cross Section (RCS) of antennas and is particularly useful for antennas mounted on 

military aircraft. Various examples of FSSs available in the literature include arrays of dipoles, 

slots, loops and other geometries. These FSSs are categorised into four sub-groups. The first 

group shown in Figure 2.6a consists of N-poles or centre connected such as dipoles, tripoles, 

square spirals. Figure 2.6b shows the second group, which primarily consists of looped types, 

such as circular, square and hexagonal loops. Figure 2.6c represents the third group known as 

patch type while Figure 2.6d shows the mixed FSS, which usually have a combination of two 

different elements.
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Figure 2.6: Various available subgroup unit cells (a) N-pole (b) Loop type (c) Patch type (d) 
Mixed.

Each of these designs has some advantages and disadvantages. A combination of any such 

single element over a substrate acts more or less as a spatial filter. Figure 2.7 shows different pe

riodic arrangements of unit cells capable of providing low-pass, high-pass, band-stop and band

pass reflections. Repeated patterns of unit cells have frequency-dependent behaviour exploiting 

the resonance effects of a planar periodic layout along the surface. In particular, stop-band 

FSSs are usually composed of several metallic patches of arbitrary shape printed on a dielectric 

substrate. Pass-band FSSs are generally fabricated by creating apertures in a metallic plate. In 

this thesis, the focus is primarily on stop-band and pass-band reflectors. In order to design a 

reflector, stop-band behaviour is more appropriate, while the multi-layer design demonstrated 

in Chapter 5 shows the use of pass-band behaviour for the first layer and stop bands on the 

subsequent layers of the FSS screen. Apart from the magnitude response of the FSS the phase
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of the reflecting signal plays a critical role in maximising the gain of the antenna in the main 

beam direction. Antennas on periodic ground surfaces like a mushroom-like EBG surface and 

Uni-planar compact photonic band-gap (UC-PBG) surfaces [78] were demonstrated in the past 

for narrowband designs.

Figure 2.7: Different FSS configurations acting in different filter configurations.

FSS configurations have been extensively studied in the past as replacements for narrowband 

EBG and UC-PBG surfaces. These FSSs also have narrowband or multi-band [78] behaviour 

but, due to the printed nature of the structure, stacking different surfaces gives the possibility 

of achieving broadband behaviour. In [81], a reconfigurable printed dipole array is examined 

in the presence of a multi-layer FSS. The FSS is positioned in the ground plane of a reflector 

array, aiming to achieve broadband operation by controlling the phase of the reflected wave. In 

some recent articles a FSS is used as a backing reflector and for extending the frequency range



of usability. In another wideband application, reported in [82], a FSS has been sandwiched 

between the antenna and the ground plane, providing an additional reflecting plane for the most 

critical higher-frequency band. Most of the designs published have impedance bandwidths of 

less than 40%, and design of such a FSS with a desirable phase over a 110% impedance band

width is really a challenging task. The maximum impedance bandwidth published so far to the 

best of my knowledge is 52%; that is achieved with the combination two different patch ele

ments over a single unit cell, namely a square loop and a crossed dipole [83]. The configuration 

presented in [83] gives no phase information and antenna testing scenarios. Nevertheless, this 

design motivated the research presented in Chapter 5 where two different FSS configurations 

are presented and tested with UWB antennas. The dual-layer and multi-layer FSSs presented 

in Chapter 5 have an operating bandwidth of over 130% with the desirable linearly decreasing 

phase over the whole UWB bandwidth.

2.7 Summary/Conclusion

Various systems available for UWB applications were discussed and different applications tar- 

getting the UWB bandwidth were highlighted in previous sections. Several printed and planar 

monopole antennas and slot antennas were explained in detail. The problems associated with a 

flat gain for UWB antenna were discussed and several complications in term of MB-OFDM sys

tems, LOS, gain equalisation, multimedia scenarios and GPR communications were highlighted 

as the theme of the work presented in coming chapters.
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Chapter 3 

Surface-Wave-Enhanced, 

Proximity-Coupled Printed Monopole 

Antennas

3.1 Introduction

This chapter examines the angular and spectral behaviour of printed monopole antennas. The 

variation of gain with the look-angle of an antenna was studied in Chapter 2 and techniques 

to enhance the gain stability over a wide bandwidth are proposed in this chapter. At first the 

patterns of conventional dipoles are considered in this study and then more emphasis is given 

to printed ultra-wideband antenna (UWB) configurations. A detailed study and the problems 

associated with angular and spectral behaviour are presented in Chapter 2. This Chapter focuses 

on a solution to the problem with gain instability. From previous studies of the UWB bandwidth 

and look angle, the effective available bandwidth of a system is found to be highly sensitive to 

the angular behaviour of the antenna at each end of the link. It was demonstrated in the past 

that the bandwidth was severely limited in some directions, and careful orientation of the an
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tennas is required to achieve full UWB operation for a range of antenna designs [84], This is 

particularly important for indoor communications systems such as wireless personal-area net

works and indoor UWB connectivity where dense multi-path propagation gives rise to a wide 

range of angles of arrival [85-87]. In the absence of an ideal isotropic radiator, a transmitter 

using an omnidirectional antenna is expected to radiate the signal in all directions within the 

azimuthal plane with constant gain and group delay such that the wavefronts have near uniform 

intensity and planar shapes. In practice, however, this condition is sometimes violated by UWB 

antennas, causing look-angle dispersion [84]. Instead of analysing the frequency and look-angle 

distortion separately to solve the problem, novel configurations of angular and spectral stable 

UWB antennas are proposed in this chapter. Conventional printed circular monopole antennas 

(PCMA) were considered by the candidate as a reference and various configurations with mi

crostrip and CPW feeds were explored. Ultra-wideband (UWB) systems are widely categorised 

into two types: (a) pulse-based systems transmitting pulses that occupy the UWB bandwidth 

and (b) carrier-based systems that rely on multiband orthogonal frequency-division multiplex

ing (MB-OFDM) [88, 89]. A more detailed explanation of these systems is given in Chapter

2. Several UWB planar monopole antennas have been investigated during this PhD project and 

by other authors [4,5,28,33,90-96] for FCC-based UWB systems operating from 3.1 GHz to

10.6 GHz. Most of these antennas have very wide impedance bandwidths and nearly omni

directional radiation patterns in the azimuth plane. All antennas exhibit a significant directivity 

variation with frequency, typically a seven-fold increase from the lowest frequency to the high

est in the FCC UWB frequency range (3.1 GHz - 10.6 GHz). To get a better understanding of 

the trends, a simple example of a printed circular monopole antenna (PCMA) [4] is studied. 

Its gain variation mentioned in the reference was evaluated theoretically, and stability in gain is 

then evaluated experimentally. With the concept of surface waves and proximity-coupled metal

lic cavities and patches the enhancement in gain is demonstrated in this chapter. The results of 

this chapter illustrate the phenomenon of proximity coupling and highlight its consequences
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without loss of generality.

3.1.1 Chapter Contributions

The main contributions of this chapter are:

• The possibility of proximity coupling is identified and the use of surface waves demon

strated in the literature for patch antennas is extended to monopoles for enhancing the 

gain.

• A wide angular and spectral stable printed microstrip-fed PCMA is presented.

• The performance of the proposed printed proximity-coupled monopole antenna is com

pared with conventional printed monopoles.

• A simple CPW-fed thin antenna suitable for most MB-OFDM systems with significant 

enhancement in gain in the lower UWB region is presented.

•  The proposed proximity coupling enhances the gain while maintaining the UWB charac

teristics of printed antennas.

• Based on the concept of proximity coupling, an array of metallic cavities for controlling 

the gain in the whole UWB bandwidth is demonstrated.

This chapter is organised as follows. Section 3.2 presents a brief overview of work related to 

the highlighted problems in term of directivity, look angle or angular disposition. In Section 3.2, 

conventional dipole and printed UWB antennas are discussed. Section 3.3 shows the implemen

tation of proximity coupling on printed circular monopole antennas and the simulation results to 

demonstrate the resulting enhancement in gain stability. Section 3.3.2 validates the theoretical 

results of the previous section with experimental results for a microstrip-fed PCMA. Section 3.4 

proposes a thin configuration of a UWB antenna, following the concept introduced in previous



sections. Optimisation of thin UWB antennas and a complete parametric analysis is carried 

out in Section 3.4.2, which is followed by experimental verifications in Section 3.4.4. Sections 

3.4.4 and 3.4.5 discuss frequency-domain and transfer-function characterisation. Section 3.4.6 

is devoted the performance of antennas with FCC-approved UWB regulations. Further, based 

on the concept of proximity coupling demonstrated in Sections 3.3 and 3.4, an array of cavity 

slots is presented in Section 3.5, which shows more control on gain over the UWB bandwidth. 

It is followed by conclusions in Section 3.6.

3.2 Related Work

3.2.1 Conventional Dipole Antenna

Traditional antenna characterisation is focused on fundamental antenna parameters related to 

the input characteristics and radiation patterns [63]. While this is usually sufficient for narrow

band antennas, several issues arise in the case of UWB antennas that merit deeper analysis. 

A detailed analysis of the UWB characteristics of dipole and discone antennas are presented 

in [63]. According to the authors the dipole is inherently a narrowband antenna but is repre

sentative of many other more complex antenna shapes. Also, its fields are analytically tractable 

and well understood. On the basis of its compact, simple and economical design, the dipole has 

been suggested for use in short-range UWB transmission. For a vertically oriented dipole, the 

elevation-plane far-field radiation pattern can be expressed in terms of the angle of elevation 9 

and frequency f as:
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(Details of the field of a Hertzian Dipole and other few printed configurations are given in 

Chapter 2.) For a 0.1 m long dipole, the power radiation pattern varies significantly within the 

FCC-allocated UWB band (3.1 GHz-10.6 GHz). This is shown in Figure 3.1, where the nor

malised elevation-plane radiation patterns at four equally spaced frequencies within that band 

are plotted. An increase in operating frequency leads to higher directivity and increases the 

number of lobes. The directions of the lobes also change with frequency. This will cause varia

tions of gain and in turn creates the serious problem of frequency-dependent antenna radiation 

in UWB communications.
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Figure 3.1: Normalised radiation patterns on the elevation plane at various frequencies (a) 
Vertical polarised dipole (b) Discone Antenna.

A concept of surface waves, controlled using parasitic patches or a resistive card around the 

microstrip patch antenna, was demonstrated by Rojas in [59,60]. The only concern is that, in a 

microstrip patch, because of the full ground plane in the back, the surface-wave phenomenon is



more dominant but, in the case of printed monopole antennas where the ground plane is of lim

ited size (restricted to just underneath the feed network), surface waves are not as strong as those 

in printed patches. Any parasitic structures can be excited using proximity coupling instead of 

surface waves. In this chapter, a proximity-coupled mechanism is presented for enhancing the 

performance of antennas in a single direction (±90* )̂ over a large angular bandwidth. This con

cept is tested for the popular UWB printed circular monopole antennas (PCMA) [4]. Theoretical 

and experimental validation of the proposed structures is included in this chapter. This work 

studies these effects on printed antennas. A detailed outlined of the proposed study is presented 

in the next section. The variation of gain as a function of angle is considered. An effort is made 

to stabilise the gain and provide angular stability to antennas used for UWB communication.
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Figure 3.2: (a) Microstrip-fed [4] and (b) CPW-fed |5] printed circular antennas .

3.2.2 Printed Circular Monopole Antennas (PCMA)

Printed antennas are usually fed using microstrip or co-planar transmission lines. The most pop

ular configurations of printed antennas are circular monopoles because of the ease of impedance
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matching over a wide range of frequency. These kinds of printed antennas have been well 

explored. Both microstrip and CPW-fed configurations are easily available in the literature. 

One of the most popular is printed circular monopole antenna (PCMA). The configurations of 

microstrip-fed [4] and CPW-fed PCMA [5] are shown in Figure 3.2.

oo•o

s

Figure 3.3: Gain of Microstrip-fed printed circular antennas for various theta directions.

As an example the demonstrated 10 dB return-loss (RL) bandwidth of a microstrip-fed an

tenna ranges from 2.78 GHz to 9.78 GHz while a CPW-fed counterpart yields return-loss band

width from 2.64 GHz to more than 12 GHz. A study of gain presented for a microstrip-fed 

PCMA shows an almost linear increase of gain with frequency. The maximum gain is in the di

rection where theta equals 90 degree for lower frequencies and it shifts to a 30-degree direction 

after 5 GHz. Figure 3.3 shows a picture of the gain variation presented in [4]. CPW-fed PCMA 

and other conventional printed monopole antennas have a similar trend of peak gain variation 

with frequency.

This chapter presents the technique of using proximity coupling to enhance and maximise 

the gain. To demonstrate the concept a constant-gain PCMA with a surface-wave-excited.



proximity-coupled, conductor-backed metallised, twin-slot radiator is described. The proposed 

antenna has an impedance bandwidth of more than 8.14 GHz, from 3.86 GHz - 12 GHz. It has 

an average gain of 5.5 dBi ±  1.5 dB over the complete bandwidth with broad radiation patterns 

in the XY plane.
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Figure 3.4: Constant-gain printed circular monopole antenna with surface-wave-excited, 
proximity-coupled (SW-PC), conductor-backed, twin-slot radiator.

3.3 Constant-Gain Proximity-Coupled Printed Antenna

An ultra-wideband antenna with uniform gain is presented in this section. The antenna operating 

bandwidth is from 4 to 12 GHz. The novel concept of multiple cavities with proximity coupling 

is used to enhanced the gain performance of the antenna. A complete parametric analysis and 

design guideline define the gain enhancement achieved over a broad range of frequency.



3.3.1 Antenna Design

The configuration and dimensions of the antenna are shown in Figure 3.4. The PCMA is de

signed on an FR-4 ( £^=4.4, D=1.575 mm) substrate that is supported by a 3 mm layer of foam 

followed by another 1.575 mm thick FR-4 substrate (no copper on either side). The dielectric 

substrates can support guided waves (surface waves) and the surface-wave power tends to in

crease for thicker substrates. The metallised twin-slots (W2=10 mm, L2=40 mm) in the top 

FR-4 substrate are created to enhance the gain of the PCMA at the lower end of the frequency 

band such that the gain of the proposed antenna over the complete bandwidth remains nearly 

constant. The slots are excited by the combination of surface-wave as well as proximity cou

pling by the near field of the PCMA and they radiate perpendicular to the monopole axis (z-axis) 

in a controlled fashion.

3.3.2 Theoretical Study of Gain and Comparison of Proposed Antenna 

with Conventional UWB PCMA

Variations in gain at lower frequencies of 3 to 8 GHz are compared with those for the PCMA in 

Figure 3.5 and Table 3.1. In case of PCMA [5], [4] the gain varies linearly with frequency and 

the maximum occurs at 90° for lower frequencies up to 5 GHz and after that it shifts towards 

30°.

In the case of a PCMA-SW-PC-conductor-backed, twin-slot radiator the maximum remains 

in the direction of 270°. This data also shows a significant increase of 4 to 5 dB in gain at the 

lower frequencies (3 to 8 GHz). To compare the gain flatness between a standard PCMA and 

the new SW-PC PCMA the average and the theoretical peak gain variation bandwidths with 2 

dB and 3 dB are listed in Table 3.1. It indicates a significant improvement in 2 dB and 3 dB 

peak gain bandwidth in the XY plane (0 = 90°). Figure 3.5 demonstrates the theoretical gain 

equalisation of the PCMA achieved by the conductor-backed metallised twin slots.The use of
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twin slots increases the gain between 3 GHz - 6 GHz and decreases it between 8 GHz - 10 GHz 

and above.

The experimental gain variation of the proposed antenna is compared in Figure 3.6 with both 

a standard PCMA on a FR-4 substrate and a PCMA on a composite substrate. The gain of the 

standard printed monopoles increases almost linearly with frequency. There is an improvement 

of approximately 0.5 dB in the measured gain of the PCMA when the standard FR4 substrate 

is replaced by a composite substrate. However, the gain still increases almost linearly from 0.5 

dBi to 4.8 dBi as the frequency changes from 3 GHz to 6 GHz. The gain further increases from 

4.8 dBi to 6.7 dBi with a lower gradient as the frequency changes from 6 GHz to 10 GHz. The 

proposed antenna has a nearly constant gain of 5.5 dBi ±1.5 dB over a large bandwidth from 3 

GHz to 10 GHz and above.
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Frequency (GHz)

Figure 3.5: Constant-gain printed circular monopole antenna with surface-wave-excited, 
proximity-coupled (SW-PC), conductor-backed, twin-slot radiator.
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Table 3.1: Theoretical Variation of Gain for Different Theta Directions for PCMA and 
Constant-gain PCMA with Surface-Wave Excited/Proximity-Coupled Conductor-backed Twin- 
slot Radiator.

PCMA

Theta ± l d B BW Avg.

Gain

(dBi)

±1.5dB BW Peak

Gain

(dBi)

/ l GHz / h GHz / l GHz / h GHz

90° 3.0 4.2 GHz 1.2 1.4 3.0 5.0 2.0 4.2

270° 3.0 4.2 GHz 1.2 1.4 3.0 5.0 2.0 4.2

Proposed
Theta ± l d B BW Avg.

Gain

±1.5dB BW Peak

Gain

I I  GHz / h GHz A  GHz f f fGHz

90° 3.0 4.2 GHz 1.2 1.4 3.0 5.0 2.0 4.2

270° 3.0 4.2 GHz 1.2 1.4 3.0 5.0 2.0 4.2
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Frequency (GHz)

Figure 3.6: Constant-gain printed circular monopole antenna with surface-wave-excited, 
proximity-coupled (SW-PC), conductor-backed, twin-slot radiator.

3.3.3 Experimental Results

A photograph of the fabricated antenna is shown in Figure 3.7. After narrowing the pattern and 

field of view, a significant increase in the gain of the antenna and the minimum beam squint was 

achieved. The thickness of each substrate and the foam spacing are optimised to achieve a max

imum impedance bandwidth. The performance of the surface-wave-excited, proximity-coupled 

(SW-PC), conductor-backed, twin-slot radiator is predicted using commercially available soft

ware (CST Microwave Studio). The theoretical impedance bandwidth for different PCMA con

figurations, shown in Table 3.2, indicates that the proposed antenna covers a wide band from 

4 GHz to 10 GHz. Figure 3.8 shows the theoretical and measured reflection coefficients of the 

antenna.
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Table 3.2: Theoretical impedance bandwidth comparison of different configurations of PCMAs

Configurations / l (GHz) h  (GHz) Bandwidth (GHz)

PCMA 2.76 9.78 1.02

Composite PCMA 2.65 8.45 5.80

Constant-gain PCMA 4.00 10.0 6.00

Figure 3.7: Photograph of printed circular monopole antenna with surface-wave-excited, 
proximity-coupled (SW-PC), conductor-backed, twin-slot radiator.

The theoretical 10 dB return loss bandwidth of the PCMA on the composite substrate is 7.25 

GHz, from 2.72 GHz - 9.97 GHz. The presence of the twin slots shifts the lower limits of the 

return loss bandwidth to 4.0 GHz and the upper limit of the frequency band to 10 GHz, giving 

a 6 GHz theoretical bandwidth. However, the measured bandwidth is 8.14 GHz, from 3.86 

GHz to 12 GHz. The slot dimensions can be further optimised to lower the minimum operating 

frequency. Figure 3.9(a) shows the measured azimuth radiation patterns of the new antenna 

at 4.0 GHz, 6.5 GHz and 9.0 GHz. Figure 3.9(b) shows that the twin-slot radiator narrows 

the figure-eight-pattern beam widths in the elevation plane at 3.0 GHz and 6.5 GHz, while the 

beam width increases at 9.0 GHz. Thus the directivity increases in the lower frequency range 

and decreases in the upper frequency range. Even in the elevation plane, the impact of the



printed monopole is evident through the appearance of a null along the axis of the monopole. 

The figure-eight radiation pattern of the twin-slot radiator remains relatively constant in the 

elevation-plane over a large bandwidth. The elevation pattern rotation is relatively insensitive 

to the operating frequency over a large bandwidth.

The next section describes a simple proximity-coupling concept, a printed, low-profile thin 

antenna consisting of a CPW-fed printed circular-disc monopole antenna (PCMA) and two 

metallic patches co-planar to the disc. This structure again improves the gain in lower frequen

cies of the 3.1 GHz-10.6 GHz UWB bands (where the gain is otherwise low) while maintaining 

a small gain variation and good impedance characteristics over the whole band.
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Figure 3.8: Simulated and measured reflection coefficients for high-gain PCMA with SW-PC 
conductor-backed, twin-slot radiator antenna.
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-4 GHz...........6.5 GHz and— — * 9  GHz

Figure 3.9: Measured radiation patterns at 4 GHz, 6.5 GHz and 9 GHz.

3.4 A CPW-Fed Printed Antenna with Constant-Gain Over 

a Large Bandwidth

This section discusses the complete design and parametric study of a gain-enhanced low-profile 

antenna (GE-LPA). From the initial design process to complete UWB characterisation of an

tenna is presented in this section.

3.4.1 Antenna Design

The geometry of the gain-enhanced low-profile antenna (GE-LPA) is shown in Figure 3.10. The 

optimum design parameters are: L — 42 mm and W  — 96 mm. The antenna is printed on a 

1.524 mm thick substrate with a dielectric constant (Sr) of 2.33.
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Figure 3.10: CPW-fed gain-enhanced low-profile antenna (GE-LPA).

Frequency (GH i)

Figure 3.11: Theoretical reflection coefficient of the proposed GE-LPA and a conventional 
CPW-fed PCMA.

The antenna top surface is on the ZY plane. Two optimised rectangular metallic patches of 

equal dimensions are placed parallel to the monopole and on the same plane. The gap G between 

the ground planes of the CPW-fed line and the rectangular patches is optimised for minimum 

reflection and maximum gain with minimum variation across the impedance bandwidth. A
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complete list of design parameters is listed in Table 3.3. These parameters have been optimised 

for impedance bandwidth and gain. This study is explained in the next section. Figure 3.11 

compares the theoretical reflection coefficients for the proposed antenna and a conventional 

CPW fed monopole. It is seen that, with unconventional optimised metallic patches on the top 

of the surface along with a conventional antenna structure, the lower cutoff frequency is shifted 

from 2.42 GHz to 3 GHz while the proposed antenna maintains a 10 dB return loss bandwidth 

from 3 GHz to 15 GHz.

Table 3.3: Optimised values of the designed GE-LPA

Parameters Values (All dimensions are in mm)

W 96

L 42

R 12

LI 18

W 3

W1 20

W2 40

s 0.33

G 4

Substrate thickness 1.524

3.4.2 Parametric Analysis

A parametric study was carried out for all parameters of the antenna using the CST Microwave 

Studio [97] software package to maximise the bandwidth and enhance the gain. The metallic 

patches hold the key for gain enhancement as explained in the previous text. Parameters like
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gap G, patch length LI,  and patch width W1 have been considered for the study. A complete 

analysis of impedance bandwidth and gain has been carried out.

Variation of The Gap-G

The gap G between the CPW ground and metallic patches is one of the critical parameters in 

optimising the impedance bandwidth. These metallic patches have a strong effect on antenna 

matching.
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Figure 3.12: Input matching for different gaps G.

Figure 3.12 shows the variations of impedance match with gap G when length LI  is fixed at 

48 mm, which is equal to the length of the substrate, and 1^1 is fixed at 10 mm. The impedance 

bandwidth is improved by increasing G. For values of G greater than 4 mm, the antenna 

impedance bandwidth meets or exceeds the FCC-approved band for UWB. It also shows that, 

with the addition of metallic patches, the lower limit of the antenna bandwidth shifts from 4.38 

GHz to 2.61 GHz. Figure 3.13 shows the variation in bandwidth and lower cut-off with Gap G. 

It’s clearly visible from Figure 3.13 that there is a slight variation in the impedance bandwidth
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after G = 2 mm and the lower cut-off of 2.68 GHz is achieved at G =  4 mm. To minimise the 

size the value of G is set to 4 mm. Next the length and width of metallic patches were optimised 

for gain, while maintaining the antenna bandwidth.

I Lowest Frequency Bandwidth

G a p G  (m m )

Figure 3.13: Antenna lower cut-off frequency and bandwidth for different gaps G.

Variation of The Patch Length-Ll

After changing the length of the metallic patches, a change in antenna gain is noticed. Figure 

3.14 illustrates that the gain is enhanced as the patch length increases from 12 mm to 48 mm, for 

the considered frequencies (i.e. 3 GHz, 7 GHz and 10 GHz). For lengths above 36 mm, the gain 

decreases. This confirms that LI =  36 mm is a good choice since the design aims to obtain gain 

enhancement. The impedance bandwidth variation with these heights is also examined. With 

changing height of the metallic patches, a change in antenna impedance bandwidth can be seen, 

especially across the lower UWB frequencies. Figure 3.15 shows that, when the parameter LI 

of the patches is varied between 12 and 48 mm, the impedance bandwidth changes significantly. 

When Ll  =  36 mm the bandwidth extends from 3.5 GHz to 15 GHz, while LI = 48 mm yields
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the maximum bandwidth from 2.78 GHz to 15 GHz.

Patch Length (mm)

Figure 3.14: Antenna gain for different patch lengths LI.

2.77

Frequency (GHz)

Figure 3.15: Input matching for different patch lengths LL
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Variation of Tlie Patcli Width-W1

The lower limit of the antenna impedance bandwidth is now 3.5 GHz and does not meet the 

FCC limit of 3.1 GHz. To meet this specification the lower frequency limit of the impedance 

bandwidth is reduced by optimising the patch width W l.

2 ,

iH(/)

Frequency (GHz)

Figure 3.16: Variation in impedance matching with patch width W l.

It is clearly seen from Figure 3.16 that the lower frequency limit can be moved downward 

to 3 GHz, as required, without significantly disturbing the matching over the whole band. For 

Wl=20 mm the value of 3 GHz is obtained. A further reduction in the lower frequency limit 

can be achieved at the cost of additional substrate area. Figure 3.16 shows the variation with 

width W l.

3.4.3 Surface Currents and Field Analysis for Proximity coupling

Figures 3.17 and 3.18 show the average current distribution of the proposed antenna as well as 

the CPW-PCMA antenna at 3 GHz.
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Figure 3.17: Average current distribution of CPW-fed PCMA [4],

Figure 3.18: Proposed GE-LPA (Frequency 3 GHz).

It is evident from Figure 3.17 that the horizontal component of current along the CPW feed 

of the antenna is strongly in the opposite direction (as shown in the dotted region). This results in 

cancellation of some radiated energy and thus limits the overall gain of the antenna. In the case 

of the GE-LPA there is a reduction of current density near the CPW feed line; current is directed
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toward the proximity-coupled metallic patches and returns toward ground along a different path 

shown by arrows in Figure 3.18. This reduction in density results in less cancelation of fields 

and thus increases the maximum gain of the antenna. To further analyse the effect of proximity 

coupling between unconventional metallic patches and a conventional CPW-PCMA, the same 

electric field distributions are plotted in Figure 3.19 at various frequencies.

Figure 3.19: Electric field distribution of GE-LPA (a) 3 GHz (b) 6 GHz (c) 8 GHz and (d) 10 
GHz.

At lower frequencies around 3 GHz the antenna behaves as an ideal A/2 dipole. It has a 

null in the Z direction so that most of the fields are guided toward the theta ±90 degree (±y) 

direction, and metallic patches shows a strong coupling with the main antenna as shown in 

Figure 3.19(a). At higher frequencies, the conventional dipole is no longer A/2. Therefore the 

fields are more scattered and distorted as visible from Figure 3.19 (c) and (d). Also, in terms



of wavelength the sizes of the patches start reducing. This phenomenon result in less proximity 

coupling between the antenna and the coplanar patches on top of the substrate, which limits 

gain enhancement at higher frequencies.

3.4.4 Experimental Results and Discussion

The parametric study discussed in Section 3.4.2 completes the antenna design, with the final 

parameters as follows: G = 4 mm, LI = 36 mm, and W l  =2Q mm. Figure 3.20 shows the 

hardware prototype of the antenna fabricated on a 1.524 mm thick substrate with a dielectric 

constant (e^) of 3.0.
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Figure 3.20: Hardware prototype of proposed antenna.

Frequency-Domain Analysis

The performance of the proposed antenna was evaluated with a HP 8720D network analyzer 

and the NSI 2000 Spherical Near field test range.



3.4 A CPW-Fed Printed Antenna with Constant-Gain Over a Large Bandwidth 67

Fr«|iiency(GHz)

Figure 3.21: Theoretical and measured reflection coefficients of the proposed GE-LPA and a 
conventional CPW-fed PCMA.

Figure 3.21 compares the theoretical and experimental input reflection coefficients of the 

proposed antenna and a conventional CPW-fed printed circular monopole. It is seen that, with 

the addition of metallic patches on the sides of the monopole, the lower limit of the impedance 

bandwidth changes from 2.45 to 3 GHz. However, a return loss greater than 10 dB is maintained 

over the whole UWB band approved by the FCC. Predicted results show an 10 dB return loss 

bandwidth from 3 to 15 GHz or 133% . The measured results are in good agreement with the 

simulated data and show an impedance bandwidth of 3.15 GHz to 15 GHz or 130.5%. The 

predicted and measured antenna gain is shown in Figure 3.22. The gain is measured at various 

frequency points from 3 to 15 GHz. Good agreement between predicted and measured data is 

found. Results show a significant increase in antenna gain in the lower frequency region. A 

maximum gain enhancement of 2.5 dB is achieved around 7 GHz. The gain across the whole 

band is 6 dBi ±  2 dB while the conventional antenna shows a gain of 4 dBi ±  2 dB.
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Frequency (GHz)

Figure 3.22: Theoretical and measured gain of the proposed antenna and a conventional CPW- 
fed PCMA.
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Figure 3.23: Measured radiation patterns on the xz plane at 3, 6, 8 and 10 GHz.
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Figure 3.24: Measured radiation patterns on the xy plane at 3, 6, 8 and 10 GHz.

Figure 3.23 shows the measured radiation patterns at four different frequencies: 3 GHz, 6 

GHz, 8 GHz and 10 GHz. These radiation patterns have been measured for the xy (azimuth) 

and the zx (elevation) planes (co-ordinate axes are defined in Figure 3.10). Due to the metallic 

patches the antenna is no longer omnidirectional in the azimuth plane (xy plane). The new 

antenna provides broad beam coverage in the azimuth plane and a figure-of-eight-type beam in 

the elevation plane, with only a small change of beam direction over its ultra-wide operating 

bandwidth. The beam in the azimuth plane is much more directional in the direction of ±90 

degrees.

3.4.5 Transfer Characteristic of Proposed Antenna

To compare the transmission performance of the CPW-PCMA and proposed GE-LPA (AUT), 

measurements have been conducted.
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Frequency (6Hz)

Figure 3.25: Transfer function magnitude.

During the measurements the transmitting antenna was fixed while the AUT or the standard 

antenna was mounted as the receiving antenna. The transmitting and receiving antenna pair 

was placed in an on-axis orientation with a separation distance of 2.561 m, and a BAE Systems 

dual-ridge horn H-1498 was chosen as the transmitting antenna.
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Figure 3.26: Transfer function phase.
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Figure 3.27: Group delay of GE-LPA.

This antenna has proved to be well matched by the measurement system from 2 to 20 GHz. 

The transmission scattering parameters were then measured by the HP 8720D network analyzer.



Figure 3.25 shows measured magnitude, phase and group delay comparisons of CPW-PCMA 

and the proposed GE-LPA.

This data shows that the CPW-PCMA and proposed the GE-LPA antennas have very similar 

characteristics. The magnitudes shown in Figure 3.25 of the transmission scattering parameters 

are relatively constant. Figure 3.26 also shows that the transmission transfer function of the new 

antenna has an almost linear phase response, and the group delays are relatively constant over 

the whole UWB frequency range. These characteristics should help to maintain the integrity 

of a transmitted short pulse transmitted in a pulse-based UWB system. As a consequence, the 

GE-LPA has proved to be very suitable for UWB radios.

3.4.6 UWB FCC Compliance Performance

In order to fully match with the UWB FCC compliances, the power spectral density (PSD) 

has been plotted for various source pulses as shown in Figure 3.28. The PCMA and proposed 

antenna PSDs are plotted in Figure 3.29 for comparison. Some classical UWB antenna designs 

use Rayleigh pulses |98], which are the first derivative of Gaussian pulses. Some authors also 

used fourth and fifth derivatives of Gaussian pulses.

= a ( 3 -  6 (  (V/m) . (3.2)
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Figure 3.28: FCC Indoor and outdoor mask with various pulses.

10  11  12

Figure 3.29: Performance of GE-LPA and comparison with CPW-fed PCMA.

Figure 3.28 shows the power spectral density of various pulses considered in this study. It 

is clearly evident from Figure 3.28 that the first derivative of a Gaussian pulse (also known as a



Rayleigh pulse) exceeds the FCC mask at lower frequency for both indoor and outdoor power 

spectral densities approved by the FCC. However the fourth derivative of a Gaussian pulse is 

well under the FCC mask and is well suited for UWB applications. Figure 3.29 shows the 

performance of proposed GE-LPA and a comparison of an antenna with conventional CPW- 

PCMA. The Gaussian function pulse described in [98], Equation 6.1 with the parameters of 

A  =0.1 and Tau  =175 ps, is considered. It is clear from Figure 3.29 that their power spectral 

densities (PSD) comply with the required FCC indoor emission mask and closely to the outdoor 

mask. The fidelity of these pulses is better than 0.95 and only minor ringing is observed during 

simulations.

3.5 Array of Proximity Coupled Metallic Slots

In Section 3.2.2 printed monopole antennas were discussed; the antennas usually have low 

gain at the lower end of the band, at 3.1 GHz, and it increases with frequency. Generally 

the gain varies from 1 to 5 dB across the UWB band. However a more constant gain over the 

complete bandwidth was discussed as a desirable feature in printed monopoles. A constant-gain 

printed circular monopole antenna (PCMA) with twin-slot radiator for microstrip-fed and CPW- 

fed configurations was presented in Section 3.3 and Section 3.4 respectively. The conductor- 

backed metallised twin-slot radiators were excited by the proximity coupling and also by the 

surface wave generated by the monopole. However these antennas proved to be quite useful in 

enhancing gain in the lower region of UWB bandwidth. The gain falls at the high frequency 

range, particularly from 8 GHz - 10 GHz. This reduced gain leads to a larger gain variation over 

the whole 3.1 GHz - 10.6 GHz band. In the coming sections the improved gain performance of 

the UWB antenna is presented. Gain is increased in the higher frequency range by increasing 

the number of proximity-coupled metallic-slot radiators. This arrangement also improves the 

average gain of the UWB antenna by 2 dB with a variation of 1.17 dB over whole of the UWB
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bandwidth.

3.5.1 Proximity-Coupled Array of Cavity Slot Radiators

The schematic design of an antenna structure with an array of cavity slot radiators is shown 

in Figure 3.30. Complete dimensions of the antenna are given in caption of Figure 3.30. The 

PCM A is again designed on an FR-4 ( =  4.4, hi = \ .575 mm) substrate that is supported by 

a 3mm layer of foam followed by another 1.575mm thick FR-4 substrate without any copper 

cladding. The dielectric substrate supports the surface wave that excites the array of eight 

conductor-backed slot radiators. The slot radiators are also excited by the proximity coupling.

Proxim ily C oi^sled CavMm

Figure 3.30: Proximity Coupled cavity arrays antenna with uniform gain printed circular 
monopole. Dimensions: Y  = 174, Z =  50, L =  45, W  =  2.6, R = lQ,g =  11, Wg =  6, = 
23, LI =  20, hi =  /?3 =  1.575 and h2 = 3. (All dimensions are in mm)

The size and separation of the slots must be optimised for flatter gain and higher gain at the 

higher-frequency end. For this purpose a parametric study of the proposed structure is needed.



3.5.2 Parametric Analysis of Array of Cavity Slots

A parametric study of the proposed antenna structure is carried out in CST Microwave Studio 

[97]. The metallic cavities hold the key for gain enhancement. The separation gap g between 

the metallic slots, and the length L and width Wg of the slot cavity are optimised for better gain 

performance of the antenna. In the process of gain optimisation over the complete bandwidth, 

the impedance bandwidth has also been maintained.

Optimization of Gap g Between Slot Cavities

The two-slot cavity structure from the investigation carried out in Section 3.3 is taken and the 

number of slot cavities is increased to eight. The design process started with the optimisation 

of the gap g between the slot cavities. The distance of the first cavity from the antenna, Wm, is 

fixed from the monopole and the gap g between the subsequent cavities is varied over a large 

range of values. Figure 3.31 shows the simulated impedance matching for the antenna.
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Frequency (GHz)

Figure 3.31: Variation in reflection coefficients with frequency; slot gap g as parameter.
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The return loss bandwidth is not significantly influenced by the parameter g. The return loss 

is 7.5 dB at around 6.2 GHz. The gap parameter g has a significant influence on the gain of the 

antenna, as shown in Figure 3.32. The narrow gap g =1 mm provides above 10 dBi gain at 12 

GHz and 4.8 dBi gain at 3.1 GHz. A flatter gain is achieved for gaps 9 mm and 11 mm. The 

average gain of the 11 mm gap is greater. Therefore g = \\  mm chosen for further investigation 

on the optimisation of the length and width of the slot radiators.

2,
e

s
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Figure 3.32: Variation in gain with frequency; slot gap g as parameter.

Optimization of Length L and Width Ws

The cavity slot length L and width are the critical dimensions for improving the gain perfor

mance of the antenna. The effect of these parameters are studied on the impedance bandwidth 

and gain of the proposed antenna. Figure 3.33 shows the impedance bandwidth of the antenna 

for several sizes of the slot radiators. The lengths of the slots are varied from 3 mm to 46 mm, 

while their widths are varied from 2 mm to 6 mm. The size of the slot has an insignificant 

influence on the impedance bandwidth.
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Figure 3.33: Variation in reflection coefficients with frequency for few combination of L and
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Figure 3.34: Variation in gain with frequency for few combination of L and Wg.

The slot dimensions have a significant influence on the gain performance, as shown in Figure 

3.34. In this study the emphasis is on three frequencies: 3.1 GHz, 7 GHz and 10 GHz; these
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correspond to the lower, middle and upper frequency bands. The large slot size 46 x 6 mm^ 

provides high gain at 3.1 GHz and 7 GHz i.e. 5 dBi and 8.7 dBi respectively. However, at 10 

GHz the gain is 7.2 i.e. the minimum. The dimension 33 x 4 mm^ provides a large gain of 9 

dBi at 10 GHz. However its gain at 3.1 GHz is only 3.2 dBi, which is minimum over the band. 

Both these cases have a large variation in the gain over the band. These structures could be used 

to get enhanced the gain either at the lower frequency or at the higher frequency depending on 

the need. The dimension 43 x 4mm^ provides flatter gain with average gain 6.24 dBi and 1.17 

dB gain variation over the complete band.

m m i

Figure 3.35: Electric field distributions at (a) 3 GHz (b) 6.5 GHz (c) 8 GHz (d) 12 GHz.
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3.5.3 Theoretical Results and Discussions

In order to understand the functionality of the slot cavities the field distributions at 4, 6.5, 8 

and 12 GHz are plotted in Figure 3.35. Figures 3.35a and 3.35b demonstrate that at lower 

frequencies the cavities closer to the antenna radiates, and as the frequency goes higher more 

fields are visible in the cavities (Figure 3.35c and 3.35d) located far away from the printed 

circular monopole antenna. The radiation increases from the more distant cavities and result 

in enhancement of the gain at higher frequencies. Figure 3.36 shows the return loss of the 

final design. The results with our previous two-slot design [99] are compared. The bandwidth 

is matched to 10 dB up to 8 GHz; it deteriorates slightly at 8.3 GHz and 10.6 GHz. The 

significant variation in gain is noticed in Figure 3.37 for the 2-slot case. The present design 

shows enhanced gain from 8 GHz-10 GHz. It gives flatter gain and higher average gain. Figure 

3.38 shows the predicted radfation patterns of a high gain antenna at four different frequencies. 

The main beam is concentrated in the 0 or 180 degree direction and the gain does not drop 

significantly at higher frequencies compared to the maximum values

Frequency (GHi)

Figure 3.36: Predicted comparison of proposed antenna with the previous results.
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Frcqutnqf (GHz)

Figure 3.37: Predicted Gain of proposed antenna compared with 2-slot old antenna structure. 
L = 46 and W s = 6 mm gives high-gain region at 7 GHz while L =  43 and =  4 mm help 
in achieving flatness in gain.
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Figure 3.38: Predicted Radiation Patterns at different frequencies for the high-gain antenna.



3.6 Summary/Conclusions

A new microstrip-fed PCMA with a surface-wave-excited, proximity-coupled conductor-backed, 

metallised twin-slot radiator has been presented. The antenna is suitable for UWB systems op

erating from 4 GHz to 12 GHz. Over the 3 GHz to 10 GHz frequency band, the gain remains 

nearly constant at 5.5 dBi ±  1.5 dB. The radiation pattern in the azimuth plane is very broad, 

and in the elevation plane it has a figure-of-eight shape over the entire operating bandwidth. 

Based on that, a simple new antenna configuration with an enhanced gain, suitable for MB- 

OFDM UWB systems, is presented. With the use of proximity coupling, a maximum gain 

enhancement of 2.5 dB is achieved around 7 GHz while maintaining an impedance bandwidth 

of 12 GHz to cover the entire UWB band approved by the FCC. The average gain across the 

band is 6 dBi while a conventional PCMA antenna has an average gain of 4 dBi. A low gain 

variation of ±  2dB is maintained across the band. An antenna design has been presented with 

relevant theoretical results.

The second antenna presented here is a CPW-fed simple configuration with an enhanced 

gain, suitable for MB-OFDM UWB systems. With the use of proximity coupling, a maximum 

gain enhancement of 2.5 dB is achieved around 7 GHz while maintaining an impedance band

width of 12 GHz to cover the entire UWB band approved by the FCC. The average gain across 

the band is 6 dBi while a conventional PCMA antenna has an average gain of 4 dBi. A low gain 

variation of ±2  dB is maintained across the band. An antenna design has been presented with 

relevant theoretical and measured results.

In the third design the concept of proximity coupling is extended to an array of cavity slots 

in a microstrip-fed PCMA. With appropriate design of an array of metallic cavities the control 

of gain is theoretically demonstrated. A flat or high gain can be achieved over a certain range of 

frequencies with appropriate dimensions of the metallic cavities. The antenna operating band

width is from 4 to 12 GHz. A complete parametric analysis and design guidelines highlighting
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the gain enhancement over a broad range of frequency are presented. A significant improve

ment of 2 to 3 dB over the whole range of frequency is achieved with the concept of proximity 

coupling. The antenna shows a theoretical gain of 6.24 dBi with a maximum variation of 1.17 

dB over a band of 8 GHz. The theoretical 10 dB return loss bandwidths are 6 GHz (4 GHz to 

10 GHz) and 8 GHz (4 GHz to 12 GHz) for return loss less than 7.5 dB.

3.6 Summary/Conclusions________________________________________________  83
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Chapter 4 

Compact Surface-Mounted Short TEM 

Horn Antennas

4.1 Introduction

In Chapter 3 the angular gain stability of antennas was discussed. The technique of proxim

ity coupling was shown to enhance the gain and make it nearly constant over a broad range 

of frequencies. The unstable angular spectral coverage of antennas leads to gain drop in the 

main beam directions which also raises a question of link stability in Line of Sight scenarios 

for ultra wideband systems.In case of ultra wide band (UWB) systems the role of antennas on 

the quality of the radio is more difficult to assess compared to narrow-band or wideband com

munication systems. In UWB systems extra complexity implied by the time (impulse response) 

or frequency (transfer function) dependence of the antenna characteristic. For instances to what 

extent is a fall in the antenna gain at some specific frequency detrimental, or to what extent is a 

late ripple in the temporal response really unfavourable, are questions which have no immedi

ate and intuitive answers. This situation is worsened in the case of the near-field interaction of 

an antenna with a metallic object or in close proximity to reflecting or absorbing objects. Ad
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ditional problems arise when integrating these antennas in commercial products or hand-held 

devices. This chapter targets the design of a suitable antenna addressing the issues previously 

raised by several authors, which are outlined in the Related Work Section 4.2. Development of a 

new class of short TEM horn antennas suitable for various UWB systems like communications. 

Ground Penetrating Radar (GPR) and medical/imaging systems, is described in the subsequent 

sections.

4.1.1 Chapter Contributions

Prime contributions of this chapter are listed below

• Various ultra-wideband antennas have been categorised based on their size, bandwidth, 

radiation pattern and gain.

•  A novel feed mechanism is proposed for a TEM horn with monopoles.

•  A novel quasi-TEM short horn is proposed for various hand-held applications.

• The field distribution in various horn configurations is analysed to justify the claims.

•  A surface-integrated compact horn based on studies is presented for integrated circuits.

•  Complete time-domain and frequency-domain analyses of the proposed the horn antennas 

are presented.

This chapter starts with related work which includes the discussion of bandwidth limitation 

carried out in Chapter 3. Section 4.2 presents the background and related work. Section 4.3 

starts with the design concept of a novel short TEM horn. Section 4.3.5 describes the field 

analysis of a short two-plate horn and some short TEM horn antennas followed by experimental 

verification in section 4.3.6. Based on the concepts discussed in the previous section. Section

4.4 introduces the concept of a surface integrated TEM horn with the flexibility of a folded horn
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mounted on top of an ultra-wideband antenna. These sections are followed by a summary and 

conclusions in section 4.5.

4.2 Related Work

The Federal Communications Commission (FCC) [8] allocated the licence-free spectrum for

3.1 GHz to 10.6 GHz in 2002 as the UWB band. This technology offers an enormous band

width of 7.5 GHz at a centre frequency of 6.85 GHz. Work in UWB technology was started 

in early 50s and getting pace in 60s. GPR was the front candidate using this technology in 

the past for land-mine detection in the military sector [100], [101] and this became interesting 

for civilian applications like detection of trapped people [102] or non-destructive evaluation of 

concrete, pavements, and walls [103], [104]. Other industrial uses of UWB can be found in 

tank-level gauging in order to separate different liquid layers [105]. Some products are already 

commercially available, e.g. a wall scanner for the analysis of building material [106].

In the biomedical area, UWB emerged as a promising candidate for breast-cancer detec

tion [107], [108] and vital-signs monitoring [109], [110] as well as for tracking of inner organs 

for improved magnetic-resonance tomography [111]. In addition to radar/sensing applications, 

enormous bandwidth of ultra-wideband (UWB) provides a promising solution for indoor com

munication systems. Digital data from high-speed signals carrying multiple HDTV programs to 

low-speed signals used for timing purposes will be shared over a digital wireless network. Such 

indoor and home networking is unique, in that it simultaneously requires high data rates (for 

multiple streams of digital video), very low cost (for broad consumer adoption), and very low 

power consumption (for embedding into battery-powered hand-held appliances). For most of 

the applications the devices are either hand-held or small portable terminals, and the antenna is 

the prime candidate to improve the performance of the systems. The performance of several sys

tem has been evaluated for various communication [112], [113], [114] and multimedia-terminal



scenarios |7 7 ,115-117]. These studies highlight the limitation incurred due to antenna imper

fection in various systems. The next sections describe a more detailed study and will outline 

the motivation behind the work presented in this chapter.

4.2.1 GPR and Other Medical/Imaging purposes

TEM horn antennas developed for ground-penetrating radar (GPR) and other such applica

tions [118-121] have ultra-wide bandwidth and high, nearly constant gain over the operating 

bandwidth. However, these antennas are A to lOA long and in addition a UWB balun is usually 

required to feed the balanced TEM horn from a coaxial cable. Dielectric loading may be ap

plied to reduce the size of the antenna, however, this carries a penalty in terms of weight. For 

example the University of Liverpool have developed a dielectric-loaded TEM horn with 180% 

fractional bandwidth (bandwidth ratio of 30:1) and length of half-a-wavelength, but it weighs 

8 kg. These antennas are too bulky for compact UWB wireless communication systems. On 

other fronts, novel feeding methods have been reported for metallic horn antennas, including a 

Yagi antenna feeding a long metallic horn and a microstrip patch feeding a compact, surface- 

mounted , short horn (71,122]. However, the metallic horn itself is not an UWB radiator. Also 

the Yagi and the microstrip patch are not ideal UWB feed elements because of their dispersion 

and relatively narrow impedance bandwidth respectively. An adaptation of the horn antenna for 

biomedical imaging has been presented in [123], This pyramidal horn is compact in size and 

coaxially fed via a subminiature version-A (SMA) connector and hence needs no balun. The 

directional behaviour of these antennas is well suited for GPR/sensing and biomedical applica

tions, mentioned in the start of section 4.2. In this Chapter a novel concept of monopole feed 

short TEM horn is demonstrated, which shows the significantly flat gain over the UWB band 

with a compact light weight structure makes it more suitable for various hand-held devices.
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4.2.2 LOS Communication Scenario

Lets us start with the UWB research conducted in two major projects, named PULSER 1 and 

PULSER 2, at the Adaptative Antennas and high data rate Radio communications (AAR) lab 

at ENSTA, France. According to several studies and published articles by the group [124], 

[125] and [126]. The design of UWB antennas should consider the overall performances of 

UWB system. For most of these, the improvement of the link-budget, even by a few dB, is of 

practical importance, because of the constraints imposed by regulation authorities, e.g. FCC, 

as regards the transmitted power. Since regulatory limits are defined in terms of the effective 

isotropic radiated power (EIRP) at transmitter side, one way to enhance system performance is 

to introduce antenna gain at the receiver side. Moreover using a directional transmit antenna 

helps reduce emissions in undesired directions. This could be desirable where a narrower field 

of view can be tolerated. Many scenarios in UWB short range communications indeed are 

in line of sight (LOS) or quasi-LOS conditions. However, when the terminal is mobile, high 

antenna directionality is not adequate. Furthermore directional antennas are larger in size than 

omni-directional ones, whereas several UWB systems require small-sized, easy to integrate and 

particularly low complexity/cost antennas.

4.2.3 Integration issues and Origin of Physical Imperfections

A group at the Institute of Electrical and Information Engineering, University of Kiel, Germany 

conducted research on integration issues of UWB antennas with commercial devices [77,115- 

117]. During the studies carried out on integration of antennas in various commercial products, 

several antenna imperfections were noted. They are broadly classified as follows:
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Internal imperfections

Internal imperfections arise from the inner structure of the antenna, due to the unfavourable 

behaviour experienced by waves, fed from the antenna input port, termed as a mismatch between 

the feed and antenna systems. In UWB antennas this may be viewed as reflections at certain 

locations within the antenna, which produce ripples in the time domain and resonant behaviours 

in the frequency domain.

Near-zone imperfections

An antenna is seldom isolated in space; it is influenced in its near-field zone by all sorts of 

scatterers (feed cable, casing, furniture or human body). This contributes to the far-field radiated 

signal and even reflections into the source. The difference from the previous imperfection is the 

greater distance between the antenna feed port and the scatterer. This larger distance increases 

the time delay of the reflected signals, and thus enhances the antenna temporal dispersion. As a 

result, more variation in the return loss and far-field gain of the antenna in the frequency domain 

can be expected.

Figure 4.1: Antenna Mounted on a DVD player [2].

These imperfections will in general affect both the amplitude and the phase of the radiated



signals in the frequency domain. The phase in particular has a strong effect on the antenna 

impulse response, which is broadened or dispersed. Figure 4.1 shows an antenna mounted on 

a DVD player where there is strong scattering from the casing of the device. A concluding 

statement on the performance of antennas integrated on commercial products, based on various 

studies conducted by researchers at University of Kiel in chapter 10 of [2], is:

“/n general we can conclude that even if the assumption of a metal chassis with only a small 

integration volume for the antenna may be quite pessimistic, it is clear that we cannot reach a 

quasi-omnidirectional radiation which is stable over the frequency range when the antenna is 

integrated in (or even mounted on) a realistic device."

4.2.4 Proposed Solution for Antenna Design

A directional transmit antenna helps to reduce emissions in undesired directions. This could 

be desirable where a narrower field of view can be tolerated. Many scenarios in UWB short- 

range communications are indeed line-of-sight (LOS) or quasi-LOS conditions. However when 

the terminal is mobile, high antenna directionality is not adequate. Furthermore, directional 

antennas are larger in size than omni-directional ones, whereas several UWB systems require 

small-sized, easy to integrate and particularly low complexity/cost antennas. Another proposed 

solution for the problem described above is a semi-directional antenna which should be a good 

trade-off in order to improve the link-budget margin while preserving the robustness of the link 

and the small size of the antenna. Some UWB semi-directional antennas have been presented 

in [95,96] and a statistical analysis, to compare their performance, was conducted in [127]. They 

demonstrated a dual-fed microstrip monopole (DFMM) combined with a quasi omni-directional 

radiator with a dielectric lens, which focuses the radiation and produces a larger variation in gain 

over the UWB. In order to overcome several imperfections arising due to integration of antennas 

on the various metallic chassis and mounting, the proposed antenna provides a semi-directional 

radiation pattern. Short TEM horn structures were optimised in close proximity to antennas to
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handle the near-field interaction and to avoid the bulkiness of a conventional TEM horn. Such 

a short, UWB, quasi-TEM horn antenna has not been reported previously.

4.2.5 Study and Characterisation of Printed UWB Antennas

Several planar monopole UWB antennas have been investigated [4,5,28,92-95] for FCC-based 

UWB systems operating from 3.1 GHz to 10.6 GHz. Most of these antennas have very large 

impedance bandwidths and nearly omni-directional radiation patterns in the azimuth plane. 

These antennas have low gains and their gain increases with frequency at lower frequencies 

in the UWB band as discussed in Chapters 2 and 3. On the other hand, the transmission transfer 

function of an ideal UWB antenna should have a flat gain response and a linear phase response 

for faithful radiation of short UWB pulses [128,129]. Various configurations of UWB antennas 

were studied initially. The performance of few printed monopole configurations are evaluated 

in Table 4.1 detailed study discussion is presented in Chapter 2. Most of the antenna configura

tions for UWB systems cover bandwidths in excess of 10:1. However, the gain of most compact 

antennas (e.g. PCMA) is frequency dependent. For example, a maximum gain of 6.8 dBi is pos

sible at higher frequencies, but it is usually much less at lower frequencies, especially from 1 

GHz to 6 GHz. Most of these printed antennas have a linear gain variation (e.g increasing about 

0.3 dBi to 5 dBi) at lower frequencies (e.g. I GHz to 6 GHz) and then the gain becomes nearly 

constant. In contrast, slot antennas have a relatively constant gain between 2 dBi and 3 dBi and 

only a I dB variation in gain over the complete bandwidth [37-40,43,56]. However high-gain 

slot antennas have exhibited a stronger gain variation between 2 dBi to 7 dBi [46] (they are 

not considered in the current chapter and are discussed in detail in chapter 6). Indeed, gain en

hancement is a challenging task for UWB systems where gain flatness from 3 GHz to 10 GHz 

is preferred.
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Table 4.1: Comparisons of various printed monopole antennas

Antenna Config. Bandwidth Bandwidth

Ratio

Gain

(dBi)

Variation (dB) Size

(mm)

Printed Circular 

Monopole An

tenna (PCMA) [4]

2.78-9.78 GHz 3.51:1 0.58-6.7 ±3.06 42x50

CPW-fed PCMA 

[5]

2.88-12.0 GHz 4.16:1 0.88-5.8 ±2.46 47x47

Printed Ellip

tical Monopole 

Antenna [33]

1.10-13.61 GHz 12.40:1 1.5-8.3 ±3.40 90x90

Trapezoidal 

Metal-Plate 

Monopole [34]

1.07-12.2 GHz 11.4:1 0.5-4.5 ±2.50 89x89

Printed Inverted 

Cone [17]

1.00-10.0 GHz 10.0:1 0.3-8.6 ±4.15 89x89

Circular

Monopole with 

Trapezoidal 

Ground [130]

1.76-8.17 GHz 4.64:1 0.65-4.2 ±1.776 35x35

Square Monopole 

with Semicircular 

Base [90]

1.05-12.2 GHz 11.31:1 0.8-7.3 ±3.25 90x90
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4.3 Surface-Mounted Short TEM Horn Design

Various configurations of short TEM horn are studied theoretically before starting the design of 

the final configurations presented in this chapter. The best possible solution for orientation of 

the monopole feed and the mounting of a short horn is explained and discussed in the follow

ing sections depending on the bandwidth and gain flatness. In design process the PCMA [4] is 

considered as the base antenna and the geometries of two different surface mounted short horn 

named as two plate surface mounted short horn (TP-SMSH) and surface mounted short TEM 

(SMS-TEM)hom is presented in this work. The design process of two configurations is fol

lowed by the parametric study of both configurations, effective nature of TEM inside the horn 

and reason for investigating different configurations is explained.

Figure 4.2: Two-Plate Surface-Mount Short Horn (SMSH): W=70, L=42, L2=40, LI =20,
h=0.36, D= 1.575, W 1=2.78, W2=10, W3=40, S=45, Hl = 100, G=15, r=IO, a  =  50° and 
/3 = 65*̂  (All dimensions are in mm). The brown (or dark) region shows the two holes in 
the upper FR4-substrate.



4.3.1 Structure-1: Two-Plate Surface-Mount Short Horn (TP-SMSH)

The configuration of the proposed structure-1 is shown in Figure 4.2. The PCMA, which was 

discussed eariier in Chapter 3, is incorporated with the surface-mounted short horn and opti

mised using the CST Microwave Studio simulator. The PCMA is made on a FR-4 (£^=4.4 , 

D =  1.575 mm) substrate, which is separated from a second FR-4 substrate by a uniform air 

gap, maintained using Teflon spacers. Unlike in standard PCMAs, two rectangular holes (W2 =  

10 mm, L2 = 40 mm) have been cut in the top FR-4 sheet on either side of the monopole. The 

second FR-4 sheet is just a plain dielectric layer with no copper on either side. The air gap 

between the FR-4 sheets and the holes cut in the upper FR-4 sheet produce a good impedance 

bandwidth for the PCMA. During the design of the short horn, it was noted that the mounting 

location of the horn on the monopole and the slant angle of the horn side walls were critical to 

the performance.

4.3.2 Structure-2: Surface-Mounted Short TEM Horn (SMS-TEM)

Another important orientation of the short horn is discussed in this section. A more detailed 

analysis and a reason for discussing two different horns is explained in the next section, which 

also justifies calling it a short TEM horn instead of a two-plate horn. To avoid interference 

between the microstrip feed line and the horn plate an aperture of dimension a x  a mm is cut in 

the horn plate of structure 2 (Figure 4.3) and, for more accurate analysis of simulation results, 

a SMA feed is also modelled in the software design process. Initial values for the design were: 

apex angle a = 50°, conducting horn-plate slant length = A/2.5 at 2.75 GHz; flare angle fixed 

at j3 = 90°; mount gap G = 5 mm (G is the distance to the bottom of the horn from the end of 

the microstrip ground plane), while the final optimisation is explained in the next section.
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Figure 4.3: Surface-mounted short TEM horn (All dimensions except the slant angle are the 
same as the horn shown in Figure 4.2).

The short horns shown in Figures 4.2 and 4.3 have a slant length of only s / \ ,  so the gain 

is expected to be moderate. If it is approximated as a TEM horn antenna, its estimated gain by 

extrapolating results would be 2.1 dBi as shown in Figure 6 of [120]. The simulation results 

from CST Microwave Studio indicate that this short horn integrated with the PCMA has a more 

constant gain over a wide bandwidth. The properties of the new antenna are a combination of 

those of the short two-plate horn and the PCMA. The new antenna considered as structure-1 

(Figure 4.2) has a moderate but nearly constant gain over a large bandwidth while the antenna 

shown as structure-2 (Figure 4.3) has a higher gain with more variations over the whole UWB 

bandwidth.
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4.3.3 Optimisation of Two Structures of Surface-Mount Short Horn 

Structure-1: Two-Plate Surface-Mount Short Horn (TP-SMSH)

Initial values for the design were: apex angle /? =  50*̂ , conducting horn plate slant length=A/2.5 

at 2.75 GHz; flare angle fixed at q=90°; mount gap G = 5 mm (G is the distance to the bottom 

of horn from the end of the microstrip ground plane).

to
T3

(0

O&> 3a. 
a

X
N

Feed Gap G (mm)

Figure 4.4: Variation of bandwidth and gain for different horn locations (Structure-1).

The mount gap G is optimised for maximum bandwidth and gain performance. Figure 4.4 

shows the variation of average gain, maximum gain and bandwidth with G. A  mount gap of 15 

mm gives good average and maximum gain and a bandwidth of 7.5 GHz, which is good enough 

to cover the FCC approved UWB band. In the next design stage, G is fixed at 15 mm and the 

slant angle (a) is optimized with the objective of achieving maximally flat gain. Figure 4.6. 

shows the gain variation as a function of slant angle for different frequencies for structure-1.
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O

00

Figure 4.5: Variation of average gain and bandwidth with slant angle locations (Structure-1).

Slant Angle (degrees)

Figure 4.6: Gain vs. slant angle (a) for Structure-1 Two-plate horn.



It can be noted that slant angles in the range of 60° to 70° leads to small gain variations for 

the short TEM horn. A Slant angle of 68° gives maximum flat gain of around 6.5 dBi average 

gain. Furthermore, with the flatness the bandwidth at various slant angles are also considered 

in studies. The study of gain and bandwidth is shown in Figure 4.5. With a slant angle a — 65° 

a maximum 10 dB return-loss bandwidth of around 7.4 GHz, with an average gain of 7.5 dBi, 

is attainable.

Structure-2: Surface-Mounted Short TEM Horn (SMS-TEM)

In both the proposed short horns (structure 1 and 2) due to extreme shorting of V plates, its hard 

to evaluate apex angle beta (P), so for ease of optimisation parameter aperture ratio (H1/W3)  

is taken for short horns which is optimised for maximum flat gain. The mounting location of 

the horn on the monopole (at the microstrip feed end)and the slant angle are critical parameters. 

One wall of the short horn could potentially short the feed-line in structure-2 or interfere with 

the field in the feed-line. To avoid this interference and shorting of the feed line an aperture 

is cut at the base of feeding structure. The design process for the short horn to get optimised 

values of slant length and aperture ratio (which corresponds to the conducting plate angle /5) is 

given below.

Values for the design are: aperture ratio = 2, conducting horn plate slant length=A/2.5 at 

2.75 GHz; flare j3 is optimised for flat and gain response. This slant angle is different for 

structure-2. Figure 4.7 shows the variation in gain over various frequencies. A Slant angle of 

45° gives the maximum flatness for structure-2.

In the next stage of design, a  is fixed at 45 degrees for structure-2 and the aperture ratio is 

optimised with the objective of further gain enhancement and compact size. From Figure 4.8 

it can be noted that an aperture ratio of 2 leads to small gain variations between the considered 

frequency ranges and an average gain of around 5 dBi.
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Slant Angle  (degrees)

Figure 4.7: Gain vs slant angle (a) for Structure-2 surface-mounted short TEM horn.

Ratio of Antenna Aperture

Figure 4.8: Gain vs aperture ratio for Structure-2, surface-mounted short TEM Horn.
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4.3.4 Hardware Prototypes and Other Validations

For fabrication, to reduce mechanical complexity, a = 65° is chosen for the design of structure-

1 and a  =  45° is chosen for structure-2. Predicted results in Figure 4.9 show that, for a  =  45°, 

a maximum 9-dB return-loss bandwidth of around 7.4 GHz with an average gain of 7.5 dBi is 

attainable in the case of structure-2. For the sake of comparison the return loss of an optimised 

surface-mounted four-plate horn proposed earlier [71] is also plotted in Figure 4.9.

Frequency (GHz)

Figure 4.9: Predicted 15111 magnitude for different configurations of short horns.

The impedance bandwidth of the four-plate horn is quite poor compared to the short two- 

plate configurations. The advantage of using two-plate horns instead of a four-plate horn for 

an UWB printed monopole can easily be seen from Figure 4.9. The two-plate short horn has 

a slant length of only A/2.5, so the gain is expected to be moderate. If it is approximated as a 

TEM horn antenna, its estimated gain (by extrapolating results) would be 2.1 dBi as shown in 

Figure 6 of [120J. The simulation results from CST Microwave Studio indicate that this short



horn integrated to the PCMA provides an improved constant gain over a large bandwidth. The 

properties of the new antennas are a combination of those of the short two-plate horn and the 

PCMA. Hardware prototypes of both antennas are shown in Figure 4.10.
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Figure 4.10: Hardware profile of (a) Two-plate surface-mounted short (TP-SMS) horn 
(Structure-1) (b) Surface-mounted short TEM (SMS-TEM) horn (Structure-2).

4.3.5 Field Analysis and Suitability of Various Feed Structures and Ori

entation

The field distribution of the short horn antennas were analysed to show the evolution along the 

horn and also to understand the differences between TP-SMS horn and SMS-TEM horn. Inside 

the short-horn region, the field distribution in the transverse (X-Y) plane depends on z. This



field distribution also changes with frequency. Figures 4.11(a) and 4.11(b) show the transverse 

electric fields (i.e. Ex and Ey) at heights (z) of 10 mm and 45 mm, respectively, at 3 GHz. 

It may immediately be noted that the aperture field at the mouth of the horn shown in Figure

4.11 (b) is polarised in a direction orthogonal to the direction expected in a conventional TEM 

horn antenna. This aspect is further discussed in the following paragraph. Figure 4.12 shows 

that inside the horn all three field components could exist and could be significant depending 

on the location but, for large values of z. Ex becomes the dominant field component.

In addition to being extremely short (quarter-wavelength slant length) the main difference 

is that the polarisation of our two-plate horn is orthogonal to that of a TEM horn. From Figure

4.11 (b), it is evident that the E-field polarisation of the proposed antenna is parallel to the x 

axis (i.e. the E-plane of the antenna is in the X-Z plane) which is set by the orientation of 

the PCMA. For a TEM horn the E-field polarisation would be parallel to the y-axis (i.e. the 

E-plane of a TEM horn would be in the Y-Z plane) since the TEM horn is similar to a twin-wire 

TEM transmission line with the opposing wires flattened and tapered to form a horn antenna. 

In a TEM horn antenna, the electric field lines are between the two plates, as in a two-wire 

transmission line. Such a field can exist with zero longitudinal electric field (i.e. Ez = 0) but the 

field in structure-1 (short two-plate horn) cannot.
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Figure 4.11: Transverse electric-field for Structure-1 (TP-SMS) on the x-y plane inside the 
horn at (a) z = 10 mm and (b) z = 45 mm.

Variation In horn height In Z  direction (m m )

Figure 4.12: Variation of Electric-field components with z at 3 GHz for Structure-1 (TP-SMS) 
horn.
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plane), which follows the analogy of the traditional TEM horn. In a short TEM horn antenna, 

the electric field lines are between the two plates, as in a two-wire transmission line. Such a 

field can exist with zero longitudinal electric field (i.e. Ez = 0) as shown in Figure 4.14.

r ' ” ’? -30

Figure 4.15: Radiation patterns at 3 GHz(a,d), 6.5 GHz(b,e), 9.0 GHz(c,f).
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4.3.6 Theoretical Results and Practical Validation

Further simulation studies show that the performance of the structure is satisfactory with the air 

spacing. Using the air spacing, the field distribution is more like the TEM mode. As the field 

distribution is altered for the TP-SMS horn mounted on the FR-4 substrate, its performance 

degrades. To approximate an air medium at the base of the TEM horn, the two slots (\V2 = 10 

mm, L2 = 40 mm) were created in the top FR-4 sheet and an air gap was established between 

the two FR-4 sheets using Teflon spacers. It was noted that even the PCMA (without horn) 

made on this composite substrate has 1 dB higher gain between 8 GHz and 11 GHz as shown 

in Figure 4.17.

FrcqacBC>'(GHz)

Figure 4.16: Predicted and measured input reflection coefficient magnitude of the structure-1 
surface-mounted short horn.
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Figure 4.17: Measured gain of a standard PCMA, a PCMA on a composite substrate and 
structure-1.

Frequency (GHz)

Figure 4.18: Phase response of structure-1.

Simulation results from CST Microwave Studio indicate that the integrated PCMA feed with



the short two-plate horn (structure-1) has improved the gain and provides flatness over a wide 

band. Structure-1 provides broad beam coverage in the azimuth plane and a relatively narrow 

pattern in the elevation plane, with only a small change of beam direction over its ultra-wide 

operating band>vidth as shown in Figure 4.15. The slant length chosen for the example design is

4.5 cm, which is equal to A/2.5 at 2.7 GHz. Figure 4.16 indicates that at 1.7 GHz the predicted 

and measured |511| of the antenna is about -3 dB. The predicted |S'11| becomes -10 dB at 2.42 

GHz; in measurements, -10 dB 15111 occurs at 2.75 GHz.

The measured |5'11| is below -10 dB from 2.75 GHz to 10.14 GHz (covering most of the 

FCC-approved UWB bandwidth). Figure 4.17 shows the measured gain of a comparable printed 

circular monopole antenna (PCMA) on a standard FR-4 substrate and also on the same com

posite substrate. The PCMA on the composite substrate shows about 1 dB gain improvement 

for a range of frequencies. Otherwise the gain variation is similar in both cases a linear increase 

with frequency up to 6 GHz and then nearly constant gain up to 12 GHz.

The incorporation of the short horn improves the gain at the lower frequencies up to 6 GHz. 

Structure-1 has nearly constant gain within 5.0 dBi ±  0.5 dBi up to 12 GHz. Figure 4.18 shows 

that the transmitting transfer function of the new antenna has an almost linear phase response. 

This phase response should help to maintain the integrity of a transmitted short pulse in a pulse- 

based UWB system [128,129].
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--------- PCMA

—  - -  PCMA*Compo$it« Substrate

----------Structure-l-Short Horn

w Structure-2-Short TEM Horn

3 4 6 6 7 8 9 10 11 12 

Frequency (GHz)

Figure 4.19: Experimental comparisons of gain of two different configurations of short TEM 
horns.

Figure 4.15(a-c) shows measured radiation patterns of structure-1 (TP-SMS horn) on the 

azimuth (Y-Z) plane at 3.0 GHz, 6.5 GHz and 9.0 GHz respectively. These extremely wide 

radiation patterns highlight the dominance of the printed monopole radiation in this plane. The 

presence of nulls in some directions at 9 GHz would distort the radiated pulse in those direc

tions. Structure-1 (TP-SMS horn) narrows the beam in the elevation (X-Y) plane, as shown in 

Figure 4.15(d-f) for 3.0 GHz, 6.5 GHz and 9.0 GHz, respectively. The narrowing of the beam 

results in an increase in the directivity and gain. Even in the elevation plane, the impact of the 

printed monopole is evident from the null along the axis of the monopole at lower frequencies. 

At 9 GHz this null disappears and the beam has a small asymmetry. The beam changes its 

direction slightly as frequency changes over the ultra-wide bandwidth.

After evaluating the performance of structure-1 (TP-SMS horn), the gain and radiation pat
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terns of structure-2 (also called a short TEM horn) were evaluated theoretically and experimen

tally.

Structure-1 (TP-SMS horn) cz: Structure-2 (SMS-TEM horn)

Figure 4.20: Comparison of measured radiation patterns of stucture-1 (TP-SMS horn) and 
structure-2 (SMS-TEM horn) shown in Figure 4.10.

As shown in Figure 4.19, the gain increases significantly at higher frequencies for the 

structure-2 horn. There are more variations in gain at the cost of higher average gain over 

the whole bandwidth. Further, the comparison of the radiation patterns in the elevation plane



and the azimuth plane is shown in Figure 4.20(a-c) for structure-1 and structure- 2. At lower 

frequencies structure-2 has a broader beam than structure-1.

In structure-2 the effect of PCMA is more dominated at the lower frequency and antenna 

leads to a broad beam coverage. In previous studies of the field component highlighted in Figure

4.12 and 4.14 the E,,. and Ey component are significantly low in structure-2 compare to the 

structure-1 which possibly results in less cross polarisation and more gain in the main beam 

direction at higher frequencies.

4.4 Substrate Integrated Short TEM Horn Antenna (SIS-TEM)

In the previous designs of structure-1 and structure-2, the horn mounted on the substrate does 

not have great flexibility in design and fabrication. The horn structure was fabricated separately 

and mounted on top of the printed monopole substrate using teflon/nylon screws. This in

creases the fabrication complexity. To overcome the shortcomings of structure-1 and structure- 

2, a printed surface integrated short TEM (SIS-TEM) horn fed by a printed semicircular disc 

monopole antenna is presented in this section. It has ultra-wideband impedance matching and 

broad beam coverage with a small gain variation across the band which helps in non-dispersive 

pulse transmission and enhances the performance of UWB systems using the MB-OFDM tech

niques discussed in chapter 2. The semicircular-disc monopole design is well matched and 

provides an impedance bandwidth of over 20 GHz. The integrated horn is fabricated on the 

same substrate as the monopole, and bent at a suitable slant angle, which provides a complete 

integrated structure compared to structure-1 and structure-2.
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Figure 4.21: (a) CPW-fed semicircular disc monopole antenna (b) Surface integrated short 
TEM horn.

4.4.1 Antenna Design

The proposed antenna is shown in Figure 4.21. It consists of a two-plate short horn mounted on 

the surface of a CPW-fed semicircular-disc monopole. Figure 4.21(a) shows the semicircular- 

disc monopole with a rectangular slit etched out from the ground plane of the CPW-fed line to 

improve impedance bandwidth. The antenna is made on a Rogers 5880 substrate with dielectric 

constant of Sr = 2.2, thickness h = 0.787 mm. The overall dimensions of the semicircular disc 

are X = Y  = 4 0  mm. The 50f2 CPW feed line has a 3mm-wide (IF) metal strip and a 0.3 

mm gap (S). The feed gap G and the rectangular slit dimensions are optimised as described in 

the next section. After optimising the semicircular-disc dimensions, the short horn is mounted 

on the top surface of the substrate. Figure 4.21(b) shows the geometric arrangement of the 

integrated antenna. Some of the optimised parameters, as described in the next section, are: 

mount gap X X  = 2 mm, aperture lengths T l  =  80 mm and T2 = 114 mm, physical height 

T3 = 40 mm and slant angle a — 45*̂ .
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4.4.2 Parametric Study of Designed Antenna

The integrated SIS-TEM horn presented in this section is similar to the structure-2 presented in 

section 4.3.3. The values of slant angle, height and aperture ratio are chosen same as the one 

optimised for structure-2. A parametric study was carried out to investigate the effects of other 

important parameters on impedance matching and gain. This will be helpful for antenna design

ers during the design process. The effects of the slit etched in the ground plane of monopole 

and the mount gap X X ,  are critical parameters for impedance matching when designing the 

antenna.

Figure 4.22: The |S111 of the CPW-fed disc monopole antenna with and without the rectangular 
slit.

As shown in Figure 4.22, the predicted reflection coefficient of the semicircular-disc monopole 

antenna is significantly improved due to the introduction of the slit. With the slit, the return loss 

is greater than 13.4 dB from 2.5 GHz to 15 GHz. The mount gap X X  near the top of the 

monopole is critical in maintaining the impedance match across a wide band as illustrated in
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Figure 4.23. A 2mm gap provides good impedance matching across the band and hence it was 

chosen in the present design. The slant angle a  can be used to control the gain variation across 

the bandwidth as explained in section 4.3.3. Figure 4.7 shows that, with a slant angle of 45 

degrees, the gain variation is minimal across the frequency range from 2 GHz to 10 GHz.

6 7 8  9 

FreqHency (G H z )

Figure 4.23: 15111 for different mount gaps ( XX)  between the short horn and the top of the 
monopole.

4.4.3 Results and Discussions

A prototype of the surface integrated short TEM horn is shown in Figure 4.24. An optimised 

physical height (T3) of 40 mm is chosen for the design example, and is approximately equal to 

A/4 at 3 GHz. Note that the walls of the horn and the monopole are fabricated from the same 

substrate.



116 Chapter 4. Compact Surface-Mounted Short TEM Horn Antennas

Figure 4.24: Hardware prototype of CPW-fed semicircular-disc monopole antenna with the 
surface integrated short TEM horn.

Frequency (GHz)

Figure 4.25: Comparison of measured |5 l l |  of the CPW-fed disc monopole antenna, with and 
without the short horn.

The predicted and measured return loss of the integrated antenna is shown in Figure 4.25. 

It reaches 10 dB at 2.52 GHz and it continues to be greater than 10 dB up to 15 GHz, covering 

the entire FCC-approved UWB band. Figure 4.26 compares the gain of the proposed antenna 

with that of a similar semi-circular disc monopole antenna without the horn on the same Rogers
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5880 substrate.

F reque ncy (GHz)

Figure 4.26: Comparison of measured gain of the CPW-fed disc monopole antenna with and 
without the short horn.

27«

(a) Elevation Plane

(b)

(b) Azimuth Plane

r s i f i n m
3 GHz 6 GHz 10GHz 12GHz 15GHz

Figure 4.27: Measured radiation patterns of surface integrated short TEM horn (a) E-Plane (b) 
H-Plane.



The gain of the antenna without the horn exhibits an almost linear increase with frequency 

up to 6 GHz and then a nearly constant gain up to 15 GHz. The incorporation of the short horn 

improves the gain at the lower frequencies up to 6 GHz. As a result of this enhancement, the 

new antenna has a nearly constant gain of 5.5 dBi ±  1.1 dB from 3 GHz to 15 GHz. Figure 4.27 

shows the radiation pattern at five representative frequencies: 3, 6, 10, 12 and 15 GHz. The 

azimuth plane shows a broad beam coverage and as frequency is increased the beam becomes 

more directional due to the horn aperture.

4.4.4 Reflector Design for the UWB Antennas

The antennas presented in the above sections have bidirectional radiation, and power is lost in 

the wanted direction. In order to further improve the gain, which is an essential feature for 

the LOS scenario (Discussed in section 4.1), a reflector must be optimised suitable for the short 

horn, which makes the antennas more directional and improved gain in the main beam direction. 

A semicircular reflector is presented in this section. This reflector increases the average gain 

of the antenna by 1 dB over the UWB band while maintaining the gain variation in the same 

band. It was found that a planar reflector does not provide these advantages. The result of 

this investigation is shown in Figure 4.28, where ' r e f  is the radius of the reflector. A reflector 

radius in the range of 30 mm to 35 mm gives minimum mismatch from 2.5 GHz to 15 GHz. 

For a compact structure, a 30 mm reflector height is adopted in the design. All simulations 

were carried out with CST Microwave Studio. The final antenna structure has a physical height 

(T3) of 40 mm for the short horn and a reflector radius (ref) of 30 mm. The predicted return 

losses of the integrated antenna with and without reflector are compared with those for the semi 

circular-disc monopole in Figure 4.29. The lowest frequency with a 10 dB return loss is 2.52 

GHz and 2.86 GHz for the short horn with and without reflector respectively. The upper limit 

is above 15 GHz and the return loss is greater than 10 dB over the entire FCC-approved UWB 

band.
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Figure 4.30 and Table 4.2 compare the predicted gain and its variation in the proposed 

antenna against those of the semi circular-disc monopole. The gain of the monopole shows an 

almost linear increase with frequency up to 6 GHz and then a nearly constant gain up to 15 

GHz.

«£. -30

-40
ref 5 ♦ ref 20

♦ ref 10 *ref 25 ♦ref 35
♦ ref 15 *ref 30

-50
2  3 4  5 6 7 8 9 10 11 12 13 14 15

Frequency (GHz)

Figure 4.28: Predicted 15111 for different reflector heights (ref) for the short horn.

Table 4.2: Predicted gain and its variation for three antenna designs

Configurations h  (GHz) I h (GHz) Bandwidth (GHz) Avg. Gain and Variations

Semicircular Disc 2.50 15 12.50 3.8 dBi ±  1.6dB

SIS-without reflector 2.52 15 12.48 5.5 dBi ±  1.1 dB

SIS-with reflector 2.86 15 12.14 6.5 dBi ±  1.1 dB
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Frequency (GHz)

Figure 4.29: Comparison of predicted |5 l l |  of monopole, with short horn and with reflector.

2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Frequency (GHz)

Figure 4.30: Comparison of gain of monopole with short horn and with reflector.
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The incorporation of the short horn improves the gain at the lower frequencies up to 6 GHz. 

As a result of this enhancement, the new antenna has a very flat gain of 5.5 dBi ±  1.1 dB from

2 GHz to 15 GHz. The peak variation of 1.7 dB is noticed at 3 GHz. The antenna with a short 

horn and a reflector has a nearly constant gain of 6.5 dBi ±1.1 dB from 2 GHz to 15 GHz. The 

peak variation at 3 GHz is 1.1 dB. Thus the reflector further improves the average gain by 1 dB 

and limits the gain variation to ±  1.1 dB.

4.5 Summary/Conclusions

In this chapter the new concept of a surface-mounted short TEM horn fed by a printed monopole 

has been discussed. In many practical situations, identified in section 4.2, these antennas can be 

used for a better system performance. Four different configurations of antennas, with hardware 

testing of three antennas, is carried out in this work to prove the concept. A complete field 

analysis is presented, justify the claims presented for various short TEM horn configurations. A 

complete study of the effect of various parameters like slant angle, slant height and mounting 

location of the short horn is presented in this work.

The various feed arrangements for a short horn are demonstrated successfully with two 

different monopoles, namely PCMA and semi-PCMA. The PCMA-fed structure-1 (TP-SMS 

horn) and structure-2 (SMS-TEM horn) have been presented in section 4.3. The TP-SMS horn 

has nearly constant gain within 5.0 dBi ±  0.5 dB up to 12 GHz. Compared to the antenna 

presented in Chapter 3 based on proximity-coupling, these antennas have improved bandwidth 

at the cost of additional size of the short horns, while the advantage of gain flatness makes 

these antennas useful for various systems. Structure-2 (SMS-TEM horn) proved to be a closer 

match to a conventional TEM configuration in term of field components inside the aperture of 

the horn. The effect of a printed-feed antenna is more dominant at a lower frequency, and as 

frequency goes higher the gain increases with the frequency. A broad beam coverage is noticed



with structure-2 compared to the structure-1. Structure-2 shows an increase in the gain at higher 

frequency; the gain is approximately 1.2 dB higher than for structure-1 from 6 to 10 GHz while 

maintaining the gain in the lower region of UWB, 3.1 GHz to 6 GHz.

Motivated by the design of a short horn presented in section 4.3, a more promising surface 

integrated horn is presented in section 4.4. In this antenna the horn structure is fabricated on 

the same substrate as the printed semi-circular PCMA. This antenna yields a better impedance 

bandwidth (operates from 2.5 GHz to 15 GHz) compared to the previously introduced short 

horn structure-1 and 2, while gain shows similar trends with 5.5 dBi ±  1.1 dB from 2 GHz to 15 

GHz. Furthermore, to improve the gain, which is more desirable in LOS and GPR applications 

a semi-circular reflector is introduced. The design reflector enhances the average gain by 1 dB 

over the whole operating bandwidth while maintaining the gain variation. The proposed curved 

reflector is hard to fabricate and new means to design a suitable reflector need to be explored for 

the UWB antenna. An effort to design a reflector using the UWB periodic structure is presented 

in the next chapter, and is more suitable to the printed nature of UWB antennas.
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Chapter 5 

Phase Coherence with Frequency Selective 

Surface Reflector

5.1 Introduction

Several printed configurations of monopole and slot antennas that have been demonstrated for 

use in UWB systems were discussed in Chapter 3 and 4. These printed UWB antenna config

urations have an impedance bandwidth more than 110% (3.1 GHz to 10.6 GHz) with a nearly 

omni-directional (OD) radiation pattern from 3 GHz to 6 GHz. Beyond 6 GHz these printed 

antennas lose their OD behaviour and become more directional as previously discussed in this 

thesis. The previously presented designs have bidirectional radiation patterns as discussed in 

Chapters 3 and 4, which means that for line-of-sight (LOS) applications half of the power ra

diates in the wrong direction. An appropriately designed UWB reflector will limit the back 

radiation and increase the gain in the direction of the forward beam. Designing such a reflector 

for a bandwidth of 110% is a challenging task indeed. Usually the metallic screen reflectors are 

placed at a distance of A/4 to provide in-phase reflection. At the end of Chapter 4 an attempt 

is made to design a curved metallic reflector suitable for a TEM horn. Nevertheless, the design

123



presents interesting results, proposed solution needs special care in making curve geometry of 

reflector, which increases the design complexity. A new method to design the reflector needs 

to be explored for eliminating this drawback and filling the gap between present UWB anten

nas. Research in periodic structures can help in solving this key problem of reflector design. 

Up to now research on this structure was limited to broadband or multiband operations. This 

chapter is focused toward the design of a reflector with over 110% bandwidth using periodic 

structures. Properly designed reflectors are capable of manifesting huge bandwidth and phase 

coherence over the ultra-wide-bandwidth. A complete reflector design analysis and validation 

are presented in this chapter.

5.1.1 Chapter Contributions

This chapter presents the following contributions;

• The need of a suitable reflector for UWB applications is highlighted.

• The concept of phase coherence over an ultra-wide bandwidth is presented.

• The design mechanism of dual-layer frequency selective surfaces (FSS) shows a potential 

for a good reflector with over 110% bandwidth.

• A complete parametric and field analysis of a dual-layer surface is presented to explain 

its operating mechanism.

• A complete normal and oblique incidence study of an ultra-wideband FSS is presented.

• The experimental verification and validation of the surface in the presence of an ultra- 

wideband antennas is presented.

•  A design of a multi-layer(Four-layer) FSS surface with constant gain using UWB antenna 

is proposed.
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• The complete experimental validation and hardware verification of dual-layer and four- 

layer FSS reflector is demonstrated.

This chapter is primarily organised in six different sections. Section 5.2 one explains the 

background and related work. In section 5.3 the concept of phase coherence and the under

standing of UWB FSS surfaces is highlighted. Section 5.4 covers the complete study of dual 

layer FSS with oblique studies under subsections. This section also covers the optimisation, 

parametric analysis and field studies. Section 5.5 covers the design and testing of the designed 

FSS surfaces with UWB antennas. Section 5.6 covering a multilayer FSS with more stability in 

gain over UWB bandwidth. The work is concluded in Section 5.7

5.2 Background and Related Work

Frequency selective surfaces (FSSs) are spatial electromagnetic (EM) filters that exhibit total 

reflection or transmission over a given frequency band to an incident electromagnetic wave 

[78-80]. In recent years, development of periodic structures has helped to solve some of the 

crucial antenna problems. With the possibility of creating a perfect magnetic conductor (PMC) 

and its in-phase reflection, efficient radiation for antennas placed close to an electromagnetic- 

bandgap (EBG) ground plane [78] has been achieved. In addition, by forbidding the prop

agation of EM waves in certain frequency bands, these configurations can be used to block 

the propagation of waves and/or guide them in a desired direction [79], [78J. In the case 

of narrowband applications, controlling the in-phase radiation of incident plane wave over 

mushroom-like EBG [78] and Uni-planar compact photonic band-gap (UC-PBG) structures 

were demonstrated in the past [78]. In these categories of periodic structures FSSs or partial re

flecting Surfaces (PRSs) are good candidates to be employed in conjunction with printed anten

nas [80], [ 131 ], [ 132]. Such configurations have been extensively studied in the past for enhanc

ing the performance of antennas for both narrowband and broadband operations [133], [134].



In [81], a reconfigurable printed dipole array is examined in the presence of a multilayer FSS. 

The FSS is positioned in the ground plane of a reflector array, aiming to achieve broad band 

operation by controlling the phase of the reflected wave. In some recent articles a FSS is used 

as a backing reflector to extend the frequency range of usability. In another wideband applica

tion, reported in [82], the FSS has been sandwiched between the antenna and the ground plane, 

providing an additional reflecting plane for the most critical higher-frequency band. In most of 

these designs the FSS is limited to narrowband operation. Dual- and wide-band operations are 

targeted in some current publications [83], exploiting the potential offered by the association of 

two different patch elements over a single unit cell, namely a square loop and a crossed dipole. 

The demonstrated structures show a -10 dB transmission bandwidth of 52%. In this work a 

dual layer and a four-layer FSS with a theoretical bandwidth greater than 133% are presented to 

cover the FCC sectioned 110% UWB bandwidth. Performance of the designed FSSs has been 

tested in a laboratory environment. These FSSs have the potential to be employed as a reflector 

for an arbitrary UWB antenna. Such surfaces allow the antenna to be mounted close to the 

reflector surfaces, with reduced effect on the antenna impedance, and are good candidates for 

applications where the thickness of the antenna needs to be reduced. Further, to extend the con

cept and achieve less variation in gain, a four-layer compact design with a UWB slot antenna is 

proposed with a variation of 0.5 dB in gain over a 110% impedance bandwidth.

5.3 Principle and Operation

This section highlights the principles behind the design of a reflector and is further extended to 

the operation of Frequency Selective Surfaces used for designing UWB reflectors.
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5.3.1 Reflector Design

It is well known that reflectors behind antennas only work properly when the radiation generated 

by the antenna and reflected back by the backing plane is in phase with the radiation directly 

generated by the antenna itself.

forward
radiation

backward
radiation

metallic ground plane

Antenna Plane

V d

1 1 1 1

l i l t

FSS-1 I
F S S -2

Figure 5.1: (a) Standard metallic reflector (b) Multiple FSS reflectors.

This happens when the distance between the antenna and the backing plane is a multiple of 

one quarter of the working wavelength, as shown by the following equations:

—  TT =  2ttN  ,
A

(5.1)

while

d =
A

(5.2)
4 ( 1 +  2A^) ’

where d is the distance between the antenna plane and the backing plane, A is the wave

length, 7T is the reflection phase given by an infinite perfect metallic ground plane and N is an
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integer greater than or equal to zero (The first integer corresponding to N equal to zero typically 

is chosen). Figure 5.1 shows the reflector placement under the antenna and a proposal for a new 

FSS-based multilayered reflector.

Figure 5.2: FSS application for gain enhancement: Reflection at different frequencies occurs 
at different layers (top). Frequency response of the two phases, 4)r and 05 (bottom).

5.3.2 Phase Coherence Over an Ultra-Wideband

FSSs can be efficiently employed in reflector designs for broadband applications. The basic 

idea is to design a multilayer FSS structure where each layer provides reflectivity for a specific 

frequency band. This means that each reflective plane may be placed at an appropriate distance 

from the antenna, generating reflections from different layers and therefore broadening the us

able range of the entire backing plane. In order to work properly, the uppermost reflective planes 

must be transparent to frequencies to be reflected by the lowermost planes. For this type of ap

plication it is natural to consider FSSs working in the passband, i.e. away from the stopband for 

the layer close to the antenna, when signals are reflected from the lower layers. As mentioned 

earlier, phase plays a critical role, which as explained below for a dual-layer structure.



In order to understand the functionality of the dual-layer FSS, its layout and the components 

of the reflected wave at the reference plane T  are illustrated in Figure 5.2. An antenna placed 

above the FSS radiates toward the FSS (downwards) as well as away from the FSS (upwards). 

The downward wave is expected to be reflected almost completely by the FSS layers at all 

concerned frequencies. To generate a reflected wave with a nearly constant reflection phase 

over an ultra-wideband the two layers of the FSS must be optimised. FSS Layer-1 is composed 

of a set of cross dipoles and slots. This layer exhibits a reflection phase of (at Reference 

Plane R) and is responsible for providing reflection at higher frequencies.

Layer-2 of the FSS, placed below Layer-1, consists of similar cross dipole and slots with a 

rectangular slit cut in the slot. FSS Layer-2 is designed to work for lower frequencies and is 

characterised by a reflection phase delay of (f)2 ( at the reference plane R). The phase delay of 

the combined reflected wave from the multilayer FSS is <i)R at Plane R. At Plane T, the phase 

0T =0/e + 4>s where 4>s is the two-way free-space propagation delay over the distance L given 

by:

05 = 2 X 2 - /  X L , (5.3)
c

The objective is to achieve a constant over an ultra-wideband as shown in Figure 5.2(b) 

(dotted line), (ps is obviously frequency dependent and its positive slope depends on the spacing 

between the antenna and the reflector (L). Hence, ideally, must have a negative constant slope 

to compensate for the positive slope of (ps-

Phase =  2 X 2—/  x L + • (5.4)c

while

(/>R = /(0i,02)(a^ reference plane R) , (5.5)
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Figure 5.3: (a) Frequency selective surface Layer-1, for higher frequency range (b) Unit Cell 
for Layer-1.
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Figure 5.4: (a) Frequency selective surface Layer-2, for lower frequency range (b) Unit Cell 
for Layer-2.



5.4 Dual-Layer FSS Design 131

5.4 Dual-Layer FSS Design

Initially the design of a dual-layer FSS is considered. The first layer of the FSS unit cell dis

cussed in [83] consists of a cross dipole and a slot.

Table 5.1: Dimensions of optimised dual-layer FSS Unit cell

Parameter X Y a al b g d s L

Value (mm) 15 15 10 8 12 0.9 1 11 9.5

The effect of the slot window width a was numerically studied with the help of CST Mi

crowave Studio [97] using the technique based on the waveguide model. Figure 5.5 shows the 

waveguide model of the dual-layer unit cell: perfect-magnetic-conductor (PMC) boundaries 

have been assigned to the two closing walls orthogonal to the x axes while perfect-electric- 

conductor (PEC) boundaries have been employed on the two surfaces having their normal unit 

vector parallel to ±y.
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Figure 5.5: Waveguide model for multilayer UWB unit cell.
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The design parameter a affects the resonance frequency and primarily controls the upper 

part of the UWB band from 8 GHz onwards, giving a stop bandwidth of around 50%. The 

complete geometry and unit cell of Layer-1 is shown in Figure 5.3.

Frequency (GHz)

Figure 5.6: Parametric sweep of parameter a for the unit cell in Figure 5.3.



5.4 Dual-Layer FSS Design 133

Frequency (GHz)

Figure 5.7: Parametric sweep of parameter d for the unit cell in Figure 5.4 (a =  10 mm).
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Figure 5.8: Parametric sweep for separation length L between layers of the dual-layer unit cell.

The Layer-1 unit cell resonates at frequencies between 8.9 GHz and 13.6 GHz as shown in 

Figure 5.6 and the widest stop bandwidth is achieved for o =  10 mm. Layer-2 is optimized to
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reflect the frequencies that are passed by Layer-1. Unit cell in [83] is considered in Layer-1 an 

additional slit is inserted in the metal frame as shown in Figure 5.4,The thickness d is optimised 

and set to 1.0 mm to get maximum possible bandwidth for the additional frequencies. These two 

layers are then stacked together. The gap (L) between the two stacked layers plays a critical 

role and has been optimised. Figure5.9 shows the reflection magnitude and the phase of the 

dual-layer unit cell. The magnitude of the transmission coefficient is below -10 dB over a 133% 

bandwidth (3.5 GHz to 11.45 GHz). Note that wave is incident at port 2; Port 1 is the port 

on the back side of the unit cell. The dimensions of the dual-layer unit cell are given in Table

5.1. Figure 5.10 shows the predicted reflection phase and the transmission coefficient of FSS 

designed to produce such a coherent reflected wave at the plane of the antenna over an ultra- 

wide band. More significantly, the variation in phase is almost linear across the whole band 

(refer S22 curve in Figure 5.10).

Frequency (GHz)

Figure 5.9: Theoretical reflection and transmission magnitude .
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Frequency (GHz)

Figure 5.10: Theoretical reflection and transmission phase.

1: FSS Layer-1 2: FSS Layer-2

Figure 5.11: Electric field distributions orthogonal to the FSS reflector at (a) 3 GHz, (b) 6 GHz, 
(c)8GHz and (d) 12 GHz.



5.4.1 Field Analysis of Dual-Layer FSS

The waveguide simulator approach has been used for analysis of the electric fields in the unit 

cell. Figure 5.11 shows the electric-field distribution in the unit cell at 3 GHz, 6 GHz, 8 GHz 

and 10 GHz, respectively. It is clearly visible that at lower frequencies fields are reflected from 

the lower FSS region. As frequency increases more reflection occurs from the top layer of the 

FSS screen. In particular. Figure 5.11(c) displays the significant reflection above the top layer 

of the FSS. It corresponds to a transmission coefficient of -50 dB at 8 GHz (see Figure 5.9).

5.4.2 Oblique Incidence Performance of Dual-Layer FSS

Before proceeding to hardware fabrication, performance of the dual-layer FSS reflector to 

obliquely incident electromagnetic waves was investigated in different polarisation. Polarisa

tion is defined as the orientation of electric field in a propagating electromagnetic wave. When 

the electric field is perpendicular to the plane of incidence, the polarisation is called Transverse 

Electric (TE) polarisation, and when it is parallel to the plane of incidence, then it is called 

parallel Transverse Magnetic(TM) polarisation. For normal incidence, the bandwidth is around 

100% and it reduces to 70% in the case of TM polarisation at an angle of 50°. The widest band

width previously described in the literature for normal incidence is 50% [83]. To investigate 

the oblique-incidence performance, a Floquet port analysis has been carried out for different 

incidence angles where 6 is defined with respect to the normal to the surface of the reflector.

Figure 5.12 shows the TE polarised behaviour of the FSS up to an angle of 9 — 50°. It is 

evident from Figure 5.12 that, apart from slight peaks of around -7 dB between 7 GHz and 8 

GHz, the FSS transmission is stable over a 90% bandwidth. The performance for TM incidence 

is evaluated for the same range and the results are presented in Figure 5.13. For this polarisation, 

with the increase of angle of incidence the lower frequency limit shifts from 4 GHz to 4.41 

GHz. It is noted that this limit was stable for TE polarisation for all angles considered. Also
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the transmission bandwidth of the FSS reduces from 99% to 70% when the incidence angle 

changes from the normal to 0 = 50® respectively.

Fr«qtMnqr(GHz)

Figure 5.12: TE-polarisation predicted transmission coefficients for different angles of inci
dence.

Fr*qiMiKv(6Hi)

Figure 5.13: TM-polarisation predicted transmission coefficients for different angles of inci
dence.
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For further analysis of the field behaviour, several probes have been placed in the unit cell 

during simulation with the CST software. These probes have been placed below the lower FSS 

layer, in the middle of the two layers of the FSS, and above the upper FSS layer at a distance of

9.5 mm. Probes have been placed for monitoring both co- and cross-polarisation components 

at all three locations. Phase results of the co-polarised probes for various probe locations are 

shown in Figure 5.14. The critical information is conveyed by the upper probe, which is placed 

on the top of the FSS screen. This corresponds to the location where a planar UWB antenna 

would typically be placed when the FSS is used in UWB reflector applications. The phase at

9.5 mm above the FSS screen decreases linearly from 4 GHz till 11.5 GHz and the variation 

over the band of 99% is ±  70°. The magnitudes of the field received by the same probes are 

reported in Figure 5.15. As can be noted, the electric field magnitude is very low below the two 

FSS layers (see curve for Lower probe in Figure 5.15). In order to quantify the performance of 

the reflector screens an array of 32 x 22 unit cells has been fabricated and measured.

FrM|tMncv(GHi)

Figure 5.14: Phase of the total electric field component parallel to the incident polarisation 
(Co-Pol) at different levels of FSS.
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Fraquancv(GHz)

Figure 5.15: Magnitude of the total electric field component parallel to the incident polarisation 
(Co-Pol) at different levels of FSS.

Figure 5.16: Schematic of the setup for reflection phase measurement.
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Figure 5.17: Actual measurement setup of reflection phase measurement.

5.4.3 Measured Results for Larger 32 x 22 Array of FSSs

To evaluate the reflection phase and transmission magnitude of the 32 x 22 array of FSSs, two 

dual-ridge H-1498 horns from BAE Systems, with an operating bandwidth from 2 GHz to 18 

GHz, were used in the measurement set-up. Figure 5.16 shows a schematic of the measurement 

set-up. A wooden frame was used to avoid reflections in the anechoic chamber. Additional 

grooves for mounting provided good support for making the dual-layer structure. To analyse the 

reflection coefficient 9.5 mm in front of the FSS, the electrical delay for the FSS measurement 

was set to -19 mm (i.e. 2 x 9.5 mm). Phase has been unwrapped from the measured data 

for comparison with the simulation. The FSS screen is 300 mm away from the horn antennas. 

Figure 5.17 shows a photograph of the actual measurement set-up used. Teflon spacers of fixed 

thickness were specially manufactured to ensure the exact spacing between the two layers. A 

comparison of predicted and measured reflection phase is shown in Figure 5.18.
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Figure 5.18: Comparison of measured and simulated reflection phase.

Transmission magnitude measurements were carried out with a setup similar to that used 

for reflection phase measurements. The difference in the placement of horns is shown in Figure 

5.19 and a photograph of the measurement setup in Figure 5.20. This setup was also used for 

measurement of different angles of incidence. The FSSs screens placed on the wooden board is 

manually rotated to appropriate angles.
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Figure 5.19: Schematic of setup used for measuring transmission coefficients.

Figure 5.20: Actual setup for measurements of normal and oblique incidence study and rota
tional board with FSSs screens.

The study of the different polarisation of the incident fields at three different angles, namely 

15, 30 and 45 degrees, was carried out with the aforementioned setup. Figure 5.21 shows the 

zero-degree incidence case. Measurement is carried out with the setup and matches well with 

the simulated results. The measured -lOdB transmission bandwidth of 121.8% (3.85 GHz to
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11.23 GHz) compares well with the predicted bandwidth of 133% (3.5 GHz to 11.45 GHz). 

As shown in Figures 5.22, 5.23 and 5.24 in the case of TE polarisation the performance of the 

FSS is stable as predicted by the theoretical results with the bandwidth maintained over 100%. 

Figure 5.25, 5.26 and 5.27 shows the performance of screens in the case of TM polarisation at 

15, 30 and 45 degrees respectively. A good match in the lower band of frequencies was found. 

At the higher band of frequencies a slight mismatch was observed. A complete study of the 

measured bandwidth for different polarisations is given in Tables 5.2 and 5.3.

Frequency (G H z)

Figure 5.21: Theoretical and measured transmission magnitude for normal incidence for 32x22 
array of unit cells.



144 Chapter 5. Phase Coherence with Frequency Selective Surface Reflector

Fr«|u«ncy(6H>)

Figure 5.22: Theoretical and measured transmission magnitude for TE polarisation with inci
dence at 15 degrees.

Fraqutncy(GHi)

Figure 5.23: Theoretical and measured transmission magnitude for TE polarisation with inci
dence at 30 degrees.
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Frequenqr (GHz)

Figure 5.24: Theoretical and measured transmission magnitude for TE polarisation with inci
dence at 45 degrees.

Frcqiwncy (GHi)

Figure 5.25: Theoretical and measured transmission magnitude for TM polarisation with inci
dence at 15 degrees.
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Frequency (GHz)

Figure 5.26: Theoretical and measured transmission magnitude for TM polarisation with inci
dence at 30 degrees.

FraqiMfKy(GHi)

Figure 5.27: Theoretical and measured transmission magnitude for TM polarisation with inci
dence at 45 degrees.
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Table 5.2: Oblique incidence measured bandwidth of dual-layer FSS for TE polarisation

TE Polarisation

Angle (deg) 15 30 45

Lower Freq. (GHz) 4.26 4.24 4.18

Upper Freq. (GHz) 11.63 12.18 12.97

Bandwidth (%) 89.30 96.70 102.50

Table 5.3: Oblique incidence measured bandwidth of dual-layer FSS for TM polarisation

TM Polarisation

Angle (deg) 15 30 45

Lower Freq. (GHz) 4.16 4.15 4.25

Upper Freq. (GHz) 11.44 12.46 12.49

Bandwidth (%) 93.3 100 98.4

5.5 Antenna Performance over Dual-Layer FSS Reflectors

After optimising the FSS screen, a UWB slot antenna excited by a microstrip-fed patch [135] 

is mounted above the reflector. This concept is not limited to the particular slot antenna de

scribed here; designers can use various other UWB antennas available in the literature. The 

slot antenna and all the FSS reflectors have been designed for fabrication using FR-4 substrates 

with a relative permittivity of 4.4 and thickness t = 0.8 mm and 1.6 mm respectively. A graph

ical overview of the proposed design with reflectors is shown in Figure 5.28. The complete 

hardware integration of the antenna with the FSS reflectors is shown in Figure 5.29.
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Figure 5.28: (a) Complete FSS reflector with a slot antenna (b) Schematic of unit cells of 
the FSS Layer-1 (c) Schematic of unit cells of the FSS Layer-2 (d) UWB slot antenna [4]
X =  y =  15,6 =  12,p =  0.9, t = 1.6, d = 1.0, a = 10, a l =  8 ,s =  11, L =  8.5 (All 
dimensions are in mm).

The radiation patterns and the gain of the antenna were measured using an NSI-700S- 

50 spherical near-field measurement system while an Anritsu Vector Star Network Analyzer 

MS4647A (70 MHz to 70 GHz) was used for S-parameter measurements. Figure 5.30 shows 

the theoretical and measured reflection coefficients of the slot antenna with and without the 

dual-layer FSS reflector. The measured impedance bandwidth with the FSS reflector is 122% 

which compares well with the predicted bandwidth of 132%. Some small variations between 

the theoretical and measured data are probably due to fabrication imperfections.

A maximum gain enhancement of 3.8 dB is achieved at 8 GHz where the FSS has the 

lowest transmission coefficient magnitude of -50 dB (see Figure 5.21). The measured gain of 

the antenna with FSS reflector is shown in Figure 5.32 where the theoretical gain of the antenna 

with and without reflector is also plotted for comparison. The designed FSS reflects efficiently
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Figure 5.29: Hardware profile of antenna integration.

and enhances the gain of the antenna. A measured gain of around 7.5 dBi up to 7 GHz has 

been obtained for the proposed solution while the gain increases up to 9.8 dBi at 8 GHz. Gain 

variations within the 3 GHz to 12 GHz band is about 1.8 dB. The measured radiation patterns 

at 3 GHz, 5 GHz, 8 GHz and 10 GHz on the 0 =  0° and 6 = 90° planes are shown in Figure 

5.31. Due to the offset feed of the slot antenna, the radiation patterns are not symmetrical in 

these two principal planes. A similar observation holds for the other planes, but this was not 

experimentally verified. The dual-layer FSS described should prove valuable for many other 

applications requiring a low-profile reflector with wideband performance.
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Fr«qiMncy(GHz)

Figure 5.30: Input reflection coefficient of the antenna with and without the FSS reflector.
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Figure 5.31: Measured gain of the antenna with and without the FSS reflector.
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Figure 5.32: Measured radiation patterns.

5.6 Constant-Gain Antenna with Four-Layer Frequency Se

lective Surface Reflector

Designed FSS in previous sections, proved to be an efficient is designing the reflectors. After 

gaining an understanding of the FSS and its usefulness in reflector applications, further im

provement in gain flatness and compactness is sought in the design of FSS. To achieve the 

target the FSS design methodology of previous dual-layer FSS is followed. The first layer of 

FSS acts on the higher frequency region and the bottom layer on the lower frequency region 

providing in-phase reflection characteristics. This FSS is not backed by a perfect metal reflector 

in order to provide some back radiation and lower the gain in the main beam direction, and



152 Chapter 5. Phase Coherence with Frequency Selective Surface Reflector

provide good gain stability.
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Figure 5.33: Passive Frequency-Selective Surface Reflector with UWB Slot antenna.

To demonstrate the concept the same slot antenna is chosen, which was used in previous 

sections (yields an ultra-wide bandwidth of 140% (2.9 GHz - 18.38 GHz)) [135] and gives a 

simulated directive gain of 4 dBi at 3 GHz and a gain variation of 2 dB over the impedance 

bandwidth. In the initial design process the considered FSS screens 1 and 2 are available in 

the literature [131], [ 134] for broadband operations. Two further additional layers of FSS-3 

and -4 have been added and optimised carefully to provide an ultra-wideband characteristic. 

FSS-1, FSS-3 and FSS-4 are each a kind of bandpass filters and FSS-2 acts as a bandstop for 

the low frequencies passed on by FSS-1. In the design process FSS-1 and FSS-2 have the 

same periodicity but, in order to support lower frequencies, FSS-3 and FSS-4 are large and the 

periodicity of layers 3 and 4 are different from layers 1 and 2. The shape and dimensions of 

the geometries are reported in Figure 5.33. A complete optimisation was done for the different 

layers to improve the gain flatness when combined with a UWB slot antenna. Figure 5.34 shows 

the hardware profile of the antenna with various FSS layers and Figure 5.35 shows the hardware
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profile of each layer individually.
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Figure 5.34: Hardware profile of antenna with FSS reflector .
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Figure 5.35: Hardware profile of FSS screens (a) FSS-Layer-1 (b) FSS-Layer-2 (c) FSS-Layer-
3 (d) FSS-Layer-4.
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5.6.1 Hardware Validation and Measurements

The predicted input reflection coefficient and the gain are shown in Figure 5.36 and Figure 5.37 

respectively. It can be observed that the optimised FSS reflector has only a very small effect 

on the impedance bandwidth (145% bandwidth with FSS and 149% without FSS). However, 

the gain tends to increase significantly with the FSS reflector. A peak gain of around 9.3 dBi is 

achieved with the FSS, but the most significant feature of introducing the FSS reflector is the 

improvement in gain flatness. The variation in the gain is ±  0.5 dB across the whole impedance 

band.

Frequency (GHz)

Figure 5.36: Measured antenna input reflection coefficient with 4-layer FSS reflector.
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Figure 5.37: Measured gain comparison of slot antenna with and without FSS reflector.

Measured and computed results are presented to confirm the performance of the antenna. 

Figure 5.38 shows the measured radiation patterns in the ZY (H-Cut) and the ZX (V-Cut) planes. 

A maximum gain of 9.3 dBi and the variation of ±  0.5 dB have been achieved for the designed 

structure.
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Figure 5.38: Measured Radiation Patterns at (a) 3 GHz and (b) 6 GHz.
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5.7 Summary/Conclusions

A new dual-layer FSS reflector covering the entire FCC UWB band and beyond has been in

troduced, designed and experimentally verified. It has a low transmission coefficient and suf

ficiently constant reflection phase to use as a reflector for nearly all types of low-cost (planar 

and/or printed) UWB antennas. The oblique incidence performance of the dual-layer FSS has 

also been investigated. Through careful design, the FSS transmission frequency response has 

been made stable against variations in the incidence angle and polarisation. A significant phase 

coherent bandwidth of 100% has been reached for reflector applications and a stable frequency 

response for oblique incidence has been demonstrated. Further, phase analysis and field analy

sis at various locations of the FSS have been conducted by placing different probes in the FSS 

structure. The reflector combined with a UWB slot antenna has been demonstrated successfully. 

The low-profile configuration achieves an impedance bandwidth of 122% and an average gain 

of around 7.5 dBi over the whole UWB frequency band. The described dual-layer FSS also 

proves valuable for many other applications requiring a low-profile reflector with wideband 

performance. Based on the concept of the dual-layer FSS, a multi-layer FSS is demonstrated 

with measured and computed results. A maximum gain of 9.3 dBi and a variation of ±0.5 dB 

have been achieved for the designed multi-layer FSS with antenna structure. When the pro

posed FSS is used as the separator/shield, the considered UWB antennas can be fitted close to 

the conducting surfaces (such as metal cases, screens) which are commonly found in modern 

microwave and wireless devices. It has been verified that its use prevents deterioration of the 

antenna impedance match and increases antenna gain.
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Chapter 6 

High-Gain Ultra-Wideband Slot Antennas 

with Short Horns

6.1 Introduction

The design aspect of the novel short TEM horns was demonstrated successfully in Chapter 4. 

These horns were tested with various UWB monopole antennas. The design of antennas in this 

chapter is inspired by the antennas proposed for the various hand-held devices used in various 

GPR/through wall-imaging applications. This application demands the greatest possible band

width for transmission of extremely short pulses (more details are mentioned in Chapter 2). 

This chapter explores the possibility of implementing the short horns with slot configurations 

and studying their effect on the slot antennas. A novel configuration of a compact printed semi

circular slot antenna (PSSA) is first presented. The antenna design shows remarkable behaviour 

in terms of bandwidth and size as compared to the slot antennas available in the literature. 

Based on the experience gained with the short TEM/two-plate horn structure in Chapter 4, the 

short two plate horn of different physical length is mounted on the design PSSA. In addition, 

a compact four-plate horn excited with a rectangular slot antenna is studied, which shows the
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advantages of compactness and performance over the dual- and quad-ridge horns. This an

tenna is based on the short horns (SH) excited with the microstrip patch antennas and dielectric 

resonator antennas and demonstrates improved bandwidth and gain performance for narrow

band applications [71]. Typically these antennas have bandwidths of around 30%, which is not 

sufficient for the UWB applications.

6.1.1 Chapter Contributions

The chapter presents the following contributions:

• The design of compact printed semicircular slot antenna (PSSA) for various PCB appli

cations is proposed.

•  Frequency domain and time domain study of PSSA is presented.

•  The concept of short two plate horn is used and the gain enhancement with different 

physical length of horns for slot antennas is demonstrated.

• A simple compact short UWB four-plate horn excited using slot antennas is proposed, 

which is comparable to complex bulkier dual and quad-ridge horns.

• Complete theoretical analysis for the validation of design is presented in this studies.

The rest of the chapter is organized as follows. In order to gain the understanding of slot 

configurations work is begins with the design of a slot antenna configuration. The designed 

slot antenna is similar to the CPW-fed bow-tie slot configuration and with the novel feeding ar

rangement of step transformer, a new semicircular slot antenna (SSA) configuration is presented 

in Section 6.2. With the designed SSA, the short horn proposed in chapter 4 is implemented 

and the enhancement in the gain with various horn heights is presented in Section 6.3. With 

the complete design and understanding of slot configuration, a new configuration of four-plated 

short horn is presented in Section 6.4.
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6.2 Ultra Wideband Slot Antenna

In this section work relevant to slot antennas is presented. Studies are begin with the design 

of a simple slot antenna to obtain experience with slot geometries. In the literature, several 

slot configurations have been investigated to enhance impedance bandwidth while maintaining 

the gain characteristics of the design [37,37^0,43,56]. In one configuration, by protruding 

a small rectangular slot of proper dimensions along the direction of the microstrip feed line, 

good impedance matching of about 46%, which is about three times that of a corresponding 

conventional printed wide rectangular slot antenna, can be obtained [37]. The gain over this 

wide operating bandwidth is about 3.4- 5.1 dBi. A printed slot antenna with a fork-like tuning 

stub and a simple rotated slot has also been studied [37, 38]. As a result, a wide operating 

bandwidth of about 2.2 GHz (49.4%) has been obtained. However, this bandwidth is not wide 

enough to cover the entire FCC UWB frequency band. To provide a compact solution with good 

isolation and low ground inductance for shunt elements, several CPW-fed bow-tie slot antennas 

(BTSAs) have been developed [4 1 ^3 ]. A BTSA fed by a CPW has been investigated in [43] 

for broadband applications, but it does not cover the UWB band because the feed transmission 

line is not well matched to the high input impedance at the vertex. This mismatch problem has 

been overcome through the use of tapered metal stubs [41] and inductive coupling [42], All 

these methods are complex and involve adjustment of the slot flare angle to enhance bandwidth 

along with the loading slot with stub, patches or inductive coupling. A simple and innovative 

impedance transition in the CPW feed of the BTSA has been investigated which achieves a 

match over the complete UWB band [44]. A study of vertex angle has also been conducted, 

illustrating the variation in bandwidth for different vertex angles when the overall surface area 

is 2500 mm^ (50 x 50mm) [44]. In this section, the proposed novel design of a compact 

CPW-fed printed semicircular slot antenna (PSSA) with a simple CPW-to-CPW transition is 

investigated. With the help of a combined step and taper transition in the CPW feed line, better



matching to the resonant modes of the semicircular slot is obtained. The impedance bandwidth 

of the designed antenna, defined by the 10 dB return loss, extends from 3.0 GHz to 11.6 GHz 

(i.e. a percentage bandwidth of 118%). A study of the radiation patterns shows the broad beam 

coverage in the azimuth plane over a wide range of frequencies while a time-domain analysis 

shows low pulse dispersion along different directions, making the antenna suitable for pulse- 

based UWB systems. The small size of the antenna with an overall surface area of 1800 mm^ 

(60 X  30 mm^) also allows easy integration into a transceiver PCB.
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6.2.1 Compact Printed Semicircular-Slot Antenna Design

In the design process, a CPW-fed PSSA with no transitions (i.e. no taper and no step transition 

in the feed), shown in Figure 6.1, has been designed first.

Figure 6.1: CPW-fed PSSA with no taper or step transitions, X =  30, F  =  60, i? =  12, X I = 
15, W  =  3 ,5  =  0.33, G =  1 and a = 1 (All dimensions are in mm).

With the aim of operating from the lowest frequency of the FCC UWB band (i.e. 3.1 GHz), 

a radius of 12 mm has been chosen and the feed gap G (shown in Figure 6.1) is optimised
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with CST Microwave Studio [97] yielding a value of 1 mm. Also, the flat base of semicircular 

disk is extended to make a=l mm to ensure a smooth transition from the feed to the slot. The 

characteristic impedance of the CPW feed line is 50 Q. Though the feed gap G has been 

optimised, no design solution was found that could cover the entire FCC-approved UWB band; 

because of the high input impedance of the semicircular slots near the vertex this cannot be 

matched to the CPW over this bandwidth. Hence, a tapered CPW-to-CPW transition [44] is 

implemented to form an impedance transformer along the feed line, as shown in Figure 6.2, 

with the hope of achieving the desired impedance bandwidth.

Figure 6.2: CPW-fed PSSA with linear-taper CPW-to-CPW transition, X  = 30, V  =  60, R =
12, \V = 3, W1 = 2 ,S  = 0.33, S i = 1,X1 = 7, X 2  = 6,G  = 1.5 and a = 1 (All dimensions 
are in mm).

This taper is expected to provide improved matching between the CPW feed line and the 

high impedance at the vertex of the PSSA. Further optimisation gave a value of G =1.5 mm and 

the matching indeed improved for the dimensions of the PSSA shown in Figure 6.2. The use of 

the tapered-transition feed network shown in Figure 6.2 yields a 1 OdB return loss bandwidth of

2.8 GHz (i.e. 3.4 GHz to 6.2 GHz) as shown in Figure 6.4. The return loss is certainly improved 

compared to the case without any transitions but the antenna still does not operate satisfactorily 

over the entire FCC UWB band. To further improve the impedance bandwidth of the antenna, 

the CPW-to-CPW transition is modified to include steps in addition to the linear taper. The
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resulting configuration of the PSSA on a FR-4 substrate is shown in Figure 6.3. An impedance 

match over the complete FCC UWB band is achieved with the use of a taper LI (implemented 

in [44]) and a stepped impedance transformer formed by the L2, L3 and L4 segments (with L5 

and L6 steps), with the matching finally controlled by the feed gap G.

< >!

Figure 6.3: CPW-fed PSSA with linear-tapered and stepped CPW-to-CPW transitions, X  = 
30, Y  =  60, LI =  7, L2 =  L3 = L4 =  2, Lb = L6 = 0.5, W  = 3S = 0.3, G = 2.5, i? =  12 
and a =  1 (All dimensions are in mm).

Figure 6.4: Predicted reflection coefficients of three configurations shown in Figures 6.1, 6.2 
and 6.3 (with radius R=12 mm).
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la) (b)

Figure 6.5: (a) Input impedance for various PSSA feed schemes (b) Input impedance on Smith 
chart. Both plots show (i) straight feed (ii) tapered feed (iii) tapered and stepped feed.

This configuration with a step transformer and a taper implemented in the ground plane was 

optimised through simulation to maximise the impedance bandwidth. The taper/step combina

tion contains four different impedance transitions: At the start of the taper, the CPW character

istic impedance is 50f] and at the taper end it is 80f2. The next two steps have the characteristic 

impedances of 940 and 108Q, respectively. The input impedance values of the three configura

tions are shown in Figure 6.5(a) for comparison. For the straight feed it shows a high resistance 

peak that corresponds to a strong resonance while for the tapered feed a flattening is observed 

for the input resistance curve. With the taper/step combination the input impedance curves im

prove further and show increased flattening of resistance and reactance across the band. Figure 

6.5(b) presents the impedance plotted on a Smith chart to show the variation in matching for the 

three transitions in an alternative format. The use of the taper/step feed combination provides 

wideband impedance matching from 3.5 GHz to 12 GHz with a V S W R  < 2. The theoretical 

reflection coefficient is plotted versus frequency in Figure 6.4 for the above three configurations 

for the sake of comparison. It is clear that the step and taper transitions provide good matching 

between the feed line and the vertices of the slots over a broad frequency range leading to an



ultra-wideband response. This PSSA configuration was fabricated on an FR-4 substrate and 

measurements were carried out over the UWB band. A photograph of the prototype antenna is 

shown in Figure 6.6.
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Figure 6.6: Photograph of the antenna prototype.

6.2.2 Experimental Results and Hardware Validation of SSA

The experimental results for impedance, radiation patterns and gain are presented in this section. 

A HP 8720D vector network analyser is used for impedance measurements. A NSI 700S-50 

spherical near-field antenna range has been used for measurement of the radiation patterns and 

gain.

Impedance Characteristics and Current Distribution

The predicted and measured input reflection coefficient of the final PSSA design is shown in 

Figure 6.7. With the implementation of the stepped and tapered CPW-to-CPW transitions, the 

optimised structure yields a predicted impedance bandwidth of 3.0 GHz - 11.6 GHz (118%), 

which compares reasonably well with the measured bandwidth of 3.1 GHz - 13.8 GHz (126%).
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Frequency (GHz)

Figure 6.7: Predicted and measured reflection coefficient of the final PSSA.

Figure 6.8(a) shows the current distribution near the first resonance at 4 GHz. The current 

distribution at 7 GHz is illustrated in Figure 6.8(b) and suggests a higher-order mode. Figure 

6.8(c) illustrates a more complicated current distribution at 11 GHz indicating even higher-order 

modes.

Radiation Patterns and Gain

Figure 6.9 shows the measured radiation patterns at 3, 6, 9 and 12 GHz in the elevation and 

azimuth planes respectively. The azimuth plane shows broad beam coverage across the band 

while the elevation plane shows figure-of-eight style patterns. The measured peak gain is plotted 

for the entire impedance bandwidth in Figure 6.10. The maximum gain of 4.5 dBi occurs at

4 GHz while at the higher frequencies (5 to 10 GHz) a gain of 3.5 dBi ±1 dB is achieved. 

This nearly constant gain together with good phase characteristics is expected to create less 

pulse dispersion. To verify this aspect, a theoretical time-domain study is presented in the next 

section.
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Figure 6.8: Simulated current distribution of the PSSA at: (a) 4 GHz; (b) 7 GHz; (c) 11 GHz.
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Figure 6.10: Measured and theoretical peak gains of the PSSA.
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Figure 6.9: (a) Elevation plane and (b) azimuth plane radiation patterns at 3, 6, 9 and 10 GHz.
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Figure 6.11: (a) Time-domain analysis setup (b) Input Rayleigh pulse with a=45 ps (c) Pulse 
received by Probe-1 and Probe-2 (face-to-face orientation) (d) Pulse received by Probe-3 and 
Probe-4 (side-by-side orientation).



Time-Domain Analysis of PSSA

A theoretical time-domain study of the proposed structure has been carried out using CST Mi

crowave Studio. Figure 6.11(a) shows the time-domain simulation setup. Several different 

probes are placed at different locations around the PSSA (these probes represent broadband re

ceiving antennas with constant effective length/aperture over the bandwidth). The polarisation 

of each probe is aligned with the x-axis of the coordinate system. In this study, a first-order 

Rayleigh pulse [98] given by:
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/(( )  =  ^K xp(^ -  W “ ) ■ «>-i)

is chosen as the input voltage signal, where the pulse parameter a stands for characteristic 

time. Large a corresponds to a long waveform in the time domain but a small bandwidth in 

the frequency domain. A pulse with a =  45 ps is the closest match to the UWB band, so 

it is selected as the input pulse for simulation. Figure 6.11 (b) shows this first order Rayleigh 

pulse. In Figure 6.11(a) Probe-1 is placed 100 mm behind the PSSA (the -z direction) while 

Probe-2 is placed 100 mm in front of the slot antenna (the +z direction). Probes-3 and -4 

are placed at a distance of 100 mm to the right and left (in the -y and +y directions) of the 

antenna, respectively. The pulses received by the probes are shown in Figure 6.11(c) and (d). 

Due to symmetry, the pulses received by Probe-1 and Probe-2 are identical. The same applies 

for Probe-3 and Probe-4. As can be seen from Figures 6.11 (c) and (d), the pulses received 

by Probe-1 and Probe-2 show limited ringing, while those in Probe-3 and -4 show a small 

amount of distortion. To quantify these effects the fidelity of the received pulses is examined by 

calculating the correlation between the time-domain input signal f {t )  and the pulse received by 

ideal probes s{t). The normalised correlation factors of the received pulses are listed in Table

6.1. Due to the symmetrical location of the probes, only results for Probe-1 and Probe-3 are 

listed. The high correlation values lead to the lower distortion in the pulse.
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Table 6.1: Theoretical correlation between transmitted and received pulses

Probe Orientation Correlation Factor

Probe 1,2 0.912

Probe 3,4 0.829

T
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(a)

Figure 6.12: (a) A CPW-fed semicircular slot antenna: X =  30, F  =  60, LI =  7, L2 =  L3 = 
LA =  2, L5 =  L6 =  0.5, W  =  3 ,5  =  0.3, G =  2.5, R = 12; (b) Semicircular slot antenna with 
a surface-mounted, short, two-plate horn: H = 6b, L = 80, 51 =  18.13, S’ =  20 and a = 65° 
(All lengths are in mm).
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6.3 Slot Antenna with Short Two-Plate Horn

The TEM hom is a popular antenna design in GPR applications, consisting simply of a flared 

pair of conductors, that supports a TEM wave and gradually accomplishes the transition from 

the feed line to a travelling wave in space. The antenna is capable of radiating an impulse 

with little distortion and their directionality results in useful gain. This motivation provokes the 

mounting of the short two-plate horn on top of the slot antenna proposed in the previous section.

6.3.1 Antenna Design

The main aim is to enhance the gain of the earlier proposed semicircular slot antenna, which 

is shown in Figure 6.12(a). For this purpose, the concept of a surface-mounted short hom 

described in Chapter 4 is used with the slot antenna as shown in Figure 6.12(b).

Frequency (GHz)

Figure 6.13: Theoretical and measured reflection coefficients of the new antenna consisting of 
the CPW-fed slot antenna and the surface-mounted short two-plate horn.

The overall size of the PSSA structure (including feed and semicircular aperture) is half a
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wavelength at the lower cutoff frequency (3 GHz) with a 10 dB return loss bandwidth of 8.61 

GHz (2.99 GHz to 11.6 GHz). Standard TEM horns are usually very bulky as they are several 

wavelengths long [54]. Lee and Smith [120] have presented TEM horn design charts for 5/A 

from 1 to 7. The key parameters in design of a TEM horn are slant length (5), conducting plate 

apex angle (P) and horn internal apex angle (a) between the two conducting planes. The angle 

a = 65° is chosen for optimizing the short TEM horn (a complete study was carried out in 

Chapter 4).

Figure 6.14: Theoretical radiation patterns with horn, at (a) 3 GHz (b) 6 GHz and (c) 10 GHz.



6.3.2 Theoretical Results and Discussions

Truncated two-plate horns with the slant lengths (shown as S in Figure 6.12(b)) of A /10 , 

A/2.5 and A are theoretically analysed. The parameters W, L  and slant angle a  are optimised 

to achieve a nearly constant gain and a return loss greater than 10 dB from 2.88 GHz to 10.66 

GHz. The final dimensions of the design are shown in Figure 6.12(b).

Simulations are conducted using Ansoft HFSS software. This compact antenna is indeed a 

combination of a two-plate horn antenna and a semicircular slot antenna. Simulation indicates 

the new antenna has a moderate and nearly constant gain over a wide bandwidth. It also has a 

nearly omni-directional radiation pattern in the Z-Y plane with a figure-of-eight patterns in the 

X-Y plane, with only a slight change in the beam direction over the large operating bandwidth. 

The predicted and the measured reflection coefficient of a prototype PSSA was shown previ

ously in section 6.2.2. This optimised design yields a 10 dB return loss bandwidth of 8.61 GHz 

(2.99 GHz to 11.6 GHz) which compares well with the measured bandwidth of 10.7 GHz (3.1 

GHz to 13.8GHz).

Next the two-plate horn is mounted on top of the substrate containing PSSA. The theoretical 

and measured reflection coefficient curves of the new antenna (i.e. with the surface-mounted 

short horn) shown in Figure 6.13 are not significantly different from those of the PSSA in Figure 

6.7. This optimised design with a slant height of A/5 (at the lowest frequency) has a theoretical 

lOdB return loss bandwidth of 8.74 GHz (2.86 GHz to 11.6 GHz). It compares well with the 

measured bandwidth of 8.82 GHz (2.98 GHz to 11.88 GHz). Figure 6.14 shows the effect of the 

horn on the radiation patterns at three representative frequencies: 3, 6 and 10 GHz. It confirms 

that at lower frequencies the maximum radiation is in the direction of the horn but as frequency 

increases the beam splits. The PSSA without horn shows a gain of 3.5 dBi with a variation of 

1 dB across the band from 3 to 10 GHz. In the theoretical studies of a 20 mm horn, the gain 

is around 6 dBi with a variation of 1 dB across the band from 3.5 GHz to 10 GHz. As the 

length of the horn is increased from 10 mm to 100 mm, the peak gain increases significantly.
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For the testing, a 20 mm horn is chosen due to its compact size and relatively flat gain curve. 

A theoretical time-domain study of the new antenna is also carried out with the help of CST 

Microwave Studio.
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Figure 6.15: (a) Input Rayleigh pulse (b) Electric-field waveforms detected at a distance of 100 
mm in three different directions.
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Frequency (GHz )
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Figure 6.16: Transfer function phase for different orientation of TEM horn.

Three different X-polarised probes are placed in different directions. Probe-1 is placed in 

front of the horn aperture (i.e. in the +Z direction) and it is aligned with the centre of the 

antenna. Probe-2 is placed in the same way but behind the antenna (i.e. in the -Z direction 

underneath the slot antenna) and Probe-3 is placed along the side of the antenna (+Y). These 

probes detect the received pulses in three different directions at a distance of 100 mm from the 

antenna. A typical first-order Rayleigh pulse [98] is used as the source signal. Pulses received 

at the three locations are plotted in Figure 6.15. The phase of the antenna transmitting transfer 

function at these three probes is plotted in Figure 6.16, which shows a nearly linear variation of 

phase across the bandwidth.
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6.3.3 Measurement and Hardware Validation

Figure 6.17 shows the complete hardware prototypes of antennas with various short horns.

Figure 6.17: Hardware prototype of PSSA with integrated horn and various other short horns 
of different length.

The gain of the slot antenna as measured with and without horn of physical length 20 mm 

is compared in Figure 6.18. The integration of the 20 mm compact horn is considered to be the 

most suitable because it enhances the gain of the antenna across the entire frequency range. The 

proposed antenna exhibits a gain in the range of 6.5 dBi ±  1.5 dB over the entire bandwidth. 

This is a significant enhancement over the gain of the slot antenna in the range of 3.5 dBi ±

1 dB. Figure 6.19 shows the measured radiation patterns at 3 GHz, 5 GHz and 8 GHz. In the 

elevation plane the design antenna has figure-of-eight type patterns similar to the PSSA, while 

in the azimuthal plane the effect of short horn comes into the picture and the beam is narrower, 

which results in high peak gain for the configuration.
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Frequmcy (GHz)

Figure 6.18: Measured antenna gain versus frequency, for the PSSA with a 20mm two-plate 
horn.
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Figure 6.19: Measured antenna radiation patterns of PSSA with 20mm short two-plate horn (a) 
Elevation Plane (b) Azimuth Plane.
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6.4 Bidirectional Surface-Mounted Short Horn (SMSH) An

tenna

The dual- and quad-ridge horns are traditional wideband horns [136], [68], [137] as described 

in the literature. These horns achieve the desire UWB characteristics and increase the power 

handling capacity, but this in turn increases the design complexity and the bulk. A typical 

coaxial line to a ridged-waveguide transition is also needed to improve the impedance matching 

over the whole UWB band. In this section novel surface-mounted short horns are presented, 

which can be used as replacements for bulkier ridged horns in UWB applications where the 

power handled is low.

Figure 6.20: Surface-mounted short horn (SMSH) with Slot antenna at the base.

These horns take their inspirations inspiration from the short horn (SH) first introduced in

[71], [72] for achieving high gain from microstrip antennas. The performance and effectiveness 

of short horn was further extended to linear and circular polarised dielectric resonators, and 

dielectric resonators over patch antennas [73], [74], [75], [76]. These antennas have bandwidths



of around 30%. A short horn excited by a slot is presented in this section. This horn is capable 

of producing high gain and is optimised over the UWB bandwidth.

6.4.1 Bi-directional Surface-Mounted Short Horn (SMSH) Design

The design begins by mounting a slot antenna [135] at the base of a short horn. Drawing on our 

previous experience in the design of horns presented in Chapter 4, the initial slant height and 

slant angle is chosen. The antenna has a bidirectional radiation pattern because of backward 

radiation. The proposed UWB high-gain compact antenna structure with short horn mounted 

on top of a slot antenna is shown in Figure 6.20. A square slot antenna is selected on a FR-4 

substrate with Sr = 4.4 and thickness hi = 0.8 mm. This is the same slot antenna described in 

Chapter 5. It is excited by an asymmetrically located monopole [135]. The slot dimensions are: 

^2 =  1 2 =  31 mm, dimensions of the rectangular patch monopole: W  = \3 mm and L =

9 mm, the gap between the patch and slot edges is S' =  2 mm. The 50Q microstrip feed line 

has width W1 = 1.5 mm and feed offset 2 mm from the centre of the patch. The impedance 

bandwidth of the slot radiator extends from 2.9 GHz to 18.38 GHz and the simulated average 

gain is 4 dBi. The gain variation is 2 dB over the impedance bandwidth. A surface-mounted 

short horn (SMSH) with slant angle 9 =  60° is mounted on the slot to enhance the directivity 

and gain. The square base of the horn is fixed at X i = Yi = 63 mm. Its height h is varied from

5 mm to 50 mm. It is noted that the SMSH has a very small effect on the impedance bandwidth, 

which is 145% with the horn and 149% without the horn. The gain tends to increase with the 

horn height and saturates for heights around 50 mm. The peak gain of around 11 dBi is achieved 

with the short horn. Figure 6.21 shows the theoretical reflection coefficients of the slot antenna 

with and without the SMSH.
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Figure 6.21: Predicted reflection coefficients of the slot antenna with and without SMSH.

6.4.2 Bi-directional SMSH Study, Results and Discussion

To further investigate the effect of the slant angle on the gain of the antenna, the antenna height 

is fixed at 35 mm. This choice is a compromise between compactness and gain. The slant angle 

is varied between 10° to 90°. The antenna is simulated over the frequency band 2 GHz to 

15 GHz and the results are shown in Figure 6.22. The maximum gain occurs at a slant angle 

of 60°. However, the variation in gain over this frequency band (2 GHz to 15 GHz) is also 

high, i.e. 2.28 dB. At 30° slant angle, the gain is limited to 7 dBi. However, the gain variation 

over the band is only 1.07 dB. Figure 6.23 further explores the nature of the gain variation with 

frequency for the selected slant angles of 30°, 60° and 90°. Results are also presented for the 

slot radiator without the short horn. Short horns with 30° and 90° slant angles provides more 

uniform gain over the complete frequency band whereas those with 60° slant angles provide a 

higher gain at the expense of strong gain variation with frequency. The SMSH with 30° slant 

angle has higher gain between 2 GHz and 8 GHz. The SMSH with 90° slant angle has higher
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gain between 8 GHz and 13 GHz.
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Figure 6.22: Variation of gain for different slant angles of the SMSH with frequency as a 
parameter.
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Figure 6.23: Variation of gain over entire frequency band with slant angle as a parameter.
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radiator with slant angle as a parameter.
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Figure 6.25: Variation of the gain with frequency with horn height as a parameter.



The gain of the antenna changes in an irregular way over the frequency band. Therefore, 

the average gain of the antenna over the frequency band and the peak variation of the gain from 

the average can be adopted as parameters for characterising the wideband antenna performance. 

Figure 6.24 presents the average gain of the slot radiator without the SMSH and its peak gain 

variation. The average gain of the slot radiator is 5.67 dBi and the peak gain variation is 1.1 

dB. Figure 6.24 also shows the average gain and peak gain variation for a range of SMSH slant 

angles. The antenna with 30° slant angle gives smooth gain over the 2 GHz to 15 GHz band with 

a gain variation of only 1.07 dB, which is even less than the gain variation of the slot radiator 

without horn. However, the average gain improvement is only 1.04 dB. The antenna with 60° 

slant angle gives 2.03 dB average gain improvement with a 2.28 dB peak gain variation. The 

maximum gain improvement is 5.33 dB over the average gain of the bare slot radiator. Further 

study on the effect of different heights of the horn is carried out with a fixed slant angle. Figure 

6.25 shows the variation of gain with the height of the horn as a parameter.

A final design of the SMSH antenna is fabricated with slant angle 9 =  60° and slant height 

= 50 mm. The measured reflection coefficient of the slot antenna with and without the SMSH is 

plotted in Figure 6.26. The very small elTect of the SMSH highlighted in the predicted results 

is verified experimentally. The theoretical impedance bandwidth of 145% matched well with 

the measured bandwidth of 145%. The measured gain performance of the SMSH is shown 

in Figure 6.27; the measured peak gain of 10.87 dBi occurs at 8 GHz. The average value of 

gain is 9.05 dBi with a variation of around 2 dB across the whole impedance bandwidth. The 

radiation patterns are plotted for elevation and azimuth planes at 3, 6, 8 and 10 GHz in Figure 

6.28. The bidirectional nature of the SMSH is clearly seen in the azimuthal plane, while in the 

elevation plane the antenna patterns are dominated by the slot antenna. The antenna beam is 

broad at lower frequencies and becomes narrower as frequency goes beyond 8 GHz. Back-lobe 

radiations are consistent from the antenna. The next section will demonstrate a unidirectional 

configuration of SMSH that enhances the gain while maintaining the impedance bandwidth.
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Frequenqr (GHz)

Figure 6.26: Measured and predicted reflection coefficient of SMSH horn.

Frequency (GHz)

Figure 6.27: Measured and predicted gain versus frequency, for bidirectional SMSH.
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Figure 6.28: Measured radiation patterns of bidirectional SMSH at 3, 6, 8 and 10 GHz (a) 
Elevation plane (b) Azimuth Plane.

6.5 High-Gain Unidirectional SMSH

Previously, in section 6.3, a complete study of optimising a short horn was carried out. Based 

on that knowledge, a high-gain compact short horn antenna with unidirectional radiation is 

proposed in this section. Figure 6.29 shows the schematic of the antenna design. To excite 

the short horn, a simple square-slot antenna is chosen for the same reason as described in the 

previous section. This concept is not limited to this particular slot antenna; designers can use 

various other slot antennas available in the literature. The performance of the short horn with 

several microstrip-fed and CPW-fed slot configurations is tested theoretically. In the design 

process Teflon spacers are used to mount the slot antenna inside the short horn and a small 

hole in one of the walls of the short horn is made to connect a semi-rigid coaxial cable to the
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microstrip feed of the slot antenna.

Figure 6.29: Compact high-gain unidirectional short horn.

The overall size of the slot antenna is a =  6 =  63 mm. The impedance bandwidth of 

the slot radiator extends from 2.9 GHz to 18.38 GHz and the average predicted gain is 4 dBi. 

The gain variation is ±1 dB over the impedance bandv^idth. An optimised short horn with slant 

angle of 60° is designed to enhance the directivity and gain. The square base of the horn is fixed 

at r  =  63 mm. The horn aperture is x =  y =  133 mm. Its height h was varied from 5 mm 

to 50 mm to select the optimum gain and compactness, which occurs when the height was 35 

mm. The slot antenna is mounted at height h i = 15 mm. The taper cavity formed because of 

the slant angle of the horn under the slot antenna is capable of reducing the back reflection and 

providing good gain in the main beam direction.



6.5.1 Unidirectional SMSH, Results and Discussions

The predicted input reflection coefficient and gain are shown in Figure 6.30 and Figure 6.31, 

respectively. It is noted that the optimised short horn structure has a very small effect on the 

impedance bandwidth, which is 145% with the horn and 149% without it.
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Frequ«ncy(GHz)

Figure 6.30: Predicted reflection coefficient of the slot antenna with & without the SMSH.

The gain tends to increase with the horn height and saturates for heights around 50 mm. 

The peak gain achieved with the unidirectional short horn is 14.53 dBi. The gain of the antenna 

changes in an irregular way over the frequency band. The designed antenna with a slant angle 

of 60° gives 11.60 dBi average gain which shows an improvement of around 6 dB, with a 3 dB 

peak gain variation as compared to the reference slot radiator.



6.5 High-Gain Unidirectional SMSH 189

Frequancy(GHz)

Figure 6.31: Predicted gain of two antennas.

Table 6.2: Gain comparison of unidirectional SMSH with slot antenna over UWB frequency

UWB Band 3.1 GHz to 5.1 GHz 5.8 GHz to 10.6 GHz 3.1 GHz to 10.6 GHz

Peak Gain 10.30 dBi 11.62 dBi 11.62 dBi

Avg. Gain 9.66 dBi 11 dBi 10.5 dBi

Variation ±0.64 dB ±0.62 dB ±1.1 dB

In order to make it more favourable for FCC compliance, the gain enhancement for lower 

and upper UWB bands is also studied. A complete gain study across the UWB band is given in 

Table 6.2. For the lower UWB band of 2.05 GHz bandwidth (3.1 to 5.1 GHz) the average gain 

is 9.66 dBi, while the upper UWB band of 4.775 GHz bandwidth (5.825 to 10.6 GHz) shows an 

average gain of 10.9 dBi. Figure 6.32 and Figure 6.33 show the hardware profile of the antenna.
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The measured reflection coefficient of unidirectional SMSH is plotted in Figure 6.34. The 

measured impedance bandwidth is from 2.90 GHz to 17.8 GHz, which is 143%. The measured 

radiation patterns in the elevation and azimuth planes are plotted at three frequencies in Figures 

6.35, 6.36 and 6.37. Antenna performance is quite satisfactory with good beam symmetry up to

6 GHz, after which the beam starts to squint. There is a possibility of improving the design to 

obtain more stable radiation patterns and phase centre, but that is not pursued here.

Figure 632: Hardware profile of the short horn antenna.

Figure 6.33: Hardware profile of short horn and commercial dual-ridge horn antennas.
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Frequency (GHz)

Figure 6.34: Measured and predicted reflection coefficient of the unidirectional SMSH.

Elevation Azimuth

Angle (degrees)

Figure 6.35: Measured elevation and azimuth radiation patterns at 3 GHz.
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6.6 Summary/Conclusions

A CPW-fed printed semicircular slot antenna with a combined linear/stepped impedance trans

former is presented. Broad beam coverage and a nearly flat experimental gain of 3.5 dBi ±

1 dB are achieved over the entire FCC UWB from 3.1 GHz to 10.6 GHz. It was shown that 

this PSSA design has a large measured impedance bandwidth of 126 % (3.1 GHz to 13.8 GHz) 

with minimal pulse dispersion. The results presented confirm the suitability of the antenna de

sign for UWB systems. Details of the proposed antenna are described and both theoretical and 

experimental results are presented.

With the above mentioned semicircular slot antenna employed as UWB radiator, a short, 

two-plate horn is mounted on the surface to enhance the gain over the entire UWB bandwidth. 

Theoretical and experimental investigations have been conducted to verify the effectiveness of 

a two-plate short horn as a means for gain enhancement. Experimental results indicate a large 

impedance bandwidth from 2.86 GHz to 11.6 GHz and approximately 3 dB gain enhancement 

across the band. This design has a relatively high gain over the entire FCC UWB band and its 

gain variation over the band is still acceptable.

The gain enhancement of a slot antenna integrated with a surface-mounted short horn (SMSH) 

is investigated. Two different configurations of SMSH are presented. The first configuration 

gives bidirectional radiation patterns because the slot is mounted at the base of the short horn 

with no conductor backing. The peak gain of the design is 11 dBi and the gain improvement 

over the average gain of the corresponding bare slot radiator is up to 2.03 dB. The antenna has 

a 10 dB return loss bandwidth of 145%, 2.9 GHz to 18.38 GHz. Total height is only 35 mm 

or 0.35Ao and 0.93Aq at the lower band-edge frequency 3 GHz and at the centre frequency 8.0 

GHz respectively. The second design is a unidirectional SMSH, which reduces the back lobe 

of the previous design by mounting the slot inside the horn. The slant angle of the horn forms 

a tapered backing cavity, which eliminates the back lobe. The unidirectional nature of the horn



increases the peak gain to 14.53 dBi while the measured bandwidth is maintained at 143%. 

Compared to the physical lengths of 148 mm and 119 mm for some typical commercial horns 

{Model WBH2-18 and Model WBHI-18S) [70], the short unidirectional horn has an aperture 

dimension of 93 x 93 mm with a physical length of 35 mm. This is a significant reduction in 

physical length compared to the commercial designs. The peak gain of those commercial horns 

are in the range of 12 dBi to 14 dBi with impedance bandwidth from 1 GHz to 18 GHz for 

VSWR less than 2.5:1 and an approximate weight of around 0.8 kg. The proposed horn has a 

peak gain of 14.53 dBi with an impedance bandwidth of 2.8 GHz to 18 GHz for VSWR less 

than 2:1 and weighing roughly 0.1 kg. The power-handling capabilities of the proposed horn is 

less than for the commercial horn because of the microstrip nature of the feed. The radiation 

patterns of the commercial horns are better above 8 GHz, compared to the SMSH.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

This thesis addresses the problem of variable gain in printed ultra-wideband antennas. The gain 

of a printed monopole antenna is low at lower frequencies of FCC UWB band and increases 

significantly with frequency. In this thesis several antennas with high and nearly constant gain 

have been presented. Some also have broad radiation patterns over the UWB band. The main 

challenges addressed in this thesis are:

• The radiation pattern varies with frequency and causes angular variation of peak gain;

• Look-angle dispersion and drop in the signal strength occurs in line-of-sight conditions 

because of a significant variation of the gain in the main beam direction;

• Losing close to half of the radiated power because of the bidirectional radiation of anten

nas, and the need of printed reflector to direct that in the main beam direction;

• Lack of ultra-wideband (110% bandwidth) reflectors with correct reflection phase;

• Effect due to near-field interactions and mounting of antennas close to metallic planes;
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•  The need for compact wideband high-gain antennas with low-profile and light weight for 

GPR applications.

The gain variations of printed monopole antennas were investigated first and situations were 

identified where the minimum variation in gain is desirable in UWB systems. A concept of 

proximity-coupled surface-wave gain enhancement was proposed for printed antennas. This 

concept enhanced the gain in the lower frequency region of the UWB band. The concept was 

tested with MS-fed and CPW-fed printed circular monopole antennas. The designed antenna 

had twin-slot radiators excited through proximity coupling. These slot radiators were mounted 

on the substrate with a printed monopole, which helped in enhancing the gain with minimum 

variation across the impedance bandwidth of more than 8.14 GHz (3.86 GHz to 12 GHz). An 

average gain of 5.5 dBi ±  1.5 dB was achieved for a MS-fed PCMA while a maximum gain 

enhancement of 2.5 dB was achieved around 7 GHz for a CPW-fed PCMA. The gain across the 

whole band is 6 dBi ±  2 dB. This is a significant enhancement compared to the conventional 

CPW-fed PCMA that has a gain of 4 dBi ±  2 dB. The proposed solution of proximity coupling 

was incorporated with an array of cavity slots excited with proximity coupling. These cavities 

help in enhancing the average gain, while the improvement in the higher UWB band is 2 dB 

compared to the twin-slot-excited MS-fed PCMA.

To enhance LOS UWB communication, a new class of short TEM horn antennas fed by 

printed monopoles was proposed. These designed antennas have ultra-wide bandwidth and 

nearly constant and high gain over the operating bandwidth. These antennas reduces the TEM 

length from lOA to about A and in addition avoid the need of a UWB balun, which is usually 

required to feed a conventional balanced TEM horn from a coaxial cable. Three different con

figurations of short surface-mounted TEM horns were presented. A complete field analysis was 

presented to illustrate the TEM nature of the fields in the designed antennas. A prototype an

tenna designed to demonstrate this concept had measured gains in the range of 5.0 dBi ±  0.5 dB 

from 3 GHz to 12 GHz. This method can be applied to other types of printed monopole anten
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nas to further improve the performance of UWB antennas. In addition, a new surface-integrated 

short TEM horn, fabricated on the same substrate as a printed monopole, was presented. This 

horn is fed by a CPW transmission line and can be integrated directly to a printed-circuit board.

The above-mentioned antennas have semi-directional behaviour. A directional antenna can 

further enhance the performance of a UWB communication link. An appropriately designed 

UWB reflector was presented for this purpose. When used in conjunction with UWB printed 

antennas, it provides the advantage of directionality and shielding from nearby metallic objects 

that can reduce the antenna bandwidth. The concept of periodic structures and their applica

tion to achieve in-phase reflection characteristics was explained in detail. To prove the concept, 

the designs of two different reflectors (one with a dual layer and the other with four layers) 

were presented. These reflectors are based on FSS, which are preferred candidates for printed 

antennas as compared to the other periodic structure like EBGs discussed in the thesis. The 

performance of the designed reflector screens was first evaluated theoretically and then experi

mentally with a UWB slot antenna. An extensive parametric study was conducted. Normal and 

oblique incidence performance of the reflectors were analysed. When the low-profile dual-layer 

reflector is combined with a UWB slot antenna it achieves an impedance bandwidth of 122% 

and an average gain of around 8 dBi over the whole UWB frequency band. The other four-layer 

reflector has a very small effect on the impedance bandwidth of the slot configuration which is 

145% (for return loss < 8 dB) and 120% (for return loss < 10 dB). A peak gain of around 9.3 

dBi was achieved with the four-layer FSS. In addition to the gain enhancement, the other most 

significant achievement was the improvement of gain flatness across the impedance bandwidth. 

The predicted variation in the gain is only ±0.5 dB across this 145% bandwidth. This flatness 

was achieved by controlling the periodicity of the FSS layers.

In addition to the FCC-approved UWB systems, some other traditional systems (like GPR) 

were also considered in the thesis. The conventional slot and bow-tie antenna configurations 

presented in the literature were explored first and based on the the concept of bow-tie antenna
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a compact CPW-fed printed semicircular slot antenna (PSSA) was introduced. Furthermore, 

a short two-plate horn was mounted on top of the PSSA for further enhancement of gain. In 

addition a compact four-plate short bidirectional and unidirectional compact horn were also 

presented. These horns are capable of producing the high gain with an impedance bandwidth 

of 145%. A peak gain of around 14.3 dBi with the unidirectional horn was achieved while the 

bidirectional short horn gives a peak gain of 10.8 dBi. The effectiveness of the design and the 

preliminary results of the short four-plate horn have shown their potential in UWB systems.

All the designed antennas were tested as standalone products and using a finite set of ground 

planes. The effect of external large ground planes provided by the chassis, laptop screens and 

other commercial products was beyond the scope of studies carried out in this research. Stan

dard feed cables were used and the feeding arrangement was along the ±  Z direction of the 

antenna. The radiation patterns of printed monopoles typically have a null in ±  Z direction (if 

XY plane is the azimuthal plane), which reduces the effect of the cable.

A brief summary of the various antennas proposed in this thesis is given in Table 7.1. A 

PCMA is also listed in the table for reference purpose.
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Table 7.1: Comparisons of various antennas proposed in this thesis

No. Type h  GHz 

(10 dB 

RL)

fn  GHz 

(10 dB 

RL)

BW ( fn  -  f t )  

(lOdBRL)

Avg. Gain 

and Gain 

variation with 

impedance 

bandwidth

Size (X  X  y  X  

Z) (Z height 

of the antenna) 

(mm)

1 PCMA [4] 2.76 9.78 7.02 3.5 ±  3 dB 50 X  42 X  1.5

2 SW-PC-

PCMA

[99]

4.00 10.0 6.0 5.0 ±  1 dB 50 X  42 X  6.2

3 Array

S-PCMA

4.00 10.0 6.0 6.5 ±  0.8dB 

(flat gain) 7.5 

±  1.1 dB (high 

gain)

50 X  174 X  6.2

4 GE-

LPA[138]

3.15 15.0 11.85 5.0 ±  1 dB 50 X  42 X  6.2

5 TP-SMS 

Horn [139]

2.75 10.14 7.39 5.0 ±  0.5 dB 50 X  70 X  45

6 SMS-TEM

Horn

2.6 12.36 9.76 5.5 ±  1.2dB 50 X  42 X  45

7 SIS-TEM 

Horn [140]

2.52 15 12.48 5.5 ±  1.1 dB 40 X  40 X  45

8 SIS-TEM 

Horn with 

reflec

tor [140]

2.86 15 12.14 6.5 ±  1.1 dB 40 X  40 X  70
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No. Type / l GHz 

( 10 dB 

RL)

f n  GHz 

(10 dB 

RL)

BW ( fn  -  h )  

(10 dB RL)

Avg. Gain 

and Gain 

variation with 

impedance 

bandwidth

Size {X x Y  X 

Z) (Z height 

of the antenna) 

(mm)

9 Dual-layer 

FSS re

flector 

with slot 

antenna 

[141]

3.15 12.5 9.35 8.0 ±  1.8 dB 110 X  110 X  

10.3

10 Four-layer 

FSS Re

flector 

with slot 

antenna 

[142]

2.86 18.0 15.14 9.3 ±  0.5 dB 110 X  110 X 

18.5

11 SSA [143], 

[144]

3.00 11.6 8.6 3.5 ±  1 dB 30 X  60 X  1.6

12 SSA with 

TEM 

horn [145]

2.99 11.6 8.61 6.0 ±  1 dB 30 X  60 X  46.6

13 High Gain 

Unidi

rectional 

SMSH 

[146]

2.86 18 15.14 11.62± 1.1 dB 93 X  93 X  35
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7.2 Future Work

The results presented in this dissertation lead to many interesting open questions related to high- 

gain antenna design for UWB applications. Some directions for future research are as follows.

1. The concept of proximity coupling needs to be investigated more and can provide a useful 

control of gain over a desired band.

2. The short TEM horn can be integrated ŵ ith a monopole antenna that has a stable radiation 

pattern to further enhance the radiation characteristics.

3. Controlling the phase centre of a short horn is another interesting task that needs attention 

in the future.

4. UWB FCC Compliance study of the short horn, which is presented in Chapter 6, is an 

option for future work.

5. FSS reflectors presented in Chapter 5 lead to several interesting antenna configurations, 

which are yet to be explored.

6. A single-layer FSS with a 110% bandwidth is not yet available. If it is possible, that 

would be a good alternative as a reflector design for printed UWB antennas.

7. FSSs may be used further to control the gain and bandwidth over a certain frequency band 

and possibly to filter WiFi and (WLAN) HIPERLAN signals.

8. One may attempt to use multi-mode or multi-layered horns to provide further enhance

ment in the gain.





Appendix A

Abbreviations

UWB Ultra Wideband

FCC Federal Communication Commission

CEPT Conference of Postal and Telecommunications

RF Radio Frequency

AC Alternating Current

DC Direct Current

dB Decibels

dBi Decibels Isotropic

SNR Signal to Noise Ratio

PSD Power Spectral Density

EIRP Effective Isotropic Radiated Power

DS-UWB Direct Spread-spectrum UWB

MB-OFDM Multiband Orthogonal Frequency Division Mu

LOS Line of Sight

TEM Transverse Electromagnetic

GPR Ground Penetrating Radar
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AMC Artificial Magnetic Conductor

FSS Frequency Selective Surface

FSS Perfect Magnetic Conductor

PRS Partial Reflecting Surfaces

TE Transverse Electric

TM Transverse Magnetic

RL Retumloss

SSA Semicircular Slot Antenna

BW Bandwidth

DARPA Defence Advance Research Project Agency

WBAN Wireless Body Area Network

MS Microstrip

CPW Coplanar Waveguide

PCMA Printed Circular Monopole Antenna

RCS Radar Cross Section

QPSK Quadrature Phase Shift Keying

DCM Dual-carrier Modulation

SW-PC Surface Wave and Proximity Coupled

GE-LPA Gain Enhanced Low Profile Antenna

TP-SMS Two-Plate Surface Mounted Short

SMS-TEM Surface Mounted Short-TEM

SIS-l'EM Surface Integrated Short-TEM

HG-SMSH High Gain Surface Mounted Short Horn
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