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The progress in modern tiny multifunctional wireless devices has dramatically 
increased the demand for microstrip antennas in recent years. Furthermore, in the 
last few years, such microstrip antennas found numerous applications in both the 

military and the commercial sectors. Therefore, microstrip patch antenna has become 
a major focus to the researchers in the field of antenna engineering. In this book, some 
recent advances in microstrip antennas are presented. This book contains mainly three 

sections. In the first section, some new approaches to modern analytical techniques 
rather than the conventional cavity model, transmission line model, or spectral 

domain analysis have been discussed. In the second section of the book, a light has 
been showered on some new techniques for bandwidth enhancement of microstrip 

radiators. In the last section of the book, the recent trends in microstrip antenna 
research have been showcased. Some newfangled application-oriented approach to 

this field is vividly discussed. The book’s main objective is to facilitate the microstrip 
antenna researchers for exploring the subject in more vibrant manner and also to 
revolutionize wireless communications. A sufficient number of topics have been 
covered, some for the first time in a research handbook. I hope that the book will 

surely be beneficial for scientists, practicing engineers, and researchers working in the 
field of microstrip antennas.

ISBN 978-953-51-3601-9

Trends in Research on M
icrostrip A

ntennas





TRENDS IN RESEARCH ON
MICROSTRIP ANTENNAS

Edited by Sudipta Chattopadhyay



Trends in Research on Microstrip Antennas
http://dx.doi.org/10.5772/65580
Edited by Sudipta Chattopadhyay

Contributors

Mohammad Alibakhshikenari, Ernesto Limiti, Bal Singh Virdee, Vivek Singh Kushwah, Geetam Singh Tomar, Seyed Ali 
Razavi Parizi, Milind Thomas Themalil, Alexandre Jean René Serres, Paulo Fernandes Silva Júnior, Paulo Silva, Georgina 
Karla Freitas Serres, Raimundo Carlos Silvério Freire, Tulio Chaves Albuquerque, Josiel Cruz, Maciel Oliveira, Kamel 
Sultan

© The Editor(s) and the Author(s) 2017
The moral rights of the and the author(s) have been asserted.
All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced, 
distributed or used for commercial or non-commercial purposes without INTECH’s written permission.  
Enquiries concerning the use of the book should be directed to INTECH rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2017 by INTECH d.o.o.
eBook (PDF) Published by  IN TECH d.o.o.
Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.
Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Trends in Research on Microstrip Antennas
Edited by Sudipta Chattopadhyay

p. cm.

Print ISBN 978-953-51-3601-9

Online ISBN 978-953-51-3602-6

eBook (PDF) ISBN 978-953-51-4611-7



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

3,650+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

114,000+
International  authors and editors

118M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

 





Meet the editor

Dr. Sudipta Chattopadhyay received his BSc degree 
(Physics Honours) from the University of Calcutta and 
did BTech, MTech, and PhD degrees from the Institute 
of Radio Physics and Electronics, University of Calcutta 
in 1999, 2001, and 2011, respectively. Since then, he has 
started his independent research in the field of Antenna 
Engineering. He is currently working as an associate 

professor and head at the Department of Electronics and Communication 
Engineering, Mizoram University (a Central University, Government of 
India), Mizoram, India. Before joining Mizoram University, he served Sili-
guri Institute of Technology, West Bengal, India, for 15 years as a faculty 
member. His area of research includes microwave antennas, microstrip 
and integrated antennas, defected ground structures, and computer-aid-
ed design of patch antennas. He regularly serves as the reviewer of IEEE 
Antennas and Propagation Magazine; IEEE Antennas and Wireless Propagation 
Letters; IET Microwaves, Antennas, & Propagation journal, UK; IEEE Trans-
actions on Antennas and Propagation; International Journal of RF and Micro-
wave Computer-Aided Engineering, Wiley; International Journal of Microwave 
and Wireless Technologies, Cambridge; and also Taylor and Francis journal. 
He has more than 60 publications in referred international journals and 
international conferences. He has contributed several chapters in different 
edited research handbooks and is presently acting as a sole editor in the 
handbook of Trends in Research on Microstrip Antenna. His research is cited 
in different research handbooks as well as in well-known undergraduate 
text book of Antennas and Wave Propagation by J. D. Kraus et al. fourth 
edition, Tata McGraw-Hill Publishing Co. Ltd. In the last 2 years, he has 
been working as the editorial board member of Wiley journal Internation-
al Journal of RF and Microwave Computer-Aided Engineering and Journal of 
Electromagnetic Analysis and Applications. He is listed in Marquis Who’s Who 
in the World, USA, 26th Edition, 2009 and also listed in 2000 Outstanding 
Intellectuals of the 21st Century, UK, 2010. 





Contents

Preface XI

Section 1 Microstrip Antennas Bandwidth    1

Chapter 1 Bandwidth Enhancement Techniques   3
Seyed Ali Razavi Parizi

Chapter 2 Miniature Planar Antenna Design for
Ultra-Wideband Systems   39
Mohammad Alibakhshikenari, Mohammad Naser‐Moghadasi,
Ramazan Ali Sadeghzadeh, Bal Singh Virdee and Ernesto Limiti

Section 2 Modern Approach to Microstrip Antenna Analysis    53

Chapter 3 Design and Analysis of Microstrip Patch Antennas Using
Artificial Neural Network   55
Vivek Singh Kushwah and Geetam Singh Tomar

Section 3 Recent Trends to Microstrip Antennas Research    77

Chapter 4 Circularly Polarized T-Stub Coupled Microstrip Antenna
Structure for WLAN   79
Milind Thomas Themalil

Chapter 5 Bio-Inspired Microstrip Antenna   87
Alexandre Jean René Serres, Georgina Karla de Freitas Serres, Paulo
Fernandes da Silva Júnior, Raimundo Carlos Silvério Freire, Josiel do
Nascimento Cruz, Tulio Chaves de Albuquerque, Maciel Alves
Oliveira and Paulo Henrique da Fonseca Silva



Chapter 6 Printed Planar Antenna Designs Based on Metamaterial Unit-
Cells for Broadband Wireless Communication Systems   111
Mohammad Alibakhshikenari, Mohammad Naser-Moghadasi,
Ramazan Ali Sadeghzadeh, Bal Singh Virdee and Ernesto Limiti

Chapter 7 Low-SAR Miniaturized Handset Antenna Using EBG   127
Kamel Salah Sultan, Haythem Hussien Abdullah and Esmat Abdel-
Fatah Abdallah

X Contents



Chapter 6 Printed Planar Antenna Designs Based on Metamaterial Unit-
Cells for Broadband Wireless Communication Systems   111
Mohammad Alibakhshikenari, Mohammad Naser-Moghadasi,
Ramazan Ali Sadeghzadeh, Bal Singh Virdee and Ernesto Limiti

Chapter 7 Low-SAR Miniaturized Handset Antenna Using EBG   127
Kamel Salah Sultan, Haythem Hussien Abdullah and Esmat Abdel-
Fatah Abdallah

ContentsVI

Preface

In the present era, with the expeditious development of modern wireless communication sys‐
tems, unidirectional antennas having low profile, low cross polarization, and wide beam radi‐
ation patterns with stable gain are in the spotlight in the current research on the subject. In this
context, microstrip patch antennas are becoming increasingly popular as they have small vol‐
ume and a low-profile planar configuration with low fabrication cost. Therefore, microstrip
patch antenna has become a major focus to the researchers in the field of antenna engineering.

The fundamental geometry of a microstrip patch antenna consists of a metallic patch printed
on a grounded substrate. Although the concept of microstrip patch as radiator was pro‐
posed in the early 1950s, still till late 1970s, this type of antenna did not attract serious atten‐
tion of the antenna community.During the last three decades, the scientists and researches
have put significant effort to establish such tiny radiator with significantly improved input
and radiation performances.

The progress in modern tiny multifunctional wireless devices has dramatically increased the
demand for such antennas in recent years. Furthermore, in the last few years, such micro‐
strip antennas found numerous applications in both the military and the commercial sectors.

In this book, some recent advances in microstrip antennas are presented. This book contains
mainly three sections. In the first section, some new approaches to modern analytical techni‐
ques rather than the conventional cavity model, transmission line model, or spectral domain
analysis have been discussed. Although the microstrip patch antenna is a very promising can‐
didate in modern wireless scenario, still it suffers from severe limitation of poor bandwidth
performance. Hence, the investigation for improving its bandwidth performance is a chal‐
lenging task to antenna researchers. In the second section of the book, a light has been show‐
ered on some new techniques for bandwidth enhancement of microstrip radiators. In the last
section of the book, the recent trends in microstrip antenna research have been showcased.
Some newfangled application-oriented approach to this field is vividly discussed.

The book’s main objective is to facilitate the microstrip antenna researchers for exploring the
subject in more vibrant manner and also to revolutionize wireless communications. A
sufficient number of topics have been covered, some for the first time in a research hand‐
book. I hope that the book will surely be beneficial for scientists, practicing engineers, and
researchers working in the field of microstrip antennas.

I would like to acknowledge the authors of this book for their invaluable contributions. It is
my pleasure to acknowledge the precious suggestions and constructive criticisms received
from Prof. Debatosh Guha, fellow, IEEE; Dr. Inder Bahl, editor in chief, International Journal
of RF and Microwave Computer-Aided Engineering, Wiley; Prof. L. Lolit Kumar Singh, dean,



School of Engineering and Technology, Mizoram University; Dr. J. Y. Siddiqui of Calcutta
University; Mr. A. Ghosh of Mizoram University; and Dr. Ross Stone, past editor of IEEE
Antennas and Propagation Magazine.

I am highly indebted to my scholars Major Umesh Ankush Pawar, scientist, DRDO, and Mr.
Subhradeep Chakraborty, scientist, CEERI, Pilani, for their invaluable suggestions and con‐
tinuous support during this book project.

It is my gratification to offer thanks to Ms. Romina Skomersic, publishing process manager,
InTechOpen publisher for her continuous help without which the book project would not be
successful. I am also thankful to all the editorial and technical members associated with this
book project for their support.

Finally, I must pay tribute to my parents (Salil Kumar Chatterjee and Rekha Chatterjee) and
my wife Mrs. Moumita Chattopadhyay for their support, patience, and sacrifice during the
work on this book.

Dr. Sudipta Chattopadhyay
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Abstract

In this chapter, a variety of procedures proposed in the literature to increase the imped-
ance bandwidth of microstrip patch antennas are presented and discussed. Intrinsic tech-
niques, proximity coupled and aperture-coupled patches, applying horizontally coupled 
patches to driven patch on a single layer and stacked patches are discussed. Beside the 
linear polarised solutions, some techniques for designing wideband circular polarised 
patch antennas are also presented. Furthermore, some other techniques proposed in the 
literature including log-periodic array of patches, E-shaped patch, L-shaped feeding, 
microstrip monopole slotted antenna, defected ground/patch technique and the latest 
works during the recent years are introduced and investigated. It is tried to make a com-
parison between different methods giving a typical bandwidth that can be obtained using 
each method, beside discussing about the benefits or limitations that each method has.

Keywords: bandwidth enhancement, microstrip patch antenna, aperture coupled, 
stacked patches, non-contact feeding, parasitically coupled, sequential rotated array

1. Introduction

Microstrip patch antennas, in their conventional form, are narrow-band structures. Their 
impedance bandwidth is typically 1–2%. This can be attributed to two factors: the resonant 
style of antenna (which makes the antenna radiate efficiently only over a narrow band of fre-
quencies) and the thin thickness of antenna, typically less than 0.05λ0.

This feature of conventional microstrip patch antennas makes them unsuitable in many appli-
cations where quite wide bandwidth is required. So, many researches have been done during 
the past few decades to overcome this limitation and several procedures have been proposed.

In this chapter, we will describe the most useful procedures proposed in the literature to 
increase the impedance bandwidth of microstrip patch antennas. In Section 2, the intrinsic 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



techniques which can be used to increase the bandwidth of a single layer direct fed microstrip 
patch antenna are described. Section 3 investigates different feeding techniques used for band-
width enhancement of microstrip patch antennas. In the proposed techniques, the antenna 
structure is multilayered and the patch is fed by a non-contact feed network. In Section 4, 
bandwidth enhancement by use of horizontally parasitic elements at the antenna aperture 
will be described. Sections 5 and 6 explore the stacked patches, a multilayered solution using 
vertically parasitic elements that can result in very wide bandwidths. In Sections 2–6, the 
focus is on linear polarised antennas. So, the solutions for wideband circular polarised patch 
antennas are introduced and discussed in Section 7. Finally, in Section 8, other techniques 
proposed in the literature including log-periodic array of patches, E-shaped patch, L-shaped 
feeding and microstrip monopole slotted antenna are introduced and investigated.

In this chapter, we tried to discuss about the principles of operation of presented antennas 
to give the reader insight into how these antennas work. Some examples are also given. The 
advantages and limitations of each method will be described and a comparison between them 
will be provided by giving the typical order of bandwidth that can be achieved using each 
method. By this way, in this chapter, it is tried to provide a designer’s prospective of different 
techniques used for bandwidth enhancement of microstrip patch antennas.

2. Intrinsic techniques

Two intrinsic procedures can be applied to improve the bandwidth of a single layer direct fed 
microstrip patch antenna. One is increasing the substrate thickness and the other is decreas-
ing the dielectric constant of antenna substrate (relative permittivity of near to one). This 
can also be observed in Figure 1, in which the bandwidth trends of a direct fed single layer 
microstrip patch relative to substrate permittivity and thickness are shown.

Figure 1. Bandwidth trends of a direct fed single-layer microstrip patch relative to substrate permittivity and thickness [1].
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In fact, by increasing the thickness of the radiating patch substrate, the aperture size through 
which the fields are radiating to the space can be enhanced leading to easier impedance 
matching of antenna aperture which results in antenna bandwidth enhancement. On the 
other hand, by decreasing the substrate permittivity (making it closer to the permittivity of 
outer space), the reflection coefficient at the antenna aperture is reduced making it easier to 
impedance match which provides wider bandwidth for the antenna.

It should be noted that as the thickness of the substrate is increased and the dielectric constant 
is reduced, the patch size becomes smaller which provides lower gain. In addition, the radi-
ated power by feed network increases leading to more spurious radiation and higher cross-
polarisation level. Furthermore, the surface waves are more excited reducing the antenna 
radiation efficiency.

Taking the abovementioned limiting factors into consideration, besides the fact that there are 
limited values for thicknesses and dielectric constants provided by standard commercial sub-
strates, the bandwidth enhancement by the mentioned intrinsic techniques cannot exceed 10% 
[2] which is still not adequate for many applications like L-band radar which needs 19% band-
width (1.4–1.7 GHz) or C-band satellite TV that requires 12.5% bandwidth (3.7–4.2 GHz). So, 
other techniques as mentioned at the following must be applied to enhance the bandwidth more.

3. Feeding techniques

In all proposed feeding techniques presented in this section, the antenna structure is multi-
layered and the radiating patch is fed by a non-contact feed network. In fact by introducing 
a coupling mechanism between the feed network and patch, a resonance is created at the 
vicinity of patch resonance which can result in antenna bandwidth enhancement if the feed 
network and patch are well coupled.

3.1. Proximity coupled feed

In Figure 2, topology of proximity coupled feeding is depicted. In this feeding mechanism, the 
radiating patch on the upper layer (radiating layer) is excited by an open-ended microstrip 
feed line printed on the lower layer (feed layer). It can be seen that there is no direct contact 

Figure 2. Topology of proximity coupled feed.
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between feed line and radiating patch. So, the fields are coupled to the patch via the open end 
of stub. By tuning the location of open end of feed line relative to the patch, a proper coupling 
between them can be obtained leading to expansion of antenna bandwidth. By this way, the 
bandwidth at the order of 8% can be achieved.

In order to increase the bandwidth more, we can increase the thickness of radiating layer. 
However, this makes the coupling of power from the feed network to the patch more dif-
ficult. To solve this problem, thicker substrate for the feed layer can be used. In this case, 
more power is coupled to the patch via open circuit stub, but at the same time, the spurious 
radiation caused by feed network becomes more severe which can degrade the antenna effi-
ciency. Another solution for this issue is applying a simple matching structure, for example, 
a quarter-wave transformer, to the feed line. By this way, i.e. using thicker laminate for the 
radiating layer besides applying matching circuit to the feed network, the bandwidth can be 
doubled [1]. In Figure 3, one example about this issue is presented [1]. In this example by 
doubling the thickness of radiating layer and using a simple impedance transformer at the 
feed line, the bandwidth could be enhanced from 8 to 14%.

3.2. Aperture-coupled feed

In Figure 4, the topology of aperture-coupled feeding is depicted. In this feeding mechanism, the 
radiating patch on the upper layer (radiating layer) is excited by a microstrip feed line printed on 
the lower layer (feed layer) via an aperture (slot) etched at the ground plane of radiating layer.

Figure 3. S11 of a proximity coupled microstrip patch antenna presented in Ref. [1].
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In this structure, two resonances are provided, one by the patch and the other one by slot. 
If these two radiators are properly coupled, then the two corresponding resonances become 
close to each other leading to antenna bandwidth enhancement. The proper coupling between 
slot and patch can be obtained by tuning the dimensions of slot. By this way, the bandwidth 
at the order of 20–30% can be obtained. In Ref. [1], a sample is designed for mobile communi-
cation base station application with operation frequency of 1.9 GHz, bandwidth of 27% and 
9 dBi gain.

In order to increase the bandwidth more, thick dielectric can be used for radiating layer. In 
this case, the slot size should be increased to make sure that the power is still coupled to the 
patch properly. In Ref. [3], 40% bandwidth has been reported using this simple technique.

In this technique, the shape and the size of the coupling slot can considerably affect the coupled 
power and consequently the antenna bandwidth and efficiency. In general, as the coupling 
power gets stronger by changing the slot shape, thicker substrate for the radiating layer can be 
used leading to wider impedance bandwidth. On the other hand, as the slot size decreases, the 
backward radiation which is dominantly caused by the slot decreases enhancing the antenna 
efficiency. In fact, by choosing the proposer shape for the slot, we try to provide the maximum 

Figure 4. 3D distributed view of aperture-coupled fed microstrip patch antenna.

Figure 5. Different shapes used for the coupling slot: (a). thin rectangular, (b). longer rectangular, (c). wider rectangular 
(d). ‘H’-shaped, (e). Bowtie-shaped and (f). hourglass-shaped [2, 4].
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coupling with the smallest size of the slot. By this way, we can more improve the bandwidth 
by increasing the radiating layer thickness or reducing its dielectric constant while the maxi-
mum efficiency is guaranteed.

One of the most used shapes for the coupling slot is a thin rectangle (Figure 5(a)) by which 
strong coupling can be given with a simple design. However, stronger coupling can achieved 
by making it longer or wider (as shown in Figure 5(b and c)). The ‘H’-shaped and bowtie-
shaped slots (Figure 5(d and e)) can provide stronger coupling than the rectangular slot since 
the fields magnitude in rectangular slot has sinusoidal variation; however, in ‘H’-shaped and 
bowtie-shaped slots, it is quite uniform. By combining the ‘H’-shaped and bowtie-shaped 
slots, i.e. making an hourglass-shaped slot shown in Figure 5(f), even more uniform field 
distribution across the slot and consequently stronger coupling can be achieved [2, 4].

4. Parasitic elements on the single layer

By introducing some dummy elements properly coupled to the driven element at the same 
radiating layer, i.e. by introducing parasitic patches horizontally coupled to the driven patch, 
the overall bandwidth of the antenna can be enhanced if the resonant frequency of the cou-
pled elements are slightly different to that of the driven patch since, as shown in Figure 6, 
the overall frequency response is the superposition of the frequency responses of individual 
patches. In fact, in this technique, both the driven patch and parasitic elements are placed at 

Figure 6. Bandwidth enhancement by introducing a dummy patch coupled to the driven patch while the resonance 
frequencies of the two resonators are quite different [2].
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the same layer, meaning that this method is a single layer solution providing easy process 
for antenna fabrication. The main shortcoming of this method is that the antenna overall size 
is large leading to the problem of grating lobes for the case, an array is going to develop. In 
addition, the asymmetry of antenna structure with respect to the centre of driven patch, tends 
to degrade the radiation pattern. This technique has been realised in four different ways that 
are described in the following.

4.1. Coupling via radiating edges

In Figure 7(a), a microstrip patch antenna using two unequal parasitic elements at the radia-
tion layer is presented [2, 5]. In the proposed antenna, the driven patch is fed by a probe and 
two dummy patches are placed at its both sides. In this structure, the parasitic patches are 
coupled to driven patch via the radiating edges of driven patch. The dimensions of patches are 
quite different providing three slightly different resonances. The coupling between patches 
can be tuned by the gaps between them controlling the impedance matching of the antenna.

By this technique, the bandwidth at the order of 20% can be obtained [2]. In Figure 7(b), the 
frequency response of a sample design presented in Ref. [5] is shown. In this figure, three 
close well-coupled resonances can be observed which have resulted in antenna bandwidth 
enhancement. The resulted bandwidth relative to the centre frequency is 10.6% (3.1–3.45 GHz).

Figure 7. Microstrip patch antenna coupled to two parasitic elements at the radiation layer via the radiating edges (a). 
Antenna topology (b). VSWR plot for a sample designed in Ref. [5].
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4.2. Coupling via non-radiating edges

In this method, in the same way as shown in Figure 7, two unequal parasitic elements are 
placed at both sides of the driven patch. But here, as shown in Figure 8(a), the parasitic 
patches are coupled to driven patch via the non-radiating edges of the driven patch. Since the 
fields are not uniform at non-radiating edges, unlike at radiating edges where the fields are 
uniform, the coupling between driven patch and parasitic elements is weaker compared to the 
previous case where the coupling is provided via radiating edges. So here the gaps between 
the driven patch and parasitic elements should be smaller than those in the previous case.

By this technique, the bandwidth at the order of 20% can be obtained. In Figure 8(b), the fre-
quency response of a sample design presented in Ref. [2] is shown. In this figure, also three 
close well coupled resonances can be observed which has resulted in antenna bandwidth 
enhancement. The resulted bandwidth relative to the centre frequency is 14.5% (2.8–3.3 GHz).

4.3. Coupling via four edges

By mixing the two previous procedures, i.e. placing four patches around the driven patch 
coupled to it via both radiating and non-radiating edges (as shown in Figure 9(a)), further 
bandwidth enhancement and more gain can be achieved. In Ref. [6], 18.2% bandwidth is 
obtained using this method. In Figure 9(b), the frequency response of the sample presented 
in Ref. [6] is shown.

4.4. Annular ring loaded shorted patch

In Figure 10, a circular shorted microstrip patch loaded by an annular ring is depicted. In 
this structure, the driven element is the circular patch which is shorted to the ground plane 
and the parasitic element is the annular ring surrounding it. The dimensions of both the 
shorted patch and the ring should be well-determined so that strong coupling between them 
is formed. Then, by increasing the spacing between them, we can reduce the coupling making 
it possible to increase the bandwidth. In Ref. [7], a sample of this antenna is designed in which 
6.6% bandwidth and 8.4 dBi gain are obtained.

Figure 8. Microstrip patch antenna coupled to two parasitic elements at the radiation layer via the non-radiating edges. 
(a). The configuration of patches and (b). VSWR plot for a sample of antenna presented in Ref. [2].
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Figure 9. Microstrip patch antenna coupled to four parasitic elements at the radiation layer via both radiating and non-
radiating edges. (a). The configuration of patches and (b). VSWR plot for a sample of antenna presented in Ref. [6].

Figure 10. Topology of an annular ring loaded shorted patch [7].
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5. Stacked patches

5.1. Configuration

In microstrip patch antennas, the term ‘stacking’ is used for the case where the driven patch is 
vertically coupled to another patch. By this solution, we do not have the problem of antenna 
large planar size (which was the issue for the solutions presented in the previous section in 
which the coupling between parasitic patches and the driven patch were established horizon-
tally) solving the problem of grating lobes when the antenna is used in an array. However, 
in this technique, since the antenna structure is dual layered, the fabrication process is quite 
harder than the single-layered antennas presented in previous section. Using this technique, 
the bandwidth at the order of 20% can be obtained.

In Figure 11, a typical probe-fed rectangular stacked patch antenna is shown. It is a dual-layer 
structure in which the driven patch is located at the lower layer and coupled to the parasitic patch 
printed on the upper layer. In this configuration, typically rectangular patches are used, however, 
circular and annular patches can also be used in the same manner. Annular ring (by inner radius) 
and rectangular (by width) stacked patches have extra degree of freedom compared to circular 
stacked patches which gives them easier impedance matching control at the expense of slightly 
reduced bandwidth [1]. In Figure 12, the VSWR plot of a sample antenna designed in Ref. [2] 
using this technique is illustrated. We can see that the bandwidth (VSWR < 2) of 18.8% is obtained.

In the configuration shown in Figure 11, there are two resonators, one is the driven patch and 
the other is the parasitic patch. In design process, the dimensions of patches are chosen so 
that they resonate at the same frequency. Since two different substrates with different dielec-
tric constants (εr1, εr2) are used, the dimensions of the two patches are different. The mutual 
coupling between patches shifts the two resonances with respect to each other producing 
a mutual resonance making it possible to increase the bandwidth. By proper choosing the 
substrates’ thicknesses and permittivities, the proper coupling between the two resonances 

Figure 11. The concept of stacking. A rectangular stacked patch.
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can be achieved leading to bandwidth enhancement. Broader impedance bandwidth can be 
obtained by lowering the coupling using high permittivity, say 10, for the lower substrate and 
low permittivity, say 1, for the upper one [1]. By this way, high surface wave efficiency is also 
achieved giving the antenna, a better radiation performance.

Figure 12. VSWR plot for a sample of antenna presented in Figure 11 [2].

Figure 13. The configuration and frequency response of antenna presented in Ref. [2]. Use of stacking concept for the 
parasitic elements technique presented in Section 4.
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The concept of stacking can also be used for the parasitic elements technique presented in 
Section 4, placing the driven patch on the lower layer, while the parasitic patches are placed 
on the upper layer. In Ref. [2], 30% bandwidth could be obtained using one rectangular patch 
on the bottom layer as the driven path and five parasitic rectangular patches placed on the top 
layer. Figure 13 shows the configuration and its frequency response.

5.2. Rules of thumb for substrate permittivity

In Figure 14 [1], the widest impedance bandwidth and minimum surface wave efficiency (SWE) 
that can be obtained using different laminates for the lower layer while the upper layer uses 
foam with the relative permittivity of 1.07 as the substrate, are illustrated. It should be noted 
that the relative permittivity for the upper layer is chosen close to 1 in order to guarantee the 
maximum surface wave efficiency and bandwidth obtained by tuning εr1. We can see that with 
εr1 < 15, wide impedance bandwidths (more than 25%) and high efficiency (more than 80%) can 
be obtained. However, for εr1 > 15, the surface wave efficiency starts to reduce degrading the 
radiation performance of the antenna. The reason is that as εr1 is lower, the surface wave asso-
ciated with the lower patch is more effectively coupled to the upper patch and consequently 
to the radiating fields improving the antenna efficiency. As a result, higher εr1 leads to lower 
surface wave efficiency.

6. Aperture-stacked patches

The aperture-stacked patches are multilayered structures by which the bandwidths at the 
order of 50–70% can be achieved. Figure 15 shows the general configuration of an aperture-
stacked patch antenna. It consists of N dielectric layers, two patches and one ground plane 

Figure 14. Impedance bandwidth and surface wave efficiency (SWE) vs. the lower layer dielectric constant (εr1). The 
relative permittivity of upper layer is 1.07 [1].
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at which the coupling aperture, say the slot, is etched. In this configuration, in contrast with 
the ordinary stacked patches shown in Figure 11, the driven patch (the lower one) is fed indi-
rectly introducing one more coupling mechanism (between feed line and driven patch) which 
results in wider impedance bandwidth.

In Figure 16, the reflection coefficient, S11, of a triple layer aperture-stacked patch antenna 
designed in Ref. [1] for Ka band is presented. It can be observed that the impedance band-
width of more than 46% relative to centre frequency is obtained. The designed antenna gain 
is greater than 6 dBi across 26–40 GHz. It should be noted that the presented stacked patch 
antenna in Ref. [1] is backed by a cavity to increase both front to back ratio and gain.

In Figure 17, an aperture-stacked patch antenna with its geometrical dimensions is shown. In 
this structure, two offset feed lines are used to excite the slot in order to provide more control 

Figure 15. The general configuration of an aperture-stacked patch antenna [1].

Figure 16. Reflection coefficient of aperture-stacked patch antenna presented in Ref. [1].
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on coupling power. The two feed lines are 100 Ω lines connected to a 50 Ω line by a power 
divider. The reflection coefficient, S11, of the designed antenna is shown in Figure 18 [1, 8]. It 
can be observed that the impedance bandwidth of about 67% relative to centre frequency is 
obtained. The designed antenna gain is about 7 dBi over its operating bandwidth.

Figure 17. The configuration and dimensions of aperture-stacked patch antenna presented in [1, 8].

Figure 18. Reflection coefficient of aperture-stacked patch antenna presented in [1, 8].
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7. Broadband techniques for circular polarisation

In previous sections, the broadband techniques for linear polarisation were discussed. 
However, in many applications such as radar and navigation systems, circular polarisation 
is required [2]. The axial ratio (AR) bandwidth of conventional microstrip patch antennas is 
at the order of 1% which is very narrow for many applications. Therefore, some techniques 
should be applied to increase it. In this section, several configurations that produce wideband 
circularly polarised radiation are briefly discussed.

7.1. Parasitic elements on a single layer

This method uses the same concept used in Section 4 for broadening the bandwidth, how-
ever, since here the driven patch is circular polarised, the AR bandwidth is increased. In 
Figure 19 [9, 10], a dual-fed four edged coupled circular polarised microstrip patch antenna 
is shown. The driven patch is circularly polarised using two orthogonal ports with 90° phase 
difference. It is coupled to four parasitic patches around it via its four edges. By this way, 
the two orthogonal modes of the driven patch are coupled to the two orthogonal series of 
parasitic patches. As a result, the two orthogonal modes are impedance matched in wider 
frequency band, compared to the case no parasitic patch is used, leading to AR bandwidth 
enhancement. Since the two orthogonal modes originated by the driven patch have the same 
amplitude, the gaps between the driven patch and all four parasitic patches should be kept 
the same in contrast to Figure 9(a) where the gaps sizes in the two orthogonal directions have 
to be different.

Figure 19. Dual-fed four edged coupled circular polarised microstrip patch antenna [9, 10].
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It should be noted that here, in order to keep the amplitude of orthogonal radiating modes 
well balanced to improve gain, bandwidth and AR, all parasitic patches should be identical 
keeping the same shapes and the same sizes. Since the driven patch is square shaped, the 
parasitic patches also should be square shaped as well. By this single-layer technique, the AR 
bandwidth at the order of 10% can be achieved.

7.2. Stacking

Here, also in the same way as described in Section 5, the AR bandwidth can be enhanced 
using stacking technique. In Figure 20, a circular polarised dual-fed stacked microstrip patch 
is shown. The driven patch is dual-fed and produces circular polarisation. The two orthogo-
nal modes generated by the driven patch are vertically coupled to the parasitic patch and 
excite two orthogonal modes inside it. In this case, we can say the two orthogonal modes of 
lower patch are coupled to the two orthogonal modes of upper one. As a result, these two 
orthogonal modes are impedance matched over wider frequency band compared to the case 
no parasitic patch is used leading to wider AR bandwidth. In Ref. [11], a sample antenna base 
on the configuration shown in Figure 20 is designed and 18% AR bandwidth is obtained. In 
Ref. [11], both the driven and parasitic patches are squared.

7.3. Aperture coupling

By changing the slot/patch shape in the aperture coupling technique discussed in Section 3.2, 
circular polarised radiation with enhanced AR bandwidth can be achieved [12–17]. In Figure 21, 
an aperture-coupled square patch antenna with cross-shaped coupling slot is shown. By this 

Figure 20. AR bandwidth enhancement by stacking technique.
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configuration, two orthogonal modes originated by the cross-shaped slot are coupled to the 
two orthogonal modes of the patch leading to bandwidth enhancement of each mode and 
consequently expansion of AR bandwidth. In Ref. [12], a sample antenna is designed using the 
configuration shown in Figure 21 and 1.4% AR bandwidth is obtained.

In Figure 21, two crossed slots and a square patch were used. However, the same perfor-
mance can be obtained using a single slot and modifying the patch shape. In Figure 22, an 
aperture-coupled patch antenna using a single 45° rotated slot and a nearly square patch 
are depicted. In Ref. [17], a circular polarised antenna with AR bandwidth of about 1.1% is 
designed using this configuration.

7.4. Array

Probably the widest AR responses can be obtained using the array technique. In this method, 
the elements of array are sequentially rotated while fed by equal magnitudes and different 
phases. The elements are either linear polarised or circular polarised, however, the whole 
array provides circular polarisation. In Figures 23 and 24 [18–21], several array configurations 
for providing wideband circular polarised radiation are shown. In these figures, the array ele-
ments are circular polarised.

Figure 21. Aperture-coupled microstrip patch antenna using cross-shaped coupling slot. Different lengths are chosen for 
the two crossed slots to provide 90° phase difference between the two orthogonal modes.
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Figure 23(a) [18] shows a 1 × 2 array in which the elements are 90° out of phase and 90° rotated 
relative to each other. The 90° phase difference is provided by applying additional length to 
the feed line. In Figure 23(b) [19], a 2 × 2 array using the same concept is shown. In this figure, 
each element has 90° rotation and 90° phase difference relative to its neighbouring element. In 
Figure 24(a) [20], a 2 × 4 array is illustrated in which the phase of each element is equal to its rota-
tion angle relative to the element fed by 0° phase. A sample of this configuration is designed in 

Figure 22. Aperture-coupled patch antenna using a single 45° rotated slot and a nearly square patch.

Figure 23. Two sequentially rotated array configurations using circular polarised elements. (a). A 1 × 2 array with 90° 
rotated and phase-shifted elements. (b). A 2 × 2 array in which each element has 90° rotation and phase difference 
relative to its neighbouring element [18, 19].
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Ref. [20] and its frequency responses including VSWR and AR are shown in Figure 24(b). It can 
be observed that the bandwidth for VSWR < 1.5 is 13.7% and the bandwidth for AR < 3 is 14%.

In the configurations shown in Figures 23 and 24, the array elements are in direct contact 
with feed network. However, non-contact feeding techniques such as proximity coupled and 
aperture-coupled feedings can also be applied here [21].

Figure 24. A sample 2 × 4 sequentially rotated array. (a). Antenna configuration and (b). VSWR and AR of designed 
antenna vs. frequency [20].

Figure 25. Two sample sequentially rotated arrays using linear polarised elements: (a). a 1 × 2 array and (b) a 2 × 2 array [22].
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As mentioned before, wideband circular polarisation using sequentially rotated array can 
also be achieved using linear polarised elements. In Figure 25, two sample arrays are shown 
[22]. The arrangement of elements is exactly the same as that shown in Figure 23. Figure 25(a) 
shows a 1 × 2 array with two linear polarised orthogonal patches fed by 90° phase differ-
ence. It is easy to understand that by this configuration, two orthogonal modes with 90° 
phase difference are radiated by the two patches resulting in circular polarised radiation. In 
Figure 25(b), a 2 × 2 sequentially rotated array is shown. In this arrangement, there exists two 
set of orthogonal patches (patches 1 and 3 and patches 2 and 4) that generate the two orthogo-
nal modes with 90° phase difference leading to gain enhancement compared to the antenna 
shown in Figure 25(a).

In order to increase the gain more, the number of elements should be increased. In Ref. [23], 
it is shown that for this purpose, if N elements are to be used, then they should be arranged 
in a circular ring and the rotation angle of each element relative to its neighbouring element 
should be 360/N degree. Furthermore, the phase shifting between the neighbouring elements 
should be 360/N as well.

8. Other techniques

In this section, some other techniques that are reported in the literature are introduced and 
briefly described. However, as we know there exist numerous works on bandwidth enhance-
ment of microstrip patch antennas, with respect to all researchers who have worked on this 
issue, we have selected a few number of works and presented here.

8.1. Log-periodic array of patches

In [24–26], the idea of log-periodic antennas for providing very wide bandwidths has been 
applied to microstrip patches. In this technique, the microstrip patches are arranged in a log-
periodic formation. The patches are series fed by a microstrip line either directly or indirectly. 
In Figure 26(a and b), both direct- and indirect-fed configurations are illustrated. In the con-
figuration shown in Figure 26(a), each patch is coupled to the feed line located at the lower 
layer; however in Figure 26(b), each patch is directly connected to feed line via a quarter-
wave transformer for easier impedance matching (i.e. the length ‘d’ is chosen λ/4 where λ is 
the wavelength corresponding to the resonance frequency of the patch). In Figure 26(c), the 
VSWR plot of a sample antenna designed in Ref. [26] based on the configuration shown in 
Figure 26(b), is shown. It can be observed that very wide bandwidth (about 100%) is obtained 
by making use of this configuration.

The radiation pattern of antennas shown in Figure 26 is broadside, unlike the conventional 
log-periodic dipole array which radiates at end-fire direction. Although by using log-periodic 
configuration, very wide bandwidths can be achieved, but the main beam direction scans 
vs. frequency makes it impossible to provide constant beam direction through the whole 
bandwidth.
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8.2. E-shaped patch

In Ref. [27], an E-shaped patch backed by a SIW1 cavity is proposed by which 10.9% band-
width could be obtained. The antenna structure is illustrated in Figure 27. As shown, the 
radiating element is an E-shaped patch backed by SIW cavity and fed by a strip line which is 
loaded by some stubs. Direct contact between feed line and radiating patch is provided by a 
metalized via at the centre performing like a probe.

In Ref. [28], it is declared that for a conventional E-shaped patch (i.e. a single layered E-shaped 
patch antenna fed by a simple probe) in order to provide impedance matching for the lower 
resonating mode, we need to choose the substrate thickness more than 0.07λ, since the induc-
tance contributed by the probe is very low and the capacitance introduced by the patch and 
ground becomes very large [27]. In this design, some stubs are introduced at the end of strip 
line in order to provide more inductance and make it possible to impedance match the lower 
resonating mode even with thin substrates of <0.07λ thicknesses.

1Substrate integrated waveguide.

Figure 26. Microstrip patches arranged in log-periodic array formation. (a). Indirect feeding, (b). direct feeding and (c). 
VSWR plot of a sample antenna designed in Ref. [26] based on the configuration shown in Figure 29(b).
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The input impedance and current distributions corresponding to the two resonating modes 
of radiating patch for the two cases, with and without stubs, are depicted in Figure 28. It 
can be clearly observed that if the stubs are not used, the lower resonating frequency can-
not be created with the thin substrate used in this design. However, by applying the stubs 
and fine tuning of their dimensions, two resonating modes that are successfully impedance 
matched make it possible to increase the impedance bandwidth. In Figure 29, the reflection 
coefficient, S11, of the antenna designed in Ref. [27] is shown and the impedance bandwidth 
(S11 < −10 dB) of 10.9% (9.45–10.54 GHz) can be observed.

8.3. L-shaped feeding

In [29, 30], an L-shaped probe is used to feed a microstrip patch and demonstrated that by 
this way, the impedance bandwidth can be increased. This method can be interpolated as a 

Figure 28. The input impedance and current distributions corresponding to the two resonating modes of radiating patch 
for the two cases, with and without stubs, for the antenna shown in Figure 27 [27].

Figure 27. The E-shaped patch antenna configuration presented in Ref. [27].
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combination of proximity coupled feeding and stacking technique. In Figure 30, a rectangular 
patch antenna fed by an L-shaped probe is illustrated. As shown, the L-shape probe is realised 
by connecting a metalized via to the feed line. In this figure, the L-shaped probe is fed by a 
strip line in order to supress parasitic radiation due to the feed structure. The simulated S11 
of a sample designed in Ref. [30] is shown in Figure 31. It can be seen that 50.4% (46–77 GHz) 
impedance bandwidth is achieved.

8.4. Microstrip monopole slotted antenna

In Ref. [31], a microstrip monopole slotted antenna is introduced and its performance using 
three different shapes (straight, L and inverted-T) for the slot is investigated and it is shown 

Figure 29. Reflection coefficient, S11, of the sample antenna designed in Ref. [27] based on the configuration shown in 
Figure 27 [27].

Figure 30. Rectangular patch antenna fed by an L-shaped probe [30].
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that by making use of this single-layer configuration, a wide impedance bandwidth of more 
than 80% can be achieved. It should be said that this antenna has omnidirectional radiation 
pattern and consequently lower gain compared to the antennas presented in previous sections.

In Figure 32, the antenna configuration for three different slot shapes is shown. As depicted, 
it is a single-layer structure in which the slot is electromagnetically coupled to the feed line. 
The presence of slot introduces additional resonances that can be well-coupled to the patch 
resonance leading to antenna bandwidth enhancement.

Figure 31. The simulated S11 of a sample antenna designed in Ref. [30] based on the configuration shown in Figure 30.

Figure 32. Microstrip monopole slotted antenna with three different slot shapes: (a). straight slot, (b). L-shaped slot and 
(c). inverted-T slot [31].
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In Ref. [31], three samples of antennas shown in Figure 32 are designed. Figure 33 shows the 
reflection coefficients, S11, of the designed antennas. It can be clearly observed that for the 
case a single straight slot is used (Figure 32(a)), one additional resonance is created result-
ing in 57% bandwidth (2.5–4.5 GHz); however, for the cases where L-shaped (Figure 32(b)) 
or inverted-T slot (Figure 32(c)) is used, three additional resonances are created resulting in 
wider impedance bandwidth: 82% (2.42–5.78 GHz) for the former and 80% (2.74–6.4 GHz) for 
the latter. The reason is that for the cases of L-shaped and inverted-T slots, the two orthogo-
nal arms of slot perform as two separate resonators properly coupled to each other and the 
patch making four well-coupled resonances which leads to significant enhancement of the 
bandwidth.

8.5. Defected ground/patch

Defecting the patch/ground has been used as a technique to improve the radiation character-
istics of microstrip patch antennas. Mutual coupling suppression in arrays [32–34], improving 
the efficiency [35], reducing the antenna size [36] and lowering the cross-polar level [37–39] 
and Bandwidth enhancement [40–42] are some examples of this. Here, our focus is on the lat-
ter one, i.e. the bandwidth enhancement.

In Ref. [40], a double U-shaped slot is introduced to the ground plane of a microstrip mono-
pole antenna in order to enhance its impedance bandwidth. With the resultant structure, the 
impedance bandwidth of 114% was obtained. The proposed structure and reflection coeffi-
cient S11 of a designed sample in Ref. [40] are illustrated in Figure 34.

Figure 33. The reflection coefficients, S11, of the sample antennas designed in Ref. [31] based on the configurations 
shown in Figure 32. (a). Straight slot, (b). L-shaped slot and (c). inverted-T slot [31].
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In Ref. [41], a D-shaped defected patch is used for bandwidth enhancement. The proposed 
structure and the two deformations used in it are shown in Figure 35. By deformation 1, the 
resonant frequency of TM10 mode decreases since the effective length of the patch increases 
for this resonating mode. However, the deformation 2 performs inversely, i.e. it decreases the 

Figure 34. The proposed defected ground microstrip monopole antenna presented in Ref. [40]. (a). Topology of the 
structure. (b). Reflection coefficient S11 of a designed sample in Ref. [40].

Figure 35. The proposed D-shaped defected microstrip patch presented in Ref. [41]. Complete structure and two deformations 
used in it [41].
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effective length of the patch for TM10 mode increasing its resonant frequency. As a result, com-
bination of these two deformations makes a D-shaped defected patch which can produce two 
resonant frequencies by the two effective lengths of inside and outside of D-shaped defection. 
The open circuit stub connected to the feed line is used for impedance matching.

In Figure 36, a fabricated sample of proposed structure and its reflection coefficient S11 are 
depicted. The reflection coefficient of the proposed structure is also compared with that of a con-
ventional patch and 5% bandwidth enhancement can be observed in the measurement result.

In Ref. [42], a dumbbell-shaped defected patch is used to both increase the bandwidth and 
enhance polarisation purity. The proposed structure is shown in Figure 37. As shown, a pair 
of thin slots (with the dimensions l1 × Sw1) is etched near the non-radiating edges and four 
wider slots (with the dimensions l2 × dw) are positioned near the patch corners. By this way, 
the fields corresponding to non-radiating edges and corners which mainly contribute to cross-
polar radiation are perturbed leading to more pure radiations. In Ref. [42], it is shown that 
each l1 × Sw1 slot introduces a reactance parallel to the input impedance of the patch in such a 
way that the variation of patch input reactance vs. frequency (as shown in Figure 38) becomes 
smaller compared to the conventional patch. This fact may point to the broader bandwidth of 
the proposed structure relative to the conventional patch.

In Figure 39, the reflection coefficient of a sample antenna designed in Ref. [42] is illustrated and 
compared with that of a conventional patch. Results show that the proposed antenna produces 
broader bandwidth. The measurement result shows 16% bandwidth for the designed sample.

8.6. Recent works

In this part, we have tried to provide a brief review of the most important works that has been 
done in recent years to give the reader a prospective of the latest researches on bandwidth 
enhancement of microstrip patch antennas.

Figure 36. Fabricated sample of D-shaped defected microstrip patch presented in Ref. [41] and comparison of its 
reflection coefficient with that of a conventional patch.
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The latest works focused on the enhancement of the bandwidth without increasing the size 
and height of antenna [43–46]. In [43–45], differential feeding is used to suppress the excita-
tion of undesired modes. Then by joining the desired modes (or by introducing extra modes 
between the desired modes), the bandwidth for broadside radiation is enhanced.

In Ref. [43], by differential feeding for a rectangular patch, the unwanted modes TM20, TM12 
and TM22 are supressed and the favourite broadside modes TM10 and TM30 are excited. Then 
by making use of two stubs connected to the radiating edges of the patch and a stepped 
ground plane, as shown in Figure 40(a), it became possible to enclose the desired modes 
leading to bandwidth enhancement. In Figure 40(b), the reflection coefficient of a sample 
designed in Ref. [43] is shown and about 10% bandwidth is observed.

In Ref. [44], as shown in Figure 41(a), a differentially fed equilateral triangular patch is loaded 
by shorting posts. In this structure, the desired modes TM10 and TM11 are well excited using 
differential feeding. Loading the patch with shorting pins generates additional mode, i.e. zero 
mode, between the two favourite modes which makes it possible to enhance the antenna 

Figure 38. Variation input reactance of proposed patch in Ref. [42] vs. frequency and its comparison with that of a 
conventional patch.

Figure 37. The proposed dumbbell-shaped defected patch presented in Ref. [42].
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bandwidth by making a proper coupling between the three modes. It should be noted that 
the shorting pins are located so that they do not perturb the field distribution of TM10 and 
TM11 modes and consequently do not affect them. In Figure 41(b), the reflection coefficient 
of a sample antenna designed in Ref. [44] is shown and it is observed that more than 50% 
bandwidth could be obtained.

Figure 39. Reflection coefficient of a sample antenna designed in Ref. [42] and its comparison with that of a conventional 
patch.

Figure 40. The differentially fed rectangular patch antenna presented in Ref. [43]. (a). Topology of the structure. (b). 
Reflection coefficient of a sample designed in Ref. [43].

Bandwidth Enhancement Techniques
http://dx.doi.org/10.5772/intechopen.70173

31



In Ref. [45], in the same way as presented in Ref. [43], a rectangular patch is differentially fed 
so that the spurious modes between TM10 and TM30 modes cannot be excited. But here these 
two modes are coupled to each other by another way. The proposed structure in Ref. [45] is 
shown in Figure 42(a). In this structure, the shorting pins increase the resonant frequency 
of TM10 mode without any effect on TM30 mode; however, the pair of long slots shifts down 
the resonant frequency of TM30 mode with slight effect on TM10 mode. The short centred slot 
is also used for better impedance matching. By this way, the desired modes TM10 and TM30 
could be well-coupled leading to enhancement of the antenna bandwidth. In Figure 42(b), 
the reflection coefficient of a sample antenna designed in Ref. [45] is shown and about 13% 
bandwidth can be observed.

Figure 42. The differentially fed rectangular patch antenna presented in Ref. [45]. (a). Topology of the structure. (b). 
Reflection coefficient of a sample designed in Ref. [45].

Figure 41. The differentially fed equilateral triangular patch antenna loaded by shorting posts which is presented in Ref. 
[44]. (a). Topology of the structure. (b). Reflection coefficient of a sample antenna designed in Ref. [44].
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In Ref. [46], as shown in Figure 43(a), the microstrip patch is not fed directly. In this structure, 
the feed line excites a pair of non-radiating quarter-wavelength microstrip line resonators 
which are capacitively coupled to the patch. As a result, dual-resonance structure is provided 
in which the two resonances correspond to the patch and quarter-wavelength microstrip line 
resonators, respectively. By tuning the gap between the resonators and the patch, a proper 
coupling between them and consequently wider impedance bandwidth can be obtained. In 
addition, the shorting pin introduced in the central plane suppresses the excitation of all even-
order modes in quarter-wavelength resonators and consequently in the patch. As a result, 
the TM20 mode which is the most harmful mode that can generate cross-polar radiation is 
naturally supressed. In Figure 43(b), the reflection coefficient of a sample antenna designed 
in Ref. [46] is shown by which the impedance bandwidth of about 8.5% bandwidth could be 
obtained.

9. Summary

In this chapter, a variety of procedures proposed in the literature to increase the impedance 
bandwidth of microstrip patch antennas are presented and discussed. In Section 2, band-
width enhancement by proper choosing of substrate is described and declared that up to 
10% bandwidth can be obtained using this method taking this fact into consideration that 
other characteristics of antenna, say efficiency and backward radiation, may be affected. 
In Section 3, it is shown that by applying indirect feeding mechanism and coupling the 
electromagnetic fields to the patch, bandwidth can be enhanced. Two methods including 
proximity coupled and aperture-coupled patches were introduced by which up to 10% and 

Figure 43. The capacitively fed rectangular patch antenna presented in Ref. [46]. (a). Topology of the structure. (b). 
Reflection coefficient of a sample designed in Ref. [46].
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30% bandwidth can be achieved, respectively. However, for proximity coupled patches, if 
external matching structure is used, the achievable bandwidth can be doubled. In Section 
4, bandwidth enhancement making use of horizontally parasitic elements at the antenna 
aperture is described and stated that namely 20% bandwidth can be achieved using this 
single-layer technique at the expense antenna size enlargement which makes it unsuitable 
for use in array configurations. Sections 5 and 6 explore the stacked patches, a multilayered 
solution using vertically parasitic elements that can result in very wide bandwidths (namely 
50–70%). By this method, the antenna planar size is kept small making it interesting for use 
in arrays; however, due to its multilayered topology, it has problems with cost and fabrica-
tion complexity compared to single-layer solutions. In Sections 2–6, the focus was on linear 
polarised antennas. Therefore, the solutions for wideband circular polarised patch antennas 
are introduced and discussed in Section 7. The examples presented in this section reveals 
that namely up to 20% AR bandwidth can be achieved using the techniques introduced in 
Section 7. Finally, in Section 8, other techniques proposed in the literature including log-
periodic array of patches, E-shaped patch, L-shaped feeding, microstrip monopole slotted 
antenna, defected ground/patch technique and the latest works in recent years are intro-
duced and investigated. The bandwidth obtained by some designed samples using these 
structures were 100%, 11%, 50%, 82%, 114% and 50%, respectively.
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Abstract

Demand for antennas that are compact and operate over an ultra‐wideband (UWB) fre‐
quency range is growing rapidly as UWB systems offer high resolution imaging capa‐
bility and high data rate transmission in the order of Gb/s that is required by the next 
generation of wireless communication systems. Hence, over the recent years the research 
and development of UWB antennas has been widely reported in literature. The main 
performance requirements sought from such antennas include: (1) low VSWR of <2; (2) 
operation over 7.6 GHz from 3 to 10.6 GHz; and (3) good overall radiation characteristics. 
Significant size reduction and low manufacturing cost are also important criteria in order 
to realize a cost‐effective and miniature system. Other desirable requirements include 
compatibility and ease of integration with RF electronics.

Keywords: ultra‐wideband antenna, metamaterial, composite right/left‐handed 
transmission line, antenna miniaturization, slit antennas

1. Introduction

Ever since the Federal Communications Commission (FCC) released a bandwidth of 7.5 GHz 
(from 3.1 to 10.6 GHz) for ultra‐wideband (UWB) wireless communications, UWB technology 
has rapidly developed for high data rate wireless communications [1–5]. As is the case in con‐
ventional narrowband wireless communication systems, an antenna plays a very crucial role 
in UWB systems. However, there are greater challenges in designing a UWB antenna than a 
narrow band one. A suitable UWB antenna should be capable of operating over an ultra‐wide 
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bandwidth as defined by the FCC. At the same time, satisfactory radiation properties over the 
UWB frequency range are also necessary, including nondispersive nature in order to  minimize 
distortion in the transmitted signal. The antenna needs to have a low voltage standing wave 
ratio (VSWR) (<2) over 3.1–10.6 GHz band and omnidirectional radiation characteristics [6]. 
Nowadays, in most applications significant size reduction of antennas is paramount in order 
to achieve minimization of communication systems. Other desirable features include being a 
planar structure that is cost‐effective to fabricate in large volumes.

Design of a UWB antennas is challenging for systems operating at the lower part of the micro‐
wave spectrum. This is due to the fact that the wavelength is very large at these frequen‐
cies and the resulting physically large antennas are not desirable due to space limitations of 
modern systems. This problem is particularly severe in systems that operate at HF, VHF, and 
UHF bands. This is because in such applications having antennas with low visual signatures 
is of paramount importance. The current antennas of choice for these applications tend to be 
monopole whip antennas. These antennas, however, suffer from two major drawbacks. First, 
the relatively large heights of a conventional monopole whip antenna, when mounted on a 
vehicle, such an antenna significantly protrudes from the top surface of the vehicle drastically 
increasing the visual signature of the vehicle. The second issue with monopole whip anten‐
nas is their narrow bandwidths, which limits the types of waveforms that they can receive 
or transmit. Therefore, development of compact, low‐profile, and ultra‐wideband antennas 
is of particular interest in many communications systems that operate at HF, VHF, and UHF 
frequencies. To increase the bandwidth of monopole‐type radiators, a number of different 
techniques have been examined. A variety of printed monopole antennas that provide UWB 
operation in a planar form factor are examined in the 3.1–10.6 GHz band [7–9]. However, at its 
lowest frequency of operation, a printed monopole tends to have relatively large dimensions.

Numerous techniques have been investigated and reported in recent years to reduce the size 
of microstrip antennas. These techniques are mainly based on loading a patch antenna with 
reactive components realized with suitably designed slots, shorting posts, and lumped ele‐
ments. The effectiveness of these techniques is, however, limited in the reduction of the foot‐
print of planar antennas which is required by modern wireless systems [10–12]. The size of 
patch antennas can also be reduced by fabricating the antenna on dielectric substrates with a 
high permittivity. This well‐established technique, however, results in increased surface wave 
excitation over the antenna that degrades its impedance bandwidth, radiation efficiency, and 
its radiation characteristics [13].

Techniques mentioned above fail to meet the challenges for miniaturization of antennas. In 
this chapter, the exploitation of artificially engineered materials that are based on metamate‐
rial transmission lines is shown to provide the solution for miniaturization of planar anten‐
nas [14–22]. In fact metamaterials, which are also accurately referred to as composite right‐/
left‐handed (CRLH) transmission lines, are a novel paradigm in electromagnetic engineering 
as such materials exhibit electrical characteristics, that is, negative permittivity and perme‐
ability, not possible with naturally occurring materials [11]. These properties are exploited 
in this chapter to design planar antennas with a small footprint using standard manufactur‐
ing photolithography techniques [11–18]. In particular, in this chapter, a unique CRLH‐TL 
structure is employed in the design of an antenna using conventional microwave integrated 
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circuit (MIC) manufacturing techniques. The unit cells of the CRLH‐TL structure was realized 
by engraving L‐ and T‐shaped slits on a rectangular conductor that is grounded through a 
high impedance microstrip stub that are spiraled. In the antenna the L‐ and T‐shaped slits 
exhibit capacitive property, and the stub acts like an inductor. The antenna structure, which 
was created using these unit cells, was modeled and optimized for UWB performance while 
maintaining its radiation characteristics in terms of gain and radiation efficiency.

2. Composite right‐/left‐handed antenna design

A left‐handed transmission line structure can be created from an arrangement consisting of a 
series capacitor and shunt inductor. This LC circuit configuration can be achieved for antenna 
applications by simply etching a dielectric slot in a metallic‐radiating patch, where the patch is 
grounded using a high impedance microstrip line. The slot created in the patch acts like a series 
capacitance CL and the high impedance microstrip line acts like a shunt inductance LL. The 
inductive element in the structure can be coiled to reduce the overall footprint of the antenna 
structure [23, 24]. This approach is used here to implement a compact antenna by cascading 
together a number of CRLH transmission line unit cells comprising left‐handed LC unit cells.

The equivalent circuit model for a lossless CRLH transmission line unit cell is shown in 
Figure 1. It consists of a per‐unit length impedance Z (W/m) constituted by a right‐handed 
per‐unit‐length inductance LR (H/m) in series with a left‐handed per‐unit‐length capacitance 
CL (F/m), and a per‐unit‐length admittance Y (S/m) constituted by a right‐handed per‐unit‐
length capacitance CR (F/m) in parallel with a left‐handed per‐unit‐length inductance LL 
(H/m). The complex propagation constant γ and the propagation constant β of the CRLH 
transmission line unit cell are given by

Figure 1. Equivalent circuit model for an ideal CRLH transmission line.
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where  β  (  ω )    ,  s  (  ω )    ,  Z  (  ω )    , and  Y  (  ω )     represent the dispersion relation, sign function, impedance, and 
admittance of the antenna structure, respectively. Series and shunt resonance frequencies, 
respectively, are given by
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The unit cell’s permittivity and permeability are given by
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The prototype antenna based on CRLH transmission line unit cells, shown in Figure 2, con‐
sists of L‐ and T‐shaped slits etched on a rectangular radiation patch. The patch is short‐
circuited to ground through high impedance microstrip lines that are coiled to reduce the 
antennas’ size. Appropriate number of CRLH unit cells is cascaded together in the antenna 
that is terminated in a matched load to achieve the required bandwidth and radiation charac‐
teristics. The antenna was fabricated on glass‐reinforced epoxy FR‐4 substrate with a dielec‐
tric constant of 4.6, thickness of 0.8 mm, and loss tangent of 1 × 10−3. Standard manufacturing 
technique was used to realize the antenna.

The antenna design was first analyzed and optimized using ANSYS high frequency structure 
simulator (HFSS™). Two waveguide ports were defined to represent the input and output 
of the antenna structure, as shown in Figure 2(a), in order to evaluate its performance. The 
antenna was excited at port 1 through an SMA connector, and terminated to a matched 50 Ω 
load at port 2 using surface mount technology (SMD1206) of dimensions 3.5 × 1.8 mm2.
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(a)

(b)

(c)

Figure 2. The proposed antenna based on four CRLH transmission line unit cells. (a) Configuartion of the proposed 
CRLH transmission line antenna. (b) Isometric view of the proposed CRLH transmission line antenna. (c) Fabricated 
antenna prototype.
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A more accurate model of the proposed CRLH transmission line unit cell that is employed 
in the antenna is shown in Figure 3. The model includes loss components in the unit cell 
structure that are represented by right‐handed resistance (RR) and conductance (GR), and left‐
handed resistance (RL) and conductance (GL). These parameters account for the radiation emit‐
ted by the antenna. Optimized magnitudes of these parameters in the unit cell were obtained 
from ANSYS HFSS™, that is, LL = 6 nH, CL = 2.4 pF, LR = 2 nH, CR = 1 pF, RL = 5 Ω, RR = 3 Ω,  
GL = 4.5 ℧, and GR = 2 ℧.

The actual antenna’s dimensions are 22.6 × 5.8 × 0.8 mm3 or 0.037 λ0 × 0.009 λ0 × 0.001 λ0, where 
λ0 is free space wavelength at 0.5 GHz. The simulated and measured impedance bandwidth 
of the antenna are 11.1 GHz (0.35–11.45 GHz) and 10.8 GHz (0.5–11.3 GHz), respectively, for 
voltage standing wave ratio (VSWR) < 2. This corresponds to a fractional bandwidth of 188% 
for the simulation result, and 183% for the measured result. The reflection coefficients and the 
measured VSWR of the proposed miniaturized antenna are shown in Figure 4. The simulated 
and measured group delay response depicted in Figure 5 shows the group delay variation is 
under 0.25 ns for a large frequency range up to 16 GHz.

Results of the parametric study are shown in Figure 6. It is evident from these results that 
the antenna’s gain and radiation efficiency can be improved by increasing the number of 
CRLH unit cells. The peak gain and radiation efficiency are obtained at around 8 GHz. Gain 
of greater than 4 dBi from 2.9–12.6 GHz is achieved for a unit cell of four. Over this frequency 
range, the radiation efficiency exceeds 50%. As the proposed antenna had to fit within an area 
of 23 × 6 mm2, the number of unit cells selected in the design was therefore four.

The simulated and measured gain and radiation efficiency of the antenna at various frequen‐
cies are given in Tables 1 and 2. The results in these tables show a better performance obtained 
from the antenna over higher frequencies than at the lower frequencies. The simulated three‐
dimensional (3‐D) and measured two‐dimensional (2‐D) radiation patterns of the compact 
CRLH antenna at various frequencies are shown in Figures 7 and 8, respectively. The results 
show the cross‐polarization is comparable or higher than copolarization at certain frequen‐
cies, however, over a small angular range in both the E‐ and H‐planes. This is observed in 
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Figure 3. Equivalent circuit model of the CRLH unit cell employed in the proposed antenna.
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other CRLH antennas too [25–31] which present scope for improvement of such antennas. 
Cross‐polarization can be reduced by loading the shorting pins, which has been demonstrated 
for patch antennas [32–35]. The shorting pins are located in the centerline of a square patch to 
strengthen the surface current density near the feeding point at edge. Because of symmetric 
arrangement of these two shorting pins, surface current density on the patch is maintained as 
the odd‐symmetric property with respect to the H‐plane, thus tremendously degrading the 
cross‐polarization level. Such a solution is worthy of investigation in CRLH antennas.

The measured gain and radiation efficiency of the CRLH antenna is shown in Figure 9. The 
antenna has a peak gain of 6.5 dBi and radiation efficiency of 88% at around 8 GHz. The 
antenna has a gain that exceeds 4 dBi over 3.5–12.5 GHz, and radiation efficiency over this 
frequency range is greater than 53%.

(a)

(b)

Figure 4. Reflection coefficient and measured VSWR response of the CRLH transmission line antenna. (a) Simulated and 
measured reflection coefficient response. (b) Antenna’s measured VSWR response.
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Table 3 shows the proposed antenna’s salient features. The antenna is highly compact and 
operates over an ultra‐wideband (UWB). In addition, it can be easily integrated with RF cir‐
cuits making it suitable for UWB wireless communication systems. Characteristics of the 
CRLH antenna are compared with other recently reported antennas in Table 4.

Frequency (GHz) 0.5 3 5 8 11.3

Gain (dBi) 1.7 3.8 5.1 7 6.1

Efficiency (%) 25 50 62 91 79

Table 1. Simulated gain and radiation efficiency.

Figure 5. Group delay response of the CRLH transmission line antenna.

Figure 6. The antenna’s simulated radiation gain and efficiency response as a function of number of unit cells.
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Frequency (GHz) 0.5 3 5 8 11.3

Gain (dBi) 1.5 3.4 4.8 6.5 5.7

Efficiency (%) 20 45 57 88 73

Table 2. Measured gain and radiation efficiency.

@ 500 MHz @ 3 GHz

@ 5 GHz @ 8 GHz

@ 11.3 GHz

Figure 7. Simulated 3‐D radiation patterns of the CRLH antenna.
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(a)

(b)

Figure 8. The measured radiation patterns of the CRLH transmission line antenna in the E‐ and H‐planes. (a) Measured 
E‐plane co and cross radiation patterns (Co: red line, Cross: blue line). (b) Measured H‐plane co and cross radiation 
patterns (Co: red line, Cross: blue line).
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Dimensions 22.6 × 5.8 × 0.8 mm3

0.037 λ0 × 0.009 λ0 × 0.001 λ0 at 0.5 GHz

Bandwidth 10.8 GHz (500 MHz–11.3 GHz)

(Fractional bandwidth = 183%)

Gain (dBi) 6.5 (max) at 8 GHz

≥4 from 2.9–12.6 GHz

Efficiency (%) 88 (max) at 8 GHz

≥50% from 2.9–12.6 GHz

Table 3. Measured characteristics of the CRLH antenna.

Reference Dimensions Fractional 
bandwidth (%)

Peak gain (dBi) Max. efficiency (%)

[2] 0.051 λ0 × 0.016 λ0 × 0.002 λ0 123.8 2.8 70

[6] with 7 unit cells 0.556 λ0 × 0.179 λ0 × 0.041 λ0 87.16 3.4 68.1

[6] with 8 unit cells 0.564 λ0 × 0.175 λ0 × 0.02 λ0 84.23 2.35 48.2

[23] 0.047 λ0 × 0.021λ0 × 0.002 λ0 104.76 2.3 62

Proposed antenna 0.037 λ0 × 0.009 λ0 × 0.001 λ0 183 6.5 88

Table 4. Comparison of the CRLH antenna with other reported antennas.

Figure 9. Measured gain and radiation efficiency response of the CRLH antenna.
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To summarize, this chapter presented the design and measured results of a novel antenna 
that is based on CRLH transmission lines. The antenna is highly compact planar structure 
with dimensions of 22.6 × 5.8 × 0.8 mm3 and possesses desirable characteristics of ultra‐wide‐
band performance (500 MHz–11.3 GHz) with gain and radiation efficiency of 6.5 dBi and 
88%, respectively, at 8 GHz. The low cost antenna is simple to design and easy to fabricate 
using standard manufacturing techniques. The CRLH transmission line unit cell constituting 
the antenna is realized by etching L‐ and T‐shaped dielectric slots inside a rectangular patch, 
which is grounded through a high impedance transmission line. By cascading together sev‐
eral unit cells, the desired bandwidth and radiation characteristics can be obtained. In addi‐
tion, the antenna can be easily integrated with RF electronics.
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Abstract

The microstrip patch antenna can also be designed using an artificial neural network
(ANN) modeling technique where size of the antenna is major limitation especially in
mobile and wireless applications. In this chapter, analysis and synthesis problems for
designing of microstrip patch antennas were discussed using the artificial neural net-
work technique. An analysis problem refers to calculation of resonant frequency of
microstrip patch antenna whereas a synthesis problem refers to calculation of dimensions
of patch antenna. Both problems are reciprocal of each other. Results are implemented
using graphical user interface (GUI) tools of MATLAB programming language. Back-
propagation training algorithm of artificial neural network is used to train the network
for minimization of error and computation time. Therefore, the geometric dimensions of
patch are obtained with high accuracy in less computation time as compared to simulation
software.

Keywords: microstrip antennas, artificial neural networks, ANN modeling, IE3D
electromagnetic simulator, resonant frequency, return-loss, GUI

1. Introduction

Nowadays, many antennas are used for various wireless applications but microstrip antenna is
the most preferable antenna for microwave communication. The microstrip antennas are low
cost and very easily used fabrication techniques [1, 2]. Since a photoetching process is applied for
the fabrication of microstrip patch antennas hence it is also known as “patch antennas.” The
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shape of this patch may be square, hexagonal, rectangular, trapezoidal, or any other pattern. In
this chapter, rectangular microstrip patch antennas are designed for synthesis and analysis by an
artificial neural network (ANN) modeling procedure.

There has been a tremendous development in the field of patch antenna during the last two
decade [3, 4]. It is the result of the overwhelming research and this technology has been quickly
absorbed for consumption. A few previous research works done in this field are discussed in this
section. The length of an antenna is inversely proportional to the resonant frequency of patch,
that is, an antenna operating at higher frequency is smaller in size than compared to the antenna
operating at lower frequency. So, to decrease the antenna dimensions required for operating the
antenna at lower frequency, the electrical length of the patch should be enlarged at lower
frequency. This technique has been successfully used for minimizing the antenna dimensions. A
technique of improving the electrical length is by meandering the surface current path of the
patch. One such research work was done by Dey and Mittra [5]. In the mentioned article, 70%
size reduction of the proposed microstrip patch design is reported. In Ref. [6], authors used three
meandering slots and a shorting pin on a rectangular patch to obtain the results. In Ref. [7], an
innovative technique is proposed for calculating the resonant frequency of circular microstrip
patch antennas using artificial neural for computer-aided design (CAD) applications. In Ref. [8],
the back-propagation multilayered-perceptron network is used for calculating the resonant fre-
quency of electrically thin and thick rectangular microstrip antennas. This technique is applicable
for a wide range of substrate thicknesses and permittivity for the computer-aided design (CAD)
applications of microstrip antennas. One such research work was conducted by Kuo et al. [9]. In
this work, the researchers have chosen the ground plane for modification in designed antenna. A
total number of three slots were loaded in the ground plane. The authors have shown that the
variation seen by changing the length of the slots. For the best case, the size reduction of 56%was
obtained by the authors. Some researchers also reported size reduction using inductive loading.
One such research work was reported by Reed et al. [10]. In the design, the researchers have
loaded a printed inductor to minimize the frequency of resonant antenna. Using this, a size
reduction of 50% was achieved. A bow-tie patch antenna loaded with Sierpinski fractal was also
proposed by Anguera et al. [11] which has good directivity along with compactness of 42%. One
of the methods of increasing the electrical path length is by meandering the surface current path
of the patch. In [13], a new method for developing computer-aided design (CAD) models for
microstrip antenna is proposed using spectral domain (SD) formulation and artificial neural
network (ANN) technique. In Ref. [14], design of rectangular microstrip antennas is proposed
using the artificial neural network technique for the most efficient dielectric materials. In Ref. [15],
the authors have suggested the combination of inductive loading and shorting pin. The authors
have suggested that using the novel design, a size reduction of 75% may be achieved. A bow-tie
patch antenna loaded with Sierpinski fractal was also presented by Garima et al. [16] along with
compactness of 42% and good directivity. In Ref. [17], single-fed broadband square patch antenna
was constructed for ultra high frequency (UHF) radio frequency identification (RFID) applica-
tions using meandered probe feeding techniques for good impedance matching. The purpose of
the antenna was to optimize and modify antenna. In Ref. [18], two L-shaped patch antenna was
constructed using a probe or coaxial feeding techniques. Two parallel L-shaped antennas were
used to obtain better bandwidth. The bandwidth of the antenna was 6.41 GHz ranging from 3.51
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to 9.65 GHz. Return-Loss of the proposed antenna is �28 dB at 3.51 GHz and �25 dB at 9.65
GHz. In [19], E-shaped antenna was constructed for wireless communications, and its applica-
tions using U-slot patch was introduced under patch antenna to increase and optimize band-
width of the proposed antenna. The systematic study of antenna was enhanced gain, return
loss, bandwidth, and radiation pattern. In Ref. [20], four mini fractal antennas were
constructed to improve bandwidth and size of the antenna using coaxial feeding techniques.
The proposed design was used for broadband applications. Four spring resonators form an
ultra-wideband frequency. Low percentage error and high precision in less time are obtained
by using a knowledge-based hybrid neural network (KBHNN) model for designing of
microstrip antennas (proximity coupled), which is used for various WiMAX, WiFi, and WLAN
applications. Figure 1 illustrates a simple rectangular microstrip patch antenna of substrate
height h, dielectric constants εr, εy, width W, and length L.

In this chapter, synthesis is defined as to obtain dimensions (W, L) of microstrip antenna while
providing the resonant frequency (fr), height of the dielectric substrate (h), and dielectric
constants at the input of the ANN model (Figure 2). Dimensions of patch are computed using
the designed equations of the microstrip patch antennas. For the analysis problem of patch
antenna, resonant frequency (fr) or both upper and lower cutoff frequencies are obtained at the
output of ANN model while providing the dimensions of patch and other parameters as the
inputs of ANN model, as shown in Figure 3. This model is very significant for antenna
researchers to determine the dimensions and other parameters of microstrip antenna.

The range of dielectric constants should be taken between 2.2 and 12 but the dielectric substrate
should be thicker and the dielectric constant should be less for obtaining high efficiency and

Figure 1. Basic layout of rectangular patch antenna.
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wide bandwidth. The effective thickness (he) and effective dielectric constant (εreff) are calculated
using Eqs. (1) and (2), where h is thickness and εg is the geometric mean of dielectric constant.

he ¼
ffiffiffiffiffiffiffiffi
εr
εg

h
r

ð1Þ

εef f ¼
εg þ 1

2
þ εg � 1

2
1þ 12

he
W

� ��1
2

ð2Þ

If the velocity of light is denoted by C, the width of antenna is calculated using Eq. (3).

W ¼ C
2f o

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2

εg þ 1

s
ð3Þ

Eqs. (4) and (5) represents the real length of the patch (L).

L ¼ Lef f � 2ΔL ð4Þ

L ¼ 1
2f r

ffiffiffiffiffiffiffiεef f
p ffiffiffiffiffiffiffiffiffiμoεr

p � 2ΔL ð5Þ

The fringing property of patch gives rise to the extended electric length, which is illustrated by
Eq. (6)

Figure 2. The synthesis of microstrip patch using ANN model.

Figure 3. The analysis of microstrip patch using ANN technique.
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ΔL ¼ 0:412h
ðεref f þ 0:3Þ w

h
þ 0:264

� �

ðεref f � 0:258Þ w
h
þ 0:813

� � ð6Þ

2. Synthesis and analysis problem for microstrip patch antenna

Synthesis is defined as to obtain the dimensions of microstrip patch while providing the
resonant frequency, thickness, and dielectric constants of the dielectric material as the input
parameters of ANN model (Figure 2). Dimensions of patch are computed using the designed
equations of the microstrip patch antennas. For the analysis problem of patch antenna, reso-
nant frequency (fr) or both upper and lower cutoff frequencies are obtained at the output side
of ANN model while providing the dimensions of patch (W, L) and other parameters (εr, εy , h)
at the input side of ANN model (Figure 3). These ANN models are easily applicable and very
useful for researchers to judge the accurate upper and lower cutoff frequency, bandwidth,
resonant frequency, and accurate dimensions of patch antenna. Here εr and εy represent the
electrical properties of the dielectric material.

2.1. ANN architecture for microstrip antenna

There are many algorithms of ANN which is used to train the neural network [12]. In this
work, back-propagation training algorithm was applied to train the neural network and to
build the ANN models for patch antenna. This algorithm is explained in Section 2.1.1.

2.1.1. Back-propagation algorithm

In this algorithm, connections are done from input layer to hidden layer and to output layer. The
network is trained using the gradient descent method and the error calculated is sent back to the
hidden layer as well as the output layer for weight adjustments [13]. In multilayer perceptron
network there are two sets of weights, namely from input layer to hidden layer and from hidden
to output layer. The error due to the second set of weights is calculated using the delta rule and
the error is required to propagate from output layer to input layer so that the error can be assigned
proportionately to the weights which caused it. This problem is known as credit-assignment
problem and helps in deciding which weights should be altered and by how much. This problem
can be solved by using the error back-propagation algorithm, which works in two passes:

1. Forward pass: it takes input vector, computes function, and evaluates derivative of error
function with respect to weights.

2. Backward pass: it propagates the error derivatives backward and computes the weight
adjustments.

This algorithm uses the supervised learning mechanism.

In multilayer feed-forward networks, normally, there is an input layer, one or two hidden layers
and one output layer. The raw values are given to the input layer, computations are done at the
hidden layer and their activations are given to the output layer where each pattern is given a
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specific classification category. In this algorithm, we are giving a solution to credit assignment
problem using partial derivatives to find out howweightwij effects the errorwhich is represented
by Eq. (7).

∂E tð Þ
∂Wij tð Þ ð7Þ

Here, partial derivatives are used because the direction of the errors can be determined, which
may be positive or negative. If this derivative to be negative, this will add in weight and finally
decreases the error and thus local minima can be reached (see step 6 of algorithm). This shows
that if derivative of error is positive, the weight increases by adding a negative value to the
weight and conversely, if negative. Procedure of taking derivative in this algorithm starts from
weights of output layer to input layer, that is why, it is known as “back-propagation algo-
rithm.” Figure 4 represents the three layers fully connected feed-forward network using the
back propagation algorithm [14]. It consists of three layers: one input layer, one hidden layer,
and one output layer. Here, x1, x2, …, xn are the input neurons. xb is the bias input, with
associated weight w1b. w1b can increase or decrease in the net output of activation function
depending on its positive or negative value.

The value of w1b is kept constant throughout the process. It can be 0 or � 1. y1, y2, …, yj are the
hidden neurons and O1, O2, …, Om are the output neurons. vjn represents the input hidden
layer weights, that is, these are the weights associated with input layer neurons connected to
hidden layer neurons. wmj represents the output-hidden layer weights, that is, these are the
weights associated with hidden layer neurons connected to output layer. Input, hidden, and
output layers can be represented with the help of vectors as illustrated in Eqs. (8-10).

x ¼ x1, x2,…, xn½ �t  input training vector ð8Þ

y ¼ y1, y2,…, yj
h it

 hidden layer vector ð9Þ

O ¼ O1,O2,…,Om½ �t  output vector ð10Þ

Figure 4. Three-layer fully connected feed-forward network.
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where ‘t’ indicates transposition of matrix.

Given are P training pairs

{x1, a1, x2, a2,…, xP, aP} and there is a bias ¼ �1, η is the learning constant. Here a1, a2, and aP are
the desired output vector response.

Step 1: η > 0, Maximum error Emax is chosen.

Step 2: Weights are initialized at small random values, E 0;p 1;k 1

where E ¼ present error; p ¼ counter with in the training cycle; k ¼ training step counter.

Step 3: Now begin the training process. Input is provided to input layer and output is
Calculated as given in Eqs. (11) and (12).

x xP, a aP

yj ¼ f vtjx
� �

where j ¼ 1, 2, 3, 4,…, J ð11Þ

Ok ¼ f wt
jy

� �
where k ¼ 1, 2, 3, 4,…, K ð12Þ

Here f (.) is the activation function.

Step 4: Calculate the new value of error by using previous value of error, desired output ak and
actual output Ok using Eq. (13).

E0 ¼ 1
2

ak �Okð Þ2 þ E where k ¼ 1, 2, 3, 4,…, K ð13Þ

Step 5: Now value of error for both the layer is computed.

Error signal for output layer is calculated using Eq. (14).

δok ¼ 1
2

ak �Okð Þð1�Ok
2Þ for k ¼ 1, 2, 3, 4,…, K ð14Þ

Eq. (15) represents the Value of error for middle (hidden) layer

δyj ¼ 1
2

1� yj
� �2Xk

k¼1
δok wkj for j ¼ 1, 2, 3, 4,…, J ð15Þ

Step 6: Now weights of output layer are adjusted using Eq. (16):

w
0
kj ¼ wkj þ ηδokyj where k ¼ 1, 2, 3, 4,…, K, where j ¼ 1, 2, 3, 4,…, J ð16Þ

Step 7: Now weights of Hidden layer are modified using Eq. (17).

v
0
ji ¼ vji þ ηδyjxi for i ¼ 1, 2, 3,…, I ð17Þ
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Step 8: If p is less than P then p ¼ p þ 1 and k ¼ k þ 1 and go to step 3, otherwise return back to
step 9.

Step 9: At last, the sequence of full training process is finished.

If the value of present error (E) < maximum error (Emax), then stop the training process and
now check out weights of output layer w and weights of hidden layer v.

If the present value of error (E) > maximum error (Emax), then E ¼ 0, p ¼ 1 and start a new
training sequence by return back to step 3.

In first step of training, η and Emax are chosen. Step 2 is the initialization step where values of
p, k, E, and weights are initialized. Step 3 is feed-forward step where both hidden layer and
output layer outputs are calculated. In step 4, errors are computed. In step 5, back-propagation
training takes place and error signal is computed for both hidden layer and output layer. In
step 7, output layer and hidden layer weights are adjusted, respectively. In step 8, it is checked
if p < P, then increment p and k and go to step 3, otherwise go to step 9. In step 9, if E < Emax, the
training is complete and if E > Emax, a new training cycle is started.

2.1.2. Learning factors of back-propagation network

The training of back-propagation networks is dependent on various parameters such as initial
weights, number of layers, number of neurons per layer, and updation rule.

1. Initial weight: the choice of initial weights determines how fast the networks will con-
verge. Typical value for choosing initial weights is between �1.00 and 1.00 or �0.5 and
0.5. The final solution may be affected by the initial weights of multilayer feed-forward

networks. One method of choosing the weight wij choosing is in the range
�3ffiffiffiffiffi
Oi
p ,

3ffiffiffiffiffi
Oi
p

� �
,

where Oi is the number of processing elements.

If all the weights are given equal values, the network may not be trained properly. If large
values are given to weights at the initial stage, then the system may be stuck at local
minima very near to starting point itself. So, it is necessary to initialize with small weights
uniformly distributed in a small range

2. Learning rate (η): the learning rate affects the convergence of back-propagation. A large
value of η simply increases the speed of convergence but this large value introduces
instability into the learning rule causing oscillations in the learned weights and on the
other hand, if η has small value, the speed of training will be less. For successful operation,
the range of η lies between10�3 and 10.

3. Number of training data: the numbers of input nodes are determined by the dimension,
or size or the input vector to be classified or generalized with a certain output quality. The
training data should be sufficient and proper for training.

4. Momentum: the gradient decent is very slow using small η and oscillates using large η.
The problem of the oscillations can be sorted out by adding a momentum factor to the
weight adjustments as illustrated in Eq. (18)
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Δw tð Þ ¼ �η∇E tð Þ þ αΔw t� 1ð Þ ð18Þ

where α is the selected momentum constant having values between 0.1 and 0.8. αΔw
t� 1ð Þ is called the momentum term. t and (t�1) indicates the current and most recent
training step, respectively.

5. Number of hidden layers nodes: in the case of all multilayer feed-forward networks, the
size of hidden layer is determined experimentally. For a network of a reasonable size,
the size of a hidden layer has to be only a small fraction of the input layer. For example,
if the network does not converge to a solution, it may need more hidden layers. On the
other hand, the user may use a small number of hidden layers when the network
converges.

6. Stopping criteria: stopping criteria are used to decide when the network problem has
been solved. It is possible to stop when:

i. The mean squared error is sufficiently small.

ii. The rate of change of the mean squared error is sufficiently small.

iii. Combination of above two criteria.

2.1.3. Realization of patch antenna with numerical results

IE3D electromagnetic simulation software is used for designing of the rectangular patch
antenna using the following design parameters.

Resonant frequency ¼ 4.99 GHz, dielectric constant ¼ 4.4, height of dielectric material
¼ 1.6 mm

Now, the dimensions of patch can be calculated using Eqs. (1)–(6) for 4.99 GHz resonant
frequency and given by

L ¼ 13.34 mm, W ¼ 17.7 mm

The basic design of microstrip patch antenna is shown in Figure 5. Here, 50 ohm port (Zo) is
connected to the patch by using the microstrip feed line technique. Feed is the point where
patch radiates maximum. Eq. (19) is used to calculate the width Wo of microstrip line, where
εreff is the effective dielectric constant.

Z0 ¼ 120Π=½√ðεref f Þ{W0=hþ 1:393þ :667 lnðW0=hþ 1:444Þ}� ð19Þ

which givesW0 ¼ 2.94 mm.

When IE3D electromagnetic simulation is performed, then we obtain the different resultant
graph between return loss and frequency. While changing the dimension of patch, the different
resultant graphs are obtained between return loss and frequency using simulation software, as
shown in Figures 6–8. Here all the dimensions are taken in mm.

(1) When W ¼ 17.7, L ¼ 13.34, εr ¼ 4.4, h ¼ 1.6
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Here, 4.94 GHz is the lower cutoff frequency (f1) and 5.04 GHz is the upper cutoff frequency
(f2). Furthermore, only one dimension of the patch will be varied while maintaining all other
parameters constant and vice versa. Frequency response between return loss and frequency
are obtained, as shown in Figure 7, which gives the upper and lower cutoff frequencies (f2, f1)
when the width and length of patch is 17.7 and 13.55 mm, respectively.

(2) When W ¼ 17.7 mm, εr ¼ 4.4, L ¼ 13.55 mm, h ¼ 1.6 mm

(3) When W ¼ 17.7 mm, L ¼ 14.15 mm, h ¼ 1.6, εr ¼ 4.4 mm

Figure 5. Design of microstrip patch antenna using simulation software.

Figure 6. Simulated response of patch at 4.99 GHz resonant frequency.
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Figures 6–8 represent the variation of frequency range of microstrip patch antenna with
respect to variation in dimensions. Around 25–30 samples are collected using the EM simula-
tion tool for ANN training for different dimensions, which are illustrated in Table 1. It is used
for the analysis of patch antenna.

Now, the neural network is constructed for rectangular microstrip patch antenna. For the
analysis problem of neural network, the dimensions (W, L) are considered as the input param-
eters of the ANN model whereas output parameters are upper and lower cutoff frequencies,

Figure 7. Simulated response of patch at 4.89 GHz resonant frequency.

Figure 8. Simulated response of patch at 4.77 GHz resonant frequency.
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which act as targets. The artificial neural network is trained by using the ANN feed-forward
back-propagation training algorithm and transfer function so that error can be minimized with
less computation time. Matlab neural network graphical user interface (GUI) toolbox is used as
a plateform for ANN training. The “nntool” command is used for ANN training in the GUI,
which will display the network or data manager window, as given in Figure 9.

After displaying this window, input and outputs are provided in the matrix form by clicking on
“new data.”. Now, a neural network is created by clicking on “New network.” Here, the feed-
forward back-propagation algorithm and trainlm (Levenberg-Marquardt back-propagation

Inputs (dimensions of patch in mm) Targets (lower and upper cutoff frequency in GHz)

W L f1 f2

17.7 13.34 4.94 5.04

17.7 13.55 4.86 4.95

17.7 13.65 4.82 4.91

17.7 13.85 4.8 4.89

17.7 14.05 4.77 4.85

17.7 14.15 4.73 4.81

17.7 14.25 4.71 4.79

17.7 14.35 4.69 4.76

17.7 14.45 4.66 4.73

18.3 13.85 4.78 4.87

18.3 14.35 4.65 4.73

18.8 14.35 4.61 4.7

18.8 14.85 4.49 4.55

19.3 14.85 4.47 4.55

19.3 15.35 4.37 4.41

19.8 15.35 4.35 4.41

20.3 15.85 4.31 4.37

20.3 16.35 4.29 4.35

20.8 16.35 4.27 4.33

20.8 16.85 4.26 4.33

21.3 16.85 4.21 4.27

21.3 17.35 4.16 4.21

21.8 17.35 4.14 4.19

21.8 17.85 4.02 4.04

22.3 17.85 3.99 4.01

22.3 18.35 3.92 3.93

Table 1. Simulated results for ANN analysis of patch.
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training function) are applying where supported transfer functions are purelin (linear transfer
function) and tansig (hyperbolic tangent sigmoid transfer function).

2.1.4. Analysis of microstrip patch antenna using artificial neural network

The network architecture is one of the basic building blocks for ANN to be deployed. It
determines how the number of layers and number of neurons are decided in the different
layers and how these layers are interconnected with each other through corresponding
weights. The numbers of inputs and output layers are always constant, that is, a single layer
is required at the input and output sides but it is very tough task to determine the number of
hidden layers and the number of neurons in it. The rule-of-thumb method is used for deciding
the number of neurons in the hidden nodes. According to this rule, the total numbers of
hidden layer neurons are summation of the size of output layer plus 2/3 of the input layer size.
The number of hidden layer neurons should be less than twice of the number of neurons in
input layer. The size of the hidden layer neurons is between the input layer size and the output
layer size. But the above three methods for determining the number of hidden nodes are not
always true because not only the input layer and the output layer determines the size of the
hidden layer neurons but also the dataset of training samples, types of architecture, the
training algorithm, and complexity of the activation function applied on the neurons decides
it. Multiple hidden layers are used in the applications where accuracy is the criteria and
training time is not important. Usually, one or two hidden layers are adequate for resolving
any nonlinear complex task. The third hidden layer can be added for improving accuracy, but
this will increase overall complexity of the neural network and the total training time will be
increased. Four hidden layers are not used in the neural network architecture because it cannot
follow the rule of thumb. If there are three hidden layers then total neurons in hidden layers
¼ 2 (3 � 2/3) (twice of input). Minimum hidden layer must be used in ANN to reduce the
complexity and training time. As shown in Figure 10, neural network architecture consists of

Figure 9. GUI of ANN.
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three layers. It has one input, one hidden, and one output layer. Input, hidden, and output layer
consists of two neurons. InputsW and L are applied at the input neurons while outputs f1 and f2
are obtained from the output neurons. The ANN training graph results for the analysis of
microstrip patch antenna are shown in Figure 11, which shows that 21 epochs are required for
ANN training. The full sets of input samples are passed through the artificial neural network for
minimization of the error in the back-propagation algorithms, which is known as an epoch.
Training graph reveals that error reduced from 101 to nearly 10�4, as shown in Figure 11.

Trained results (f1 and f2) for ANN analysis of patch are given in Table 2.

2.1.5. Synthesis of microstrip patch antenna using artificial neural network

Synthesis is defined as to obtain the dimensions of microstrip patch (W, L) as targets while
providing the cutoff frequencies (f1, f2), thickness and dielectric constants of the dielectric
material as the input parameters of ANN model. Around 25–30 samples are collected for
ANN training which is obtained by varying the dimensions of microstrip patch antenna using
electromagnetic simulation software as illustrated in Table 3. It is used for the synthesis of
patch antenna. Trained Results (W, L) for ANN Synthesis of patch is illustrated in Table 4. The
neural network is trained by using back-propagation algorithm. The ANN training graph

Figure 10. Neural network architecture for microstrip patch antenna.

Figure 11. ANN training results for analysis of microstrip patch antenna.
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Inputs (dimensions of patch in mm) Targets (lower and upper cutoff frequency in GHz)

W L f1 f2

17.7 13.34 4.9308 5.038

17.7 13.55 4.8705 4.9605

17.7 13.65 4.8512 4.9402

17.7 13.85 4.808 4.8948

17.7 14.05 4.7594 4.8438

17.7 14.15 4.7335 4.8165

17.7 14.25 4.7067 4.7884

17.7 14.35 4.6793 4.7596

17.7 14.45 4.6517 4.7305

18.3 13.85 4.7806 4.866

18.3 14.35 4.6474 4.726

18.8 14.35 4.6154 4.6924

18.8 14.85 4.4872 4.5577

19.3 14.85 4.4617 4.5309

19.3 15.35 4.3742 4.439

19.8 15.35 4.3592 4.4232

20.3 15.85 4.3042 4.3653

20.3 16.35 4.279 4.3385

20.8 16.35 4.2735 4.3324

20.8 16.85 4.2466 4.3027

21.3 16.85 4.2351 4.2897

21.3 17.35 4.1668 4.2123

21.8 17.35 4.1367 4.1781

21.8 17.85 4.0197 4.045

22.3 17.85 3.9887 4.0098

22.3 18.35 3.919 3.930

Table 2. Trained results for ANN analysis of patch.

Inputs (lower and upper cutoff frequency in GHz) Targets (dimensions of patch in mm)

f1 f2 W L

4.94 5.04 17.7 13.34

4.86 4.95 17.7 13.55

4.82 4.91 17.7 13.65

4.8 4.89 17.7 13.85

4.77 4.85 17.7 14.05
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Inputs (lower and upper cutoff frequency in GHz) Targets (dimensions of patch in mm)

f1 f2 W L

4.73 4.81 17.7 14.15

4.71 4.79 17.7 14.25

4.69 4.76 17.7 14.35

4.66 4.73 17.7 14.45

4.78 4.87 18.3 13.85

4.65 4.73 18.3 14.35

4.61 4.7 18.8 14.35

4.49 4.55 18.8 14.85

4.47 4.55 19.3 14.85

4.37 4.41 19.3 15.35

4.35 4.41 19.8 15.35

4.31 4.37 20.3 15.85

4.29 4.35 20.3 16.35

4.27 4.33 20.8 16.35

4.26 4.33 20.8 16.85

4.21 4.27 21.3 16.85

4.16 4.21 21.3 17.35

4.14 4.19 21.8 17.35

4.02 4.04 21.8 17.85

3.99 4.01 22.3 17.85

3.92 3.93 22.3 18.35

Table 3. Simulated results for ANN synthesis of patch.

Inputs (lower and upper cutoff frequency in GHz) Targets (dimensions of patch in mm)

f1 f2 W L

4.94 5.04 17.6823 13.2641

4.86 4.95 17.6905 13.751

4.82 4.91 17.7813 13.8311

4.8 4.89 17.8317 13.8756

4.77 4.85 17.8594 13.9008

4.73 4.81 17.9753 14.0034

4.71 4.79 18.0396 14.0602

4.69 4.76 18.0393 14.0613

4.66 4.73 18.1438 14.154
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results for the synthesis of microstrip patch antenna is shown in Figure 12 which shows that
100 epochs are required for ANN training and error get reduced from 102 to nearly 10�2.

Inputs (lower and upper cutoff frequency in GHz) Targets (dimensions of patch in mm)

f1 f2 W L

4.78 4.87 17.8858 13.9234

4.65 4.73 18.2604 14.2558

4.61 4.7 18.5302 14.4931

4.49 4.55 18.8415 14.7789

4.47 4.55 19.2449 15.1307

4.37 4.41 19.3158 15.2211

4.35 4.41 19.8384 15.6756

4.31 4.37 20.1946 15.9979

4.29 4.35 20.3849 16.1706

4.27 4.33 20.5834 16.3509

4.26 4.33 20.9421 16.6629

4.21 4.27 21.2251 16.9371

4.16 4.21 21.4873 17.2026

4.14 4.19 21.7157 17.4157

4.02 4.04 21.885 17.7323

3.99 4.01 22.1746 18.0291

3.92 3.93 22.3253 18.3111

Table 4. Trained results for ANN synthesis of patch.

Figure 12. ANN training results for synthesis of microstrip patch antenna.
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Network errors and weights are obtained in matrix form during ANN training as given below.

Network errors:

[0.20766 0.10947 0.018694 �0.031744 �0.05942 �0.17535 �0.23957 �0.2393 �0.34378 0.41415
0.039568 0.26975 �0.041452 0.055095 �0.015806 �0.038441 0.1054 �0.084949 0.21663 �0.14213
0.074867 �0.18731 0.084323 �0.085043 0.12542 �0.025298;
�0.31411 �0.20102 �0.1811 �0.025609 0.14918 0.14663 0.1898 0.28873 0.296 �0.073367
0.094171 �0.14313 0.071068 �0.28069 0.12893 �0.32561 �0.14788 0.17943 �0.00094985
0.18709 �0.087086 0.14741 �0.065711 0.11766 �0.17911 0.038876]

Weights

[1.0349 3.4722;

3.0377 2.2758]

3. Conclusion

In this work, the rectangular microstrip patch antenna is designed using the artificial neural
network modeling procedure. Here synthesis refers to forward side and analysis refers to
reverse side of the problem. Therefore in synthesis problem, the geometric dimensions such
as length and the width of antenna are obtained with more accuracy in less time as compared
to simulation software while providing resonant frequency, thickness, and dielectric constant
at the input side of the ANN model. In the analysis problem of patch antenna, resonant
frequency or both upper and lower cutoff frequencies of patch antenna are obtained at the
output side of the ANN model while providing the dimensions of patch (W, L) and other
parameters at the input side of the ANN model with much accuracy in less time.

Now the future work in this work includes trying more topologies to obtain more compact
patch antennas, filters, and many other microwave/RF modeling design using artificial neural
network for different band of applications such as ultra-wideband (UWB), Global System for
Mobile communications (GSM), and WiMAX applications.

Appendix

MATLAB program for finding out the dimensions of microstrip patch antenna using the ANN

NNTWARN OFF

disp_freq ¼ 100;

max_epochs ¼ 8000;

%1r ¼ 0.013;

err_goal ¼ 0.009;
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p ¼ [4.94 4.86 4.82 4.8 4.77 4.73 4.71 4.69 4.66 4.78 4.65 4.61 4.49 4.47 4.37 4.35 4.31 4.29 4.27 4.26
4.21 4.16 4.14 4.02 3.99 3.92;

5.04 4.95 4.91 4.89 4.85 4.81 4.79 4.76 4.73 4.87 4.73 4.7 4.55 4.55 4.41 4.41 4.37 4.35 4.33 4.33 4.27
4.21 4.19 4.04 4.01 3.93];

tx ¼ [17.7 17.7 17.7 17.7 17.7 17.7 17.7 17.7 17.7 18.3 18.3 18.8 18.8 19.3 19.3 19.8 20.3 20.3 20.8
20.8 21.3 21.3 21.8 21.8 22.3 22.3;

13.35 13.55 13.65 13.85 14.05 14.15 14.25 14.35 14.45 13.85 14.35 14.35 14.85 14.85 15.35 15.35
15.85 16.35 16.35 16.85 16.85 17.35 17.35 17.85 17.85 18.35];

%bus6

[w1,b1,w2,b2] ¼ initff(p,2,'tansig',tx,'purelin');

Tp ¼ [disp_freq,max_epochs,err_goal];

[w1,b1,w2,b2,epochs,tr] ¼ trainbpx(w1,b1,'tansig',w2,b2,'purelin',p,tx,tp);

gil ¼ simuff(p,w1,b1,'tansig',w2,b2,'purelin')

save patch1.mat;

Find the output:

P ¼ [4.94 ; 5.04];

Result ¼ simuff(p,w1,b1,'tansig',w2,b2,'purelin')

outputs:

[17.683 ; 13.265]
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Abstract

In this chapter, a novel feeding mechanism for single layer microstrip patch antenna to 
generate circular polarization using electromagnetically coupled microstrip T junction 
is presented. The antenna structure eliminates the need for capacitors in the RF path 
for active antenna applications in wireless local area network (WLAN). The simulated 
results were verified by measurement using the vector network analyzer.

Keywords: active antenna, DC isolation, T-stub coupled, circularly polarized

1. Introduction

Wireless local area networks (WLAN) use antennas with different standards having charac-
teristics such as miniaturization, conformability, wideband operation, multiple resonances 
and good gain. New microstrip antenna designs hence provide an ideal solution due to these 
features [1, 2]. Active antennas integrate the circuit with radiation properties into a monolithic 
microwave integrated circuit; a significant research area in recent years. Broadband wireless 
communications have increased rapidly in recent years demanding quality of service, secu-
rity, handover and increased throughput for the wireless local area networks. The aim of next 
generation wireless communication is high-speed networking service enabling multimedia 
communication. An important high data rate wireless broadband communication standard is 
ETSI high performance local area network type 2 (HIPERLAN 2) which uses 5.15–5.725 GHz 
band with omni-directionality. Dual circularly polarized antennas, as far as active integrated 
antennas are concerned, are compact and single layered.

A drawback of single layered patch antenna structures, whether probe fed or microstrip line 
fed, for active antennas with dual polarization, is their DC contact between ports via the patch. 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Active antennas require DC isolated ports. A solution is to embed additional capacitors in the 
RF path or use multilayered structures like aperture coupling. High Q lumped RF capacitors are 
monetarily expensive and complicated to model in the design process of active antennas, with an 
increase in the physical size and cross polarization levels. Circular polarization provides flexibil-
ity in antenna orientation between transmitter and receiver, better mobility, weather penetration 
features and reduction in multipath fading effects. However, some inherent limitations include 
the attainable impedance and axial ratio bandwidths [3, 4]. Plenty of investigations have been 
carried out on this subject, which include design of circularly polarized microstrip antennas with 
single feed and narrow axial ratio bandwidth and also with double feed with relatively wide 
axial ratio bandwidth. The structure presented in this chapter is capable of providing DC as 
well as RF isolation, direct 50 Ω matching and increased bandwidth compared to other single 
layer feeding mechanisms. The antenna is circularly polarized in broadside direction which is 
an attractive feature for WLAN applications. Good gain and axial ratio bandwidth are attained.

2. Design of the antenna structure

The antenna structure presented in this chapter consists of two-coupled microstrip T junc-
tions on adjacent sides of a square patch as shown in Figure 1. The T junctions transform 
the high radiation resistance of the patch to lower impedance [5]. The microstrip Ts have DC 
isolation between them; there is no need for capacitors in the RF path in dual polarized active 
antenna applications [6, 7]. The small width of the microstrip T causes the currents in the two 

Figure 1. Top view of the microstrip T-stub coupled patch antenna.
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antenna applications [6, 7]. The small width of the microstrip T causes the currents in the two 

Figure 1. Top view of the microstrip T-stub coupled patch antenna.
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arms of the microstrip Ts to be in opposite directions to the excited TM modes. Therefore, the 
radiation pattern of the structure is not affected significantly by the microstrip T. By control-
ling the length of the T arm and the distance between the patch and the T arm, we can achieve 
50 Ω impedance match. Dimension of the patch is 16.8 mm × 16.8 mm. The T-arms provided 
on both radiating and non-radiating edge are fed by a co-axial probe. Two rectangular slots 
loaded on the patch on opposite sides provide circular polarization as in Figure 1. Slot load-
ing on opposite edges significantly improves bandwidth besides providing circular polariza-
tion [8]. The co-axial probe feed point is 10 mm to the left of centre and 3 mm below the centre 
of the patch. In this simulation, a 6 dBi gain bandwidth of 350 MHz is obtained.

The antenna was fabricated on a 1.6 mm thick PTFE substrate with dielectric constant εr = 2.32 
and loss tangent tanδ = 0.001. The fabricated antenna prototype is shown in Figure 2.

3. Simulated and measured results for the structure

The simulated and measured resonance frequencies are 5.22 and 5.205 GHz as shown in 
Figures 3 and 4, respectively. The simulated and measured return losses are −27 and −25 dB as 
shown in Figures 3 and 4, respectively. Simulated axial ratio is shown in Figure 5. Minimum 
axial ratio is 0.2 dB. The simulated and measured −10 dB impedance bandwidths are 380 MHz 
as shown in Figure 6 and 350 MHz as shown in Figure 4.

The simulated results of radiation pattern and gain of the structure are presented in Figures 7 
and 8, respectively. Radiation is in the broadside direction and the highest gain obtained is 
6.5 dBi. The 6 dBi gain bandwidth product is 350 MHz which is well within the range of the 
WLAN application in the 5.2 GHz band. A good gain is obtained throughout the entire range 
of application and the antenna has 77% antenna efficiency as shown in Figure 9.

Figure 2. Photograph of fabricated microstrip T-stub coupled patch antenna.
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Figure 5. Simulated axial ratio.

Figure 3. Simulated return loss.

Figure 4. Measured return loss.
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Figure 6. Simulated VSWR.

Figure 7. Simulated radiation pattern.
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Tables 1 and 2 show the simulated and measured results.

Figure 8. Simulated gain.

Figure 9. Simulated efficiency.

Resonance 
frequency

Return loss S11 10 dB 
Return loss 
bandwidth

Max. gain (dBi) 6 dBi gain 
bandwidth

Min. axial 
ratio

3 dB axial 
ratio 
bandwidth

Efficiency

5.22 GHz −27 dB 380 MHz 6.5 dBi 350 MHz 0.2 dB 180 MHz 77%

Table 1. Simulated results.
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4. Conclusion

A compact and broadband circularly polarized microstrip patch antenna structure with 
T-shaped electromagnetically coupled ports was designed, simulated, fabricated and tested. 
The antenna structure is intended for active antenna WLAN applications. The simulated 
results are verified by the measurement using the vector network analyzer. For active antenna 
applications, the structure does not need any capacitor in the RF path of the circuit.
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Abstract

In the last few years, bio‐inspired solutions have attracted the attention of the scientific 
community. Several world‐renowned institutions have sponsored and created laborato‐
ries in order to understand the forms, functions and behavior of living organisms. Some 
methods can be highlighted in the search for geometric representation of the shapes 
found in the nature, the fractal geometry, the polar geometry, and the superformula of 
Gielis. This chapter is focusing on bio‐inspired microstrip antennas, especially on leaf‐
shaped antennas from the Gielis superformula that open a vast research field for more 
compact antennas with low visual impact.

Keywords: bio‐inspired, Gielis superformula, compact antenna, leaf‐shaped antennas, 
visual impact

1. Introduction

From the 1990s, with the advent of the Internet, the popularization of portable terminals (lap‐
tops, mobile phones, etc.) favored the telecommunications industry and the infrastructure of 
networks experienced a remarkable growth [1, 2]. When the information age emerges from 
an increasingly networked world, the digital information, and communication technology 
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permeate the society and are increasingly important to their development [3, 4]. Modern wire‐
less applications demand esthetic, multifunctional, and portable terminals that operating in 
multiple frequency bands and can integrate different wireless services: 4G, Wi‐Fi, Bluetooth, 
NFC, GPS and so on. Future trends toward 5G systems also require enhanced mobile broad‐
band for emergent applications [5].

With the rapid advance of wireless communication systems, the use of antennas in base sta‐
tions and portable terminals must meet increasingly stringent criteria, such as miniaturiza‐
tion, integration with other systems, and multiband or broadband operation [1–4]. Due its 
attractive features, low‐profile microstrip antennas (MSA) and arrays are well suitable to meet 
the demands of fixed or mobile wireless applications [6–9].

Antenna parameter specifications change according to application. Indeed, fixed antennas 
must have high gain, stable radiation pattern, and bandwidth tolerance; embedded anten‐
nas should be efficient in radiation and possess larger beam width [3]. In short‐range UWB 
wireless systems, the antenna bandwidth exceeds the lesser of 500 MHz or 20% of the center 
frequency [9]. Thus, impedance bandwidth, gain, radiation pattern, and polarization are fun‐
damental parameters for antenna designers to take into account.

A trend in the application of antennas for modern wireless systems is the use of compact 
antennas with stable radiation coverage over a wideband [2–4]. An antenna must be compact 
in many situations: embedded antennas, wearable antennas, camouflaged antennas, and so 
on. However, most often an antenna electrically small narrows the impedance bandwidth, 
reduces gain, and limits control of the resulting radiation pattern [4, 6, 9].

Various institutions around the world have invested resources and established research cen‐
ters with focus on biologically inspired engineering as the Massachusetts Institute Technology, 
the London College, and the Harvard University, for example. This research branch looks 
in nature similar solution to the problems encountered in engineering. With appropriate 
adjustments, it is possible to adapt the solutions used by the nature of the engineering prob‐
lems [10]. According to [11], the development of a bioinspired methodology requires three 
steps: identification of analogies, with structures and methods that are similar; understand‐
ing, detailed modeling of actual biological behavior; and engineering, which is the process of 
model simplification and adjustments to technical applications.

The researches that use the bio‐inspired geometry for the development of antennas are recent 
and can be divided into two groups: antennas with bio‐inspired geometries in animals and 
antennas with bio‐inspired geometries in plants. Bio‐inspired antennas in animals try to use 
internal organs or external parts of the animals which work analogously to the operation of 
the antennas used in the communication systems. A biomimetic antenna in the shape of a 
bat’s ear [12] can be cited, a biologically inspired electrically small antenna arrays that mimic 
the hearing mechanism of such insects [13], an antenna system based on the wasp’s curved 
antennas [14] and a biologically inspired vascular antenna reconfiguration mechanism [15]. 
Research on antennas with bio‐inspired plant geometries uses the plants or part of them (stem, 
leaves, and flowers) to develop antennas for various frequencies and technologies. The study 
of microstrip antennas with models bio‐inspired on leaves (leaf‐shaped antennas) has aroused 
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the interest of researchers due to the good results. The leaves present similar characteristics 
to fractals as, for example, the reduction of the total dimensions with the increase of perim‐
eter. Furthermore, the leaves have a light‐harvesting reaction center complex, i.e., an array 
of antennas capable of operating in the visible light range (400–700 nm) with characteristics  
which analog to satellite dishes. The main purpose of the leaf shape is to capture the sunlight 
to transform it in chemical energy by a photosynthesis process. The bioinspired on leaves 
open a vast research field for more compact antennas with low visual impact. Among the 
published works, the following can be highlighted. A leaf‐shaped monopole antenna with an 
extremely wide bandwidth is introduced in Ref. [16] and a leaf‐shaped bowtie slot antenna 
for UWB applications in Ref. [17]. A band‐notched tulip antenna for UWB applications is pre‐
sented in Ref. [18] and a wide‐band tulip‐loop antenna in Ref. [19]. More recently, a MIMO 
antenna using castor leaf‐shaped quasi‐self‐complementary elements for broadband applica‐
tions and a bio‐inspired design of directional leaf‐shaped printed monopole antennas for 4G 
700 MHz band are presented in Refs. [20] and [21], respectively.

This chapter discusses the design of innovative bio‐inspired microstrip antennas with frac‐
tal, polar, and Gielis shapes, which are optimized for wireless applications. Section 2 pres‐
ents the different methods to generate bio‐inspired shapes. In section 3 are presented some 
applications including esthetic wearable antennas and antenna arrays. In this last section, 
the results obtained from the Gielis superformula are highlighted due to the simplicity and 
flexibility of the formulation. Simulations are performed using ANSYS Electronics Desktop. 
Measurements of prototypes are compared to simulations and classical designs as circular 
printed monopole antenna in some cases.

2. Bio‐inspired shapes

2.1. Fractal and polar transformations

From a mathematical point of view, a fractal refers to a set in Euclidean space with specific 
properties, such as self‐similarity or self‐affinity, simple and recursive definition, fractal 
dimension, irregular shape, and natural appearance [22]. Fractal geometry is the study of 
sets with these properties, which are too irregular to be described by calculus or traditional 
Euclidian geometry language [22, 23].

Fractals are resort to conventional classes, such as geometrical fractals, algebraic fractals, and 
stochastic fractals [24]. Two common methods used to generate mathematical fractals are iter‐
ated function systems (IFS) and Lindenmayer systems [22–25].

Lindenmayer system (or L‐system) was initially conceived to model growth phenomena in 
biological organisms [26]. An L‐system grammar performs an initial string of symbols (axiom) 
and includes a set of production rules that may be applied to the symbols (letters of the L‐sys‐
tem alphabet) to generate new strings.

In Figure 1 are shown four examples of fractal iterations using IFS and L‐system.
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Like fractals, polar transformations give rise to a wide class of shapes. A polar transformation 
is defined in this chapter through a vector function   v →  (t) =   (  x  (  t )   , y  (  t )    )   ,    t ≥ 0 , that is, for each real 
value, t is associated with a vector in   ℜ   2  , Eq. (1). An example of an esthetic polar transforma‐
tion is defined by Eq. (2) and presented in Figure 2 for k varying up to k = 24 petals.

: F+F+F+F
→ F-F+F+FF-FF+F{

T : (1, 0, 0, 1, 0, 0, -){ 1
T : (0.5, -0.866, 0.866, 0.5, 1, 0, -)2
T : (0.5, 0.866, -0.866, 0.5, 1.5, 0.866, -)3
T : (1, 0, 0, 1, 2, 0, -)4

T : (0, 0, 0, 0.16, 0, 0, 0.1){ 1
T : (0.5, 0.04, -0.04, 0.85, 0, 1.6, 0.86)2
T : (0.2, -0.16, 0.23, 0.22, 0, 1.6, 0.96)3
T : (-0.15, 0.18, 0.26, 0.24, 0, 0.44, 1)4

: F+F+F+F
:F→ F+F-F-F+F{

a) b)

c) d)

Figure 1. IFS and L‐system prefractals: (a) Koch curve; (b) modified Barnsley fern; (c) Koch island; (d) Minkowiski island.

k = 2 k = 24k = 6 k = 8 k = 16

Figure 2. Esthetic space‐filling polar transformation for k varying up to k = 24.
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 v →  (t) :   I →  ℜ   n 

   
t →  v →  (t)

    (1)

   v →  (t ) =   (  1 +   
cos (t )

 _ 2   )    ⋅   (  cos   (    
2t − sen(2t)

 _ k   )   , sin   (    
2t − sen(2t)

 _ k   )    )   ,    0 ≤ t ≤ kπ  (2)

2.2. Gielis superformula

The superformula is a generalization of the superellipse and was first proposed by Johan 
Gielis in 2003 [27]. With this model, it is possible to describe mathematically a wide variety of 
natural and abstract forms, such as leaf and flower shapes, for example. Gielis started from 
the concept of superellipses (3) and obtained the superformula (4), which is based on the idea 
that many natural forms can be interpreted as modified circles. To obtain this result, it was 
used polar coordinates, replacing  x = r . cos   (  ϕ )     and  y = r . sin ϕ   in addition to introducing the 
argument m/4, which confers rotational symmetry in some structures, and the possibility of 
using different values of exponent n for each term (through n1, n2, n3).

    |    x __ a   |     
n
  +   |    

y
 __ b   |     

n

  = 1  (3)

  r  (  ϕ )    =   1  ___________________________    
 {    [    (    |    1 _ a   cos  (  ϕ   m _ 4   )    |    )     

n2
  +   (    |    1 _ b   sin  (  ϕ   m _ 4   )    |    )     

n3
  ]     

  1 ___ n1  

  }  
    (4)

From the manipulation of the six parameters (a, b, m, n1, n2, n3) of (4), called the Gielis super‐
formula, it is possible to generate and modify several shapes. The superformula can also be 
multiplied by other mathematical functions, generating other forms. In order to illustrate 
the possibilities of the superformula, some examples of star shaped, leaf shaped, butterfly 
shaped, and flower shaped were generated. These shapes can be seen, with all the parameters 
used, in Tables 1–4, respectively.

Superformula parameters

Shape a b m n1 n2 n3 Function φ

1 1 7 10 6 6 1 0:2π

10 10 5 2 7 7 1 0:2π

1 1 5 2 13 13 1 0:2π

Table 1. Star‐shaped geometries.
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3. Applications in microstrip antennas

The bio‐inspired shapes are generated using the software MATLAB© in format DXF.

The simulations were performed with the commercial software ANSYS Electronics Desktop™, 
and the measurements in the Radiometry Laboratory of the Federal University of Campina 
Grande, with the VNA Agilent Technologies, model E5071C‐280 (9 kHz–8.5 GHz) and the 
Measurements Laboratory of the Federal Institute of Paraíba (IFPB), Campus João Pessoa, using 

Superformula parameters

Shape a b m n1 n2 n3 Function φ

1 1 10 0.1 10 0.01 1 0:2π

10 1 100 1 0 4 1 0:2π

1 1 2.5 100 2.7 2.7    |  cos  (  mϕ )    |    0:2π

Table 4. Flower‐shaped geometries.

Superformula parameters

Shape a b m n1 n2 n3 Function φ

1 1 4 0.2 0.5 15    |  cos  (  mϕ )    |    0:2π

1 1 4 0.2 0.5 15 1 0:2π

1 1 4 0.2 0.5 15    |  cos  (  2mϕ )    |    0:2π

Table 3. Butterfly‐shaped geometries.

Superformula parameters

Shape a b m n1 n2 n3 Function φ

1 1 2 500 1000 1000 1 0:2π

2 2 3 1 1 1 1 0:2π

2 2 2 1 1 2 1 0:2π

Table 2. Leaf‐shaped geometries.
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the VNA of Agilent Technologies model N5230A (300 kHz–13.5 GHz). The characterization  
of denim substrate was performed by the probe method using a VNA of Agilent model 
E5071C (300 kHz–20 GHz).

The rigid antennas were designed using a low‐cost fiberglass laminate (FR4) as dielectric sub‐
strate with a thickness of h = 1.5 mm, dielectric constant of εr = 4.4, and loss tangent of 0.02.

The wearable bio‐inspired antennas were designed using a denim as dielectric substrate with a 
thickness of h = 1 mm, dielectric constant of εr = 2.14 and loss tangent of 0.08, and flexible copper.

3.1. Wearable bio‐inspired prefractal antennas

The use of wearable antennas are necessary some characteristics as easy interaction with the 
body, low visual impact, preferably low cost, and flexible structure [28], and for this reason, 
the materials used in the manufacture of the wearable antennas must follow some require‐
ments: easy interaction with the body, flexible structure, reduced visual impact, and prefer‐
ably low cost [28].
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presents the image generated by MATLAB® using turtle algorithm. Figure 3(c) and (d) show 
the top and bottom layers of the prototype built, respectively.

As observed in Figure 3(e), the antenna presents an UWB behavior operating between the C‐
Band (4–8 GHz) and X‐Band (8–12 GHz), with measured bandwidth of 5.95 GHz (5.9–1.85 GHz), 
and good relationship between simulated and measured results, with difference in bandwidth 
of 17%.

3.2. Bio‐inspired polar microstrip antennas

Figure 4 shows frequency resonance of bio‐inspired polar microstrip antenna for k‐interac‐
tions (k = 1, 8 12, 16, 24, 32, 40, 48, 56, 64) and the comparison of measured |S11| parameter, 
with prototype images. The proposed of bio‐inspired patch antennas is based on a circle patch 
antenna with displaced microstrip line feed, and quarter‐wave transformer, with dimensions 
calculated accordingly [7, 9].

Figure 4 shows the |S11| parameters measured of the polar antennas to k = 8, 16, and 24. We 
noted that the increase of the patch perimeter by use of polar interaction provides a reduction 
of the resonant frequencies, similar to the fractal comportment.

Figure 5 shows the use of polar transformer in development of the array patch antenna with 
4 petals, k = 8 interactions. The polar array presented good response, with simulated and 
measured results closed, and loss return less than −45 dB, bandwidth of 101 MHz, cover the 
WLAN band in 2.4 GHz.
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3.3. Leaf‐shaped antennas from Gielis superformula

3.3.1. Tulip flower–shaped antenna

The image of the tulip flower with three petals was generated by the Gielis superformula using 
the software MATLAB®, with values: m = 2, n1 = 400, n2 and n3 =1200, a and b = 1. In Figure 6 are 
shown the dimensions of the petals, the design simulated, and the prototype antenna.

The radiation element is composed of one central petal and two lateral petals with an inclina‐
tion of 25°. The antenna was designed for a first resonance frequency at 2.1 GHz, with wave‐
length of λ ≈ 13 mm, which was used as approximated dimension between the edge and the 
center of the structure.

Figure 7 presents the comparison of simulated and measured |S11| parameter of the tulip 
flower–shaped antenna. In Table 5, it can be observed the measured and simulated values of 
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resonant frequencies and bandwidth of the bio‐inspired antenna. It can be noted that both anten‐
nas comply with the FCC parameters with a bandwidth greater than 7.5 GHz (3.1–10.6 GHz).

The 3D radiation patterns simulated for the frequencies of 6.3 and 8.6 GHz can be observed 
in Figure 8(a) and (b). The 2D radiation patterns simulated for the same frequencies can be 
observed in Figure 8(c) and (d) with radiation pattern measured in semi‐anechoic chamber 
for Phi = 90°. The results cover the FCC parameters, with omnidirectional radiation pattern, 
half power beam width (HPBW) greater than 60°, maximum gain in broadside direction, and 
current density of 6 A/m2.

3.3.2. Jasmine flower–shaped antenna

Based on a circular planar monopole antenna (PMA) with a radius of 10.71 mm, a bio‐inspired 
printed monopole antenna with the geometry of jasmine flower with 10 petals was designed. 
The image of the jasmine flower with 10 petals with 1 mm long was generated by Gielis super‐
formula using the software MATLAB®, with values: m = 10, n1 = −2, n2 and n3 = 1.2, a and b = 1, 
and the parameters: m = 10, n1 = 8, n2 and n3 = −0.6, a and b = 1 for petals with 7 mm long.

Antenna BW (GHz) f1 (GHz) f2 (GHz)

1 Simulated 9.45 1.37 10.82

2 Measured 9.56 2.77 12.33

Table 5. Measured and simulated values of resonant frequencies and bandwidth of the bio‐inspired antenna.
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In Figure 9 are shown the shapes generated, simulated structures with dimensions, and pro‐
totypes of the proposed antennas. The use of the bio‐inspired geometry provided a reduction 
of 11.3% in comparison with the classical PMA.

As seen in Figure 10, for the circular PMA, measured and simulated results are close, indicat‐
ing convergence between the designed and built prototypes.
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In order to validate the simulations, two prototypes of bio‐inspired PMA were built with petal 
lengths of 1 and 7 mm. The comparisons between simulated and measured results are shown 
in Figures 11 and 12.

It can be seen, from the Figures 11 and 12, that increasing the length defining the petals allows 
a reduction in the radius of the patch element in 11.30% and promotes the modification of the 
resonance frequency. The antenna with 7 mm presented an operating range within the range 
of the X‐Band frequency. The measurements of the return loss of the circular PMA and the bio‐
inspired antenna with a petal length of 7 mm present a higher bandwidth than the simulation. 
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The bio‐inspired antenna with a petal length of 1 mm presents a bandwidth 11% lower com‐
pared to simulations, but still cover the UWB range.

The bio‐inspired geometry of a jasmine flower increases the perimeter of the antenna com‐
pared to a classical PMA and consequently the frequency behavior. The perimeter of the 
antenna is bigger without changing its size. In the case of petal, length of 7 mm is possible to 
change the resonance frequency and bandwidth to operate in the X‐band range (8–12 GHz).

The Figure 13 shows the measured values of the circular PMA and the bio‐inspired antennas 
with petal length of 1 and 7 mm.
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The difference between the resonance frequencies and bandwidth of the built antennas is 
presented in Table 6.

Figure 14 shows the 3D simulated radiation patterns of the circular PMA and the bio‐inspired 
antennas with petal length of 1 mm and 7 mm. The radiation patterns at 7.13 GHz of the cir‐
cular PMA, at 7.06 GHz, of the jasmine flower with petal length of 1 mm and at 9.25 GHz of 
the jasmine flower with petal length of 7 mm are presented in Figure 14(a)–(c), respectively. 
The antennas presented maximum gain in the broadside direction close to 6 dBi and omnidi‐
rectional radiation pattern.

3.3.3. Wearable ginkgo biloba leaf‐shaped antenna

The ginkgo biloba is a plant of Chinese origin; its name means silver apricot and can be found 
on all continents. The leaves of this plant have interesting characteristics, such as good ratio 
between its length and width, and a geometry with a larger perimeter than Euclidean geome‐
tries. Those characteristics, in a PMA, provide a broadband antenna, with reduced dimensions,  
covering the lower frequency bands. This feature allows a compact antenna design and the 
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Figure 14. 3D simulated radiation patterns: (a) PMA at 7.13 GHz, (b) 1 mm jasmine flower at 7.06 GHz, (c) 7 mm jasmine 
flower at 9.25 GHz.

Antenna BW (GHz) f1 (GHz) f2 (GHz)

1 Circular simulated 7.38 2.31 9.69

2 Circular measured 10.69 2.81 13.50

3 Jasmine 7 mm 
simulated

11.00 2.50 13.50

4 Jasmine 7 mm 
measured

8.45 3.75 12.20

5 Jasmine 1 mm 
simulated

4.25 8.00 12.25

6 Jasmine 1 mm 
measured

3.44 9.25 11.69

Table 6. Comparison of frequency response and bandwidth.
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possibility of use in different frequency bands. From the determination of the perimeter, the 
use of geometry of ginkgo biloba leaf was applied to a broadband antenna structure, in which 
it was possible to run the project for an antenna that covers the frequencies of the technologies 
2G, 3G and 4G.

The image of the ginkgo biloba leaf used for the proposed antenna was generated using the 
software MATLAB®, with values: m = 4, n1 = −0.1, n2 = 0.14, a = 0.1 and b = 1.

In Figure 15 are shown the shape generated and the simulated structure with dimensions 
and, in Figure 16, the prototype of the proposed antenna.
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In Figure 17 is shown the comparison of the values of the parameter |S11| measured and 
simulated of the PMA ginkgo biloba. As noted, the measurement and simulation show simi‐
lar results, indicating convergence between the simulation and the prototype.

In Figure 18, the parameter |S11| measured of the PMA ginkgo biloba in the pocket can be 
seen, close of the head and hand at distance of 20 mm. As noted, the antenna used close to 
the body suffers interference, which promotes the shift of the frequency and bandwidth of 
the antenna. In Table 7, the measured and simulated values, resonant frequencies, and band‐
width of the bio‐inspired antenna can be observed. The resonance frequencies have difference 
<4,2%, the first frequency and bandwidth covering 2G (1850–1900 MHz), 3G (1920–1975 MHz) 
and 4G (LTE; 2500–2690 MHz) bands.
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Figure 18. Simulated and measured |S11| parameter of the PMA ginkgo biloba with body interferences.
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Figure 17. Simulated and measured |S11| parameter of the PMA ginkgo biloba.
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The measurements, using the antenna nearly the head, hand, and in the pocket, showed 
different resonant frequencies and bandwidths. The biggest difference in the resonance 
frequency was observed nearly the hand, with a difference of 13.68%. The biggest dif‐
ference in bandwidth was detected at the antenna close to the head, with a difference of 
72.96%.

The Figure 19 shows the 2D and 3D radiation patterns of the PMA textile ginkgo biloba at 
2.12 GHz, with a maximum gain 3.16 dBi in the broadside direction. The 2D radiation pattern 
measured for Phi = 90° was performed in semi‐anechoic chamber. It can be observed that the 
half‐power beam width (HPBW) in (φ = 90) E‐plane is ~120° with an omnidirectional radiation 
pattern. By presenting equivalent power distribution and omnidirectional radiation diagram, 
this antenna can be used in applications that require direct communication between devices, 
in which the transmitter/receiver can take various positions.

Antenna BW (GHz) f1 (GHz) f2 (GHz) f0 (GHz)

1 Simulated 3.51 1.73 5.24 2.03

2 Measured 2.70 1.80 4.50 2.12

3 Measured on 
head

0.73 1.61 2.34 2.04

4 Measured in 
pocket

1.04 1.49 2.53 1.97

5 Measured on 
hand

0.94 1.47 2.41 1.83

Table 7. Comparison of frequency response and bandwidth of the simulated and measured PMA ginkgo biloba.
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3.3.4. Wearable Bidens pilosa leaf‐shaped antenna

The Bidens pilosa is native to the Americas, but it is known widely as an introduced species of 
other regions. The use of geometry of Bidens pilosa with three leaves was applied to a broad‐
band antenna structure, in which it was possible to run the project for an antenna that covers 
the WLAN range at 2.40 GHz (2.40–2.4835 GHz).

Based on the perimeter of a classical circular antenna, it is possible to design the bio‐inspired 
textile patch antenna with three elliptical leaves using the Gielis formula. Thus, the leaves are 
generated by the parameters n1 = 2, m = 400, n2 and n3 = 1200, a and b = 1. The final structure 
obtained total perimeter of 143.3 mm.

In Figure 20 are shown the circular patch simulated, the dimensions of the single leaf used, 
the simulated dimensions of the bio‐inspired array antenna and the prototype, respectively. 
In the simulation and the prototype, the under leaf was inclined at 20°, and the down leaves 
were inclined at 40° in relation to the geometry of Bidens pilosa, in order to provide fine‐tun‐
ing of the resonance frequency.

Figure 21 shows a comparison between the simulated |S11| parameter for the circular patch 
antenna and the bio‐inspired textile antenna. The circular patch antenna obtains a bandwidth 
of 140 MHz and the bio‐inspired wearable patch antenna of 130 MHz. Both antennas have 
bandwidth that fully covers the required frequency range for WLAN technology. However, 
the bio‐inspired array patch antenna presents a reduction of total length in 33.61% and width 
in 52.01% compared to the circular patch antenna.

Figure 22 shows a comparison between the simulated and measured |S11| parameter for the 
bio‐inspired wearable textile patch antenna proposed. As it can be observed, the simulated 
and measured prototypes show a convergent behavior. The measured bandwidth is 8.33% 
narrower than the simulated values, but still fully covering the WLAN band.
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In Figure 23 is illustrated the radiation pattern in 3D and 2D with the half power beam width 
and relative front‐to‐back (F/B) for the simulated bio‐inspired textile array antenna. The 2D radi‐
ation pattern measured for Phi = 90° was performed in semi‐anechoic chamber. It can be noted 
that the antenna presents an end‐fire direction with maximum gain of 6.71 dBi, HPBW = 90° 
(indicated by the letters ‘A’ and ‘B’) and F/B = 21 dB.

In Figure 24 is shown the simulated current density of the bio‐inspired textile antenna and the 
circular antenna at 2.43 GHz. It can be observed that the surface current is more distributed on 
the edges than on the center of the patch. The current density of the circular patch is 5.86 A/m2,  
and the bio‐inspired is 40.06 A/m2. Therefore, the bio‐inspired antenna presents a higher con‐
centration of the surface current in a smaller physical area of the antenna.
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Figure 21. Comparison between |S11| parameter of the circular patch and the bio‐inspired textile antenna.
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4. Conclusion

In this chapter, we have described some trends for design innovative bio‐inspired microstrip 
antennas. The methods of analysis, manufacturing, and measurement have presented con‐
sidering different dielectric materials (rigid and flexible) for the manufacture of the antennas. 
The unique properties of space filling and self similarity naturally result in more compact and 
multiband behavior antennas. Consequently, these antennas have their gain reduced, which in 
many wireless applications are undesirable characteristics. On the other hand, as observed on 
the last case, the bio‐inspired antenna presents a higher concentration of the surface current in 
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Figure 24. Current density distribution: (a) circular patch antenna, (b) bio‐inspired textile patch antenna.
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a smaller physical area compared to classical geometries with esthetic appeal. The bio‐inspired 
microstrip antennas have few design variables and smooth responses in the region of interest 
of these design variables, which facilitates all steps of the design methodology. These charac‐
teristics open a vast research field for wearable embedded antennas.

Author details

Alexandre Jean René Serres1*, Georgina Karla de Freitas Serres1, Paulo Fernandes da Silva Júnior1, 
Raimundo Carlos Silvério Freire1, Josiel do Nascimento Cruz1, Tulio Chaves de Albuquerque1, 
Maciel Alves Oliveira1 and Paulo Henrique da Fonseca Silva2

*Address all correspondence to: alexandreserres@gmail.com

1 Electrical Engineering – COPELE, Federal University of Campina Grande – UFCG, Campina 
Grande, Brazil

2 Electrical Engineering, Federal Institute of Paraiba – IFPB, Paraiba, Brazil

References

[1] R.A. Sainati, Cad of microstrip antennas for wireless applications, Artech House, 
Norwood, MA, USA, 1996.

[2] Z. N. Chen, Antennas for Portable Devices. Chichaster: John Wiley & Sons, 2007. 290 p.

[3] Z. N. Chen and M.Y.W. Chia, Broadband planar antennas: design and applications. John 
Wiley & Sons, Ltd, Chichaster, England, 2006.

[4] K.‐L. Wong, Compact and broadband microstrip antennas, John Wiley & Sons, Inc., 
New York, USA, 2002.

[5] 5G Americas, 5G Americas White Paper on 5G Spectrum Recommendations‐ April 2017, 
[Online]. Available: http://www.5gamericas.org/files/9114/9324/1786/5GA_5G_Spectrum_
Recommendations_2017_FINAL.pdf. [Accessed: 12‐ Jun‐ 2017].

[6] C. A. Balanis. Antenna Theory. 3rd ed. Arizona: Wiley; 2009. 941 p. 

[7] R. Garg, P. Bhartia, I. Bahl, and A. Ittipiboon, Microstrip antenna design handbook, 
Artech House, Boston, USA, 2001. 

[8] W. L. Stutzman, Antenna Theory and Design, 2 ed. New York: John Wiley & Sons, 1998. 
598 p.

[9] G. Kumar and K. P. Ray, Broadband microstrip antennas, Artech House, Boston, Mass, 
USA, 2003.

[10] Yoseph Bar‐Cohen. Biomimetics: Biologically Inspired Technologies. Boca Raton, FL: 
Taylor and Francis; 2006 

Bio-Inspired Microstrip Antenna
http://dx.doi.org/10.5772/intechopen.69766

107



[11] Falko Dressler and Ozgur B. Akan. A survey on bio‐inspired networking. Computer 
Networks. 2010;54(6):881‐900. DOI: 10.1016/j.comnet.2009.10.024

[12] J.A. Flint. A biomimetic antenna in the shape of a bat’s ear. IEEE Antennas and Wireless 
Propagation Letters. 2006;5(1):145‐147. DOI: 10.1109/LAWP.2006.873940

[13] Nader Behdad, Mudar A. Al‐Joumayly and Meng Li. Biologically Inspired Electrically 
Small Antenna Arrays With Enhanced Directional Sensitivity. IEEE Antennas and 
Wireless Propagation Letters . 2011;10:361‐364. DOI: 10.1109/LAWP.2011.2146223

[14] Khabat Ebnabbasi. A Bio‐Inspired Printed‐Antenna Transmission‐Range Detection 
System. IEEE Antennas and Propagation Magazine. 2013;55(3):193‐200. DOI: 10.1109/
MAP.2013.6586661

[15] G.H. Huff. Biologically‐inspired vascular antenna reconfiguration mechanism. Electronics 
Letters. 2011;47(11):637 ‐ 638. DOI: 10.1049/el.2011.0383

[16] Xiao‐Feng Bai, Shun‐Shi Zhong and Xian‐Ling Liang. Leaf‐shaped monopole antenna 
with extremely wide bandwidth. Microwave and Optical Technology Letters. 2006; 
48(7):1247‐1250. DOI: 10.1002/mop.21668

[17] Soh Fujita, Manabu Yamamoto and Toshio Nojima. A study of a leaf‐shaped bowtie slot 
antenna for UWB applications. In: IEEE, editor. International Symposium on Antennas 
and Propagation (ISAP); 29 Oct.‐2 Nov. 2012;Nagoys: p.  830‐833. 

[18] A. N. Askarpour, A. Gholipour and R. Faraji‐Dana. A Band‐Notched Tulip Antenna 
for UWB Applications. In: 38th European Microwave Conference; 27‐31 Oct. 2008; 
Amsterdam: IEEE; 2008. p. 881‐884. DOI: 10.1109/EUMC.2008.4751594

[19] F. M. Tanyer‐Tigrek, D. P. Tran, I. E. Lager and L. P. Ligthart. Wide‐band tulip‐loop 
antenna. In: 3rd European Conference on Antennas and Propagation; 23‐27 March 2009; 
Berlin: IEEE; 2009. p. 1446‐1449. 

[20] S. R. Patre and S. P. Singh. MIMO antenna using castor leaf‐shaped quasi‐self‐complem‐
etary elements for broadband applications. In: IEEE MTT‐S International Microwave 
and RF Conference (IMaRC); 10‐12 Dec. 2015; Hyderabad: IEEE; 2015. p. 140‐142. DOI: 
10.1109/IMaRC.2015.7411400

[21] P. F. Silva Júnior, P. H. da F. Silva, A. J. R. Serres, J. C. Silva and R. C. S. Freire. Bio‐
inspired design of directional leaf‐shaped printed monopole antennas for 4G 700 MHz 
band. Microwave and Optical Technology Letters. 2016;58(7):1529‐1533. DOI: 10.1002/
mop.29853

[22] D. M. Sullivan, Electromagnetic Simulation Using the FDTD Method. New York: Wiley: 
IEEE Press, 2000.

[23] MANDELBROT, B. B. The fractal geometry of nature. 3. ed. Nova York: W. H. Freeman 
and Co., 1982. 468p.

[24] FALCONER, K. Fractal geometry: mathematical foundations and application. 2. ed. 
Londres: Wiley, 2003. 337p.

Trends in Research on Microstrip Antennas108



[11] Falko Dressler and Ozgur B. Akan. A survey on bio‐inspired networking. Computer 
Networks. 2010;54(6):881‐900. DOI: 10.1016/j.comnet.2009.10.024

[12] J.A. Flint. A biomimetic antenna in the shape of a bat’s ear. IEEE Antennas and Wireless 
Propagation Letters. 2006;5(1):145‐147. DOI: 10.1109/LAWP.2006.873940

[13] Nader Behdad, Mudar A. Al‐Joumayly and Meng Li. Biologically Inspired Electrically 
Small Antenna Arrays With Enhanced Directional Sensitivity. IEEE Antennas and 
Wireless Propagation Letters . 2011;10:361‐364. DOI: 10.1109/LAWP.2011.2146223

[14] Khabat Ebnabbasi. A Bio‐Inspired Printed‐Antenna Transmission‐Range Detection 
System. IEEE Antennas and Propagation Magazine. 2013;55(3):193‐200. DOI: 10.1109/
MAP.2013.6586661

[15] G.H. Huff. Biologically‐inspired vascular antenna reconfiguration mechanism. Electronics 
Letters. 2011;47(11):637 ‐ 638. DOI: 10.1049/el.2011.0383

[16] Xiao‐Feng Bai, Shun‐Shi Zhong and Xian‐Ling Liang. Leaf‐shaped monopole antenna 
with extremely wide bandwidth. Microwave and Optical Technology Letters. 2006; 
48(7):1247‐1250. DOI: 10.1002/mop.21668

[17] Soh Fujita, Manabu Yamamoto and Toshio Nojima. A study of a leaf‐shaped bowtie slot 
antenna for UWB applications. In: IEEE, editor. International Symposium on Antennas 
and Propagation (ISAP); 29 Oct.‐2 Nov. 2012;Nagoys: p.  830‐833. 

[18] A. N. Askarpour, A. Gholipour and R. Faraji‐Dana. A Band‐Notched Tulip Antenna 
for UWB Applications. In: 38th European Microwave Conference; 27‐31 Oct. 2008; 
Amsterdam: IEEE; 2008. p. 881‐884. DOI: 10.1109/EUMC.2008.4751594

[19] F. M. Tanyer‐Tigrek, D. P. Tran, I. E. Lager and L. P. Ligthart. Wide‐band tulip‐loop 
antenna. In: 3rd European Conference on Antennas and Propagation; 23‐27 March 2009; 
Berlin: IEEE; 2009. p. 1446‐1449. 

[20] S. R. Patre and S. P. Singh. MIMO antenna using castor leaf‐shaped quasi‐self‐complem‐
etary elements for broadband applications. In: IEEE MTT‐S International Microwave 
and RF Conference (IMaRC); 10‐12 Dec. 2015; Hyderabad: IEEE; 2015. p. 140‐142. DOI: 
10.1109/IMaRC.2015.7411400

[21] P. F. Silva Júnior, P. H. da F. Silva, A. J. R. Serres, J. C. Silva and R. C. S. Freire. Bio‐
inspired design of directional leaf‐shaped printed monopole antennas for 4G 700 MHz 
band. Microwave and Optical Technology Letters. 2016;58(7):1529‐1533. DOI: 10.1002/
mop.29853

[22] D. M. Sullivan, Electromagnetic Simulation Using the FDTD Method. New York: Wiley: 
IEEE Press, 2000.

[23] MANDELBROT, B. B. The fractal geometry of nature. 3. ed. Nova York: W. H. Freeman 
and Co., 1982. 468p.

[24] FALCONER, K. Fractal geometry: mathematical foundations and application. 2. ed. 
Londres: Wiley, 2003. 337p.

Trends in Research on Microstrip Antennas108

[25] Mishra, J. and Mishra, S. L‐Systems Fractals. Amsterdam, Netherlands: Elsevier, 2007. 
274p.

[26] Barnsley, M. Fractals Everywhere. San Diego: Academic Press, 1988. 394 p.

[27] Johan Gielis. A generic geometric transformation that unifies a wide range of natural 
and abstract shapes. American Journal of Botany. 2003;90(3):333‐338. DOI: 10.3732/
ajb.90.3.333

[28] E. E. C. Oliveira, P. H. da F. Silva, A. L. P. S. Campos, S. G. Silva. Overall size antenna 
reduction using fractal elements. Microwave and Opt Technol Letters. 2009;51(3):671‐675. 
DOI: 10.1002/mop

Bio-Inspired Microstrip Antenna
http://dx.doi.org/10.5772/intechopen.69766

109





Chapter 6

Printed Planar Antenna Designs Based on Metamaterial
Unit-Cells for Broadband Wireless Communication
Systems

Mohammad Alibakhshikenari,
Mohammad Naser-Moghadasi,
Ramazan Ali Sadeghzadeh, Bal Singh Virdee and
Ernesto Limiti

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.68600

Provisional chapter

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

DOI: 10.5772/intechopen.68600

Printed Planar Antenna Designs Based on Metamaterial 
Unit-Cells for Broadband Wireless Communication 
Systems

Mohammad Alibakhshikenari,  
Mohammad Naser-Moghadasi,  
Ramazan Ali Sadeghzadeh,  
Bal Singh Virdee and Ernesto Limiti

Additional information is available at the end of the chapter

Abstract

With the continuing development of mobile communications, the communication stan-
dards, which include operating frequencies and protocols, are also evolving. In order 
to accommodate these and future changes, antennas with characteristics of wideband 
and multiband are becoming a necessity. Hence, wireless communications industries are 
now demanding broadband antennas that are low-profile and low-volume structures. 
Conventional planar microstrip antennas are the most common form of printed antennas 
that have been used for many years. This is because these antennas offer advantages of 
low cost, conformability, and ease of manufacturing; however, the bandwidth of these 
types of antennas is highly restricted. Among different types of planar antennas, the slot-
ted structure that offers the simplest structure is compact and radiates omnidirectionally; 
these features make it an excellent candidate for broadband applications.

Keywords: planar slotted antennas, metamaterials, composite right-/left-handed 
transmission lines, traveling-wave antenna, wireless communications systems

1. Introduction

Printed planar antennas such as patch antennas are favored over other types of antennas as they 
are low profile, light weight, and can be easily manufactured using low-cost PCB techniques. These 
types of antennas are constructed using microstrip integrated circuit technology, where a metal 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



layer is separated from the ground-plane by a dielectric substrate [1, 2]. The thickness of the metal 
layer is much smaller than the operating wavelength. Such antennas are conventionally excited 
through a feed-line with a voltage between the patch and the ground plane. This excites a current 
on the patch, and hence, a vertical electric field between the patch and the ground plane [3]. The 
patch element resonates when its width or diameter is near λg/2, leading to relatively large current 
and field amplitudes, and the radiation mechanism occurs from the fringing fields between the 
edge of the microstrip and the ground plane. Printed planar antennas essentially radiate energy 
in a direction perpendicular to the plane of the antenna substrate with moderately high gain [3–5].

The choice of the substrate used is important (dielectric constant, thickness, and loss tangent). 
There are various shapes of patch antennas (circular being the most common) [4]; however, 
the principles of operation are essentially the same. Circular patches offer advantages over 
other geometries for applications such as arrays and can also be easily modified to produce a 
range of impedance values and radiation patterns.

Microstrip patch antennas enjoy many advantages when compared to other types of anten-
nas; they are relatively small, low profile, low cost, light weight, and can be integrated to 
other circuits or active devices which can possibly result in a single-board solution, unlike 
wire, waveguide, or horn antennas for example. This also allows this type of antenna to be 
easily mounted on objects, such as computers or flying bodies, and can be easily employed 
for array design.

The most common disadvantage of microstrip antennas is the inherent narrow impedance 
bandwidth, which is due to the thickness, which is normally thin. The easiest and most 
well-known method of moderately improving the bandwidth is by increasing the height 
of the substrate [4], which has the effect of increasing the radiation conductance. However, 
this is not a desirable option as it leads to introducing surface waves and power loss, but 
usually works well for bandwidths up to 4–6% [6]. Other disadvantages of microstrip patch 
patch antenna are low efficiency, low power, and poor polarization purity [5, 7]. To over-
come this drawback, various metamaterial (MTM) structures, including split-ring resonator 
(SRR) [8], spiral, rod, omega, S-shape, and symmetric rings, etc., have been explored in 
literature [9, 10].

This chapter presents the design and measured performance of compact planar slotted 
antennas based on unique MTM structures for application in broadband wireless communi-
cation systems. Typical realization of MTM transmission line (TL) is based on quasi-lumped 
TL with elementary cells consisting of a series capacitor and a shunt inductor. In reality, 
the loss associated with the MTM structure introduces series parasitic inductance in the 
capacitor, and parasitic shunt capacitance in the inductor; thus, the resulting MTM structure 
is more accurately represented by a composite right/left-handed (CRLH) transmission-line 
structure. The optimized “d-shaped” antenna presented in the chapter is shown to operate 
over a wideband from 0.75 to 4.5 GHz with a peak gain of 3.5 dBi and efficiency of 60% at 
2 GHz. Moreover, the antenna is compact and easy to fabricate using standard PCB tech-
niques. In addition, an “X-shaped” antenna, which is also presented here, is shown to oper-
ate from 0.4 to 4.7 GHz with a gain of 2 dBi and radiates energy with an efficiency of 65% 
at 2.5 GHz.
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and field amplitudes, and the radiation mechanism occurs from the fringing fields between the 
edge of the microstrip and the ground plane. Printed planar antennas essentially radiate energy 
in a direction perpendicular to the plane of the antenna substrate with moderately high gain [3–5].

The choice of the substrate used is important (dielectric constant, thickness, and loss tangent). 
There are various shapes of patch antennas (circular being the most common) [4]; however, 
the principles of operation are essentially the same. Circular patches offer advantages over 
other geometries for applications such as arrays and can also be easily modified to produce a 
range of impedance values and radiation patterns.

Microstrip patch antennas enjoy many advantages when compared to other types of anten-
nas; they are relatively small, low profile, low cost, light weight, and can be integrated to 
other circuits or active devices which can possibly result in a single-board solution, unlike 
wire, waveguide, or horn antennas for example. This also allows this type of antenna to be 
easily mounted on objects, such as computers or flying bodies, and can be easily employed 
for array design.

The most common disadvantage of microstrip antennas is the inherent narrow impedance 
bandwidth, which is due to the thickness, which is normally thin. The easiest and most 
well-known method of moderately improving the bandwidth is by increasing the height 
of the substrate [4], which has the effect of increasing the radiation conductance. However, 
this is not a desirable option as it leads to introducing surface waves and power loss, but 
usually works well for bandwidths up to 4–6% [6]. Other disadvantages of microstrip patch 
patch antenna are low efficiency, low power, and poor polarization purity [5, 7]. To over-
come this drawback, various metamaterial (MTM) structures, including split-ring resonator 
(SRR) [8], spiral, rod, omega, S-shape, and symmetric rings, etc., have been explored in 
literature [9, 10].

This chapter presents the design and measured performance of compact planar slotted 
antennas based on unique MTM structures for application in broadband wireless communi-
cation systems. Typical realization of MTM transmission line (TL) is based on quasi-lumped 
TL with elementary cells consisting of a series capacitor and a shunt inductor. In reality, 
the loss associated with the MTM structure introduces series parasitic inductance in the 
capacitor, and parasitic shunt capacitance in the inductor; thus, the resulting MTM structure 
is more accurately represented by a composite right/left-handed (CRLH) transmission-line 
structure. The optimized “d-shaped” antenna presented in the chapter is shown to operate 
over a wideband from 0.75 to 4.5 GHz with a peak gain of 3.5 dBi and efficiency of 60% at 
2 GHz. Moreover, the antenna is compact and easy to fabricate using standard PCB tech-
niques. In addition, an “X-shaped” antenna, which is also presented here, is shown to oper-
ate from 0.4 to 4.7 GHz with a gain of 2 dBi and radiates energy with an efficiency of 65% 
at 2.5 GHz.
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2. Metamaterial traveling-wave antenna

In this section, a traveling-wave planar antenna is implemented using composite right/left-
handed structures. The antenna is constructed using a unique metamaterial unit cell imple-
mented by etching “X-shaped” slots inside a rectangular patch. The patch is inductively 
terminated to the ground plane through a via-hole, as shown in Figure 1. The proposed 
antenna is henceforth referred to as “X-shaped” antenna. The resulting structure displays 
negative permittivity and permeability characteristics over a given frequency range. The 
aperture of the antenna can be increased by simply cascading together a number of these 
metamaterial unit cells, as shown in Figure 1. Hence, the antenna’s gain and radiation effi-
ciency are improved with negligible effect on its fractional bandwidth, which is contrary to 
what is observed in traditional antennas.

The antenna was designed and fabricated on Rogers RT/Duroid®5880 substrate, which is a 
glass microfiber reinforced PTFE composite with dissipation factor tanδ = 0.0009, dielectric 
constant εr = 2.2, and height h = 1.6 mm. The proposed antenna structure essentially acts as 
a guiding structure for traveling waves; thus, the traveling wave forms the main radiating 
mechanism. The antenna is excited on the left-hand side at port#1, and is terminated on the 
right-hand side at port#2 with a matched 50 Ω load, i.e., SMD1206, which is terminated to 
ground. Surface currents associated with the RF signal travel over the antenna structure in 
one direction from port#1 to the termination port#2. This is in contrast to conventional stand-
ing wave or resonant antennas, such as the monopole or dipole antennas. The nonresonating 
traveling-wave antenna, shown in Figure 1, exhibits a wide operating bandwidth.

The equivalent electrical circuit representing the metamaterial unit cell is shown in Figure 2(a). 
In the unit cell, the “X-shaped” slot essentially behaves like a series left-handed (LH) capaci-
tance (CL), and the high impedance stub acts like a shunt LH inductor (LL). Unavoidable parasitic 
effects in the unit cell are generated by gaps between patch and ground plane and the current 
flows over the patch. The parasitic anomalies are represented by the shunt right-handed (RH) 
capacitance (CR) and the series RH inductance (LR). Loss in the structure is modeled by the resis-
tance (RR, RL) and conductance (GR, GL). Components RR and GR represent right-handed loss, 
and RL and GL represent left-handed loss. Important characteristics of the metamaterial unit cell 
were obtained from the analysis of the loss-less equivalent circuit as described in Ref. [10]. At 
low frequencies, LR and CR can be considered short-circuited and open-circuited, respectively, 
so that the equivalent circuit can be essentially reduced to a series-CL/shunt-LL circuit, which 
is left-handed since it has antiparallel phase and group velocities. The resulting left-handed 
circuit has a high-pass nature; therefore, a left-handed stopband is presented below a certain 
cut-off frequency. At high frequencies, CL and LL can be considered as short-circuited and open-
circuited, respectively, so that the equivalent circuit can be reduced to the series-LR/shunt-CR 
circuit, which is right-handed since it has parallel phase and group velocities. This left-handed 
circuit has a low-pass nature; therefore, a right-handed stopband is presented above a certain 
cut-off frequency. The analysis in Ref. [10] shows that the left-handed structure exhibits nega-
tive permeability and permittivity. Unlike conventional or normal right-handed unit cell-based 
structures, the distinguishing feature of a LH structure is its dimensions; in particular, its length 
is independent of the guided wavelength, which makes the structure significantly smaller.
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Dispersion diagram of the metamaterial unit cell structure, shown in Figure 2(b), was obtained 
by substituting the S-parameters, which were obtained with ANSYS HFSS™ (high frequency 
structure simulator), in Eq.(1) as described in Ref. [10]:

Figure 1. Antenna layout, (a) top layer, (b) isometric view of the simulation model, and (c) the fabricated prototype.
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The dispersion diagram shows the range of left-handed characteristics (i.e., 0.65–2.25 GHz) 
and the range of right-handed characteristics (i.e., 2.25–4.4 GHz). The slow-wave and fast-wave 
regions have been indicated in Figure 2(b). The expression of Air-line, which separates the 

Figure 2. (a) Equivalent circuit model of the unit-cell and (b) the dispersion diagram of the loss-less CRLH unit cell.
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fast-wave (b < Ko) and slow-wave (b > Ko) regions (where Ko is the free-space wave number) is 
given by:

  Air-line =   
ωp

 ___ c    (2)

where p is the period of the unit cell as shown in Figure 1, and c is the speed of light.

The antenna’s characterizing parameters are: L = 13.4 mm, W = 5.2 mm, h = 1.6 mm, LR = 3.25 nH, 
CL = 4.1 pF, CR = 1.3 pF, and LL = 5.2 nH. These parameters were extracted from the unit cell’s 
simulation model using HFSS™. The prototype microstrip antenna, shown in Figure 1(c), was 
constructed using standard photolithographic techniques. Each of the unit cell has an area of 
2.5 × 5.2 mm2 (0.003λ0 × 0.006λ0, where λ0 is free-space wavelength at 400 MHz). Considering 
the size of SMD1206 (3.4 mm), the overall size of the antenna is 13.4 × 5.2 × 1.6 mm3 or 0.017λ0 
× 0.006λ0 × 0.002λ0.

It is well established that antennas that operate using a resonance configuration have a limited 
bandwidth that results from destructive interference of the waves. However, by blocking the 
standing waves and instead using traveling waves can enhance the bandwidth of the antenna 
as shown below. As mentioned earlier, the proposed antenna provides a guiding structure 
for traveling waves as the main radiating mechanism. In this configuration, the voltage and 
current are in phase and have the same e−jγz distribution along the length, where γ = Kz = β−jα. 
Lower limit of the leaky-wave bandwidth is the frequency at which α = β and the upper limit 
is reached when β = Ko. In this case, the surface currents that generate the RF signal travel 
through the antenna in one direction from the input port#1 to the termination port#2, which 
is in contrast to conventional standing wave or resonant antenna, such as the monopole or 
dipole. The results presented below confirm that the proposed traveling-wave antenna exhib-
its a wider operational bandwidth.

Figure 3 shows the simulated and measured reflection-coefficient performance of the travel-
ing-wave antenna. The results reveal that the antenna is particularly sensitive at the following 
frequencies: 1.4, 2.65, and 3.7 GHz. Simulation results show the antenna has an operating 
bandwidth of 4.55 GHz from 300 MHz to 4.85 GHz for S11 < −10 dB. The equivalent frac-
tional bandwidth of the antenna is 176.7%. The measured results show the antenna operates 
over 400 MHz to 4.7 GHz (for S11 < −10 dB), which corresponds to a fractional bandwidth of 
168.62%. The discrepancy in the simulation and measured results is attributed to manufactur-
ing tolerance and imperfect soldering of the SMA connector.

The measured gain and radiation efficiency of the antenna at various frequencies are tabu-
lated in Table 1. The antenna exhibits a maximum gain and radiation efficiency of 2 dBi and 
65%, respectively, at 2.5 GHz. The radiation patterns measured in the E-plane and H-plane at 
0.4, 1.5, 2.5, and 4.7 GHz are shown in Figure 4. These results show that the proposed antenna 
radiates unidirectionally. It is worth noting that the metamaterial structure which constitutes 
the antenna has effectively increased the antenna’s aperture without increasing its footprint 
to enhance its gain and radiation characteristics.
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This section presented an innovative metamaterial unit cell. The unit cell is easy to implement 
by simply etching a slot in a patch radiator, which is short-circuited using a high imped-
ance line to ground through a via-hole. The proposed antenna is a nonresonant traveling-
wave radiator that is significantly smaller than a conventional traveling-wave antenna. This 
is because the metamaterial antenna’s dimensions are independent of frequency. The advan-
tages of the proposed antenna are: (i) compactness with a footprint of 13.40 × 5.20 × 1.60 mm3 
(0.017λ0 × 0.006λ0 × 0.002λ0 at 400 MHz); (ii) low-profile structure; (iii) light weight; (iv) wide-
band operation from 400 MHz to 4.7 GHz, which corresponds to a large fractional bandwidth 
of ~170%; (v) unidirectional radiation patterns in both E-plane and H-plane over its opera-
tional frequency bandwidth; and (vi) maximum gain and radiation efficiency of 2 dBi and 
65%, respectively, at 2.5 GHz. These characteristics make the antenna attractive for use in 
multiple wireless communication systems.

The proposed traveling-wave antenna’s measured performance is compared with other meta-
material and conventional antennas in Table 2. It is evident from these results the antenna’s 
operating frequency and fractional bandwidth are superior to metamaterial antennas reported 

Figure 3. Simulated and measured reflection coefficients response.

Frequency (GHz) 0.4 1.5 2.5 3.5 4.7

Gain (dBi) 0.05 1.5 2 1.5 0.8

Efficiency (%) 8 45 65 42 30

Table 1. Measured gain and radiation efficiency.
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in Refs. [1, 2]. Its operating frequency band is better than antennas reported in Refs. [1, 2] by 
a factor of 2.87 and 2.15, respectively; and the fractional bandwidth is better than antennas 
presented in Refs. [1, 2] by a factor of 7.33 and 4.8, respectively.

To summarize, a novel traveling-wave planar printed antenna is presented in this section 
based on metamaterial technology. The antenna is shown to provide wideband performance 
with enhanced gain and radiation efficiency. The low-profile and miniature antenna consists 
of coupled metamaterial unit cells comprising X-shaped slots and shunted inductive stubs, 
which are implemented on a rectangular microstrip patch. The proposed antenna is easy to 
fabricate using conventional PCB manufacturing techniques.

Figure 4. Measured E-plane and H-plane radiation patterns of the proposed antenna.
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3. Slotted patch antenna

Slotted patch antennas are excellent candidates for broadband applications [9, 14–24]. In this 
section, a compact planar slotted antenna (PSA) is designed and characterized. The antenna is 
developed using unique metamaterial structures that can be realized using distributed transmis-
sion lines constituted from unit cells consisting of series capacitor and a shunt inductor [1]. As 
mentioned earlier, in reality, the loss associated with metamaterial structures introduces series 
parasitic inductance in the capacitor and parasitic shunt capacitance in the inductor. The resulting 
structure is essentially a composite of right- and left-handed (CRLH) transmission lines [25, 26].

In this chapter, the metamaterial unit cell is realized directly on a patch antenna using a com-
bination of capacitive slot etched on the patch and a short-circuited inductive stub that is 
realized using a high impedance spiral-shaped transmission line. The proposed antenna is 
modeled and analyzed using ANSYS HFSS™. The antenna’s impedance bandwidth, gain, 
and radiation efficiency were optimized using HFSS™. In fact, the analysis showed that the 
antenna’s performance can be achieved by simply increasing the number of inductive stubs, 
which does not affect the antenna’s overall size. This is because the metamaterial unit cells in 
essence increase the aperture of the antenna. The optimized antenna is shown to operate over 
0.75–4.5 GHz with a peak gain of 3.5 dBi and radiation efficiency of 60% at 2 GHz. The result-
ing antenna is highly compact and is fairly easy to manufacture.

The proposed antenna had to operate in the UHF and SHF frequency bands with good radia-
tion characteristics, and had to fit inside an area of 25 × 10 mm2. In order to realize these strin-
gent requirements, the antenna was designed using metamaterial unit cells consisting of series 
left-handed (LH) capacitors and shunt left-handed inductors. The left-handed  capacitors 

Ref. Dimensions Freq. BW/fractional BW Gain (dBi) Efficiency (%)

[1] 20.4 × 6.8 × 0.8 mm3

(0.39λ0 × 0.13λ0 × 0.015λ0 @ 5.8 GHz)
5.8–7.3 GHz/23% 4.8 78

[2] 7.2 × 5 × 0.8 mm3

(0.11λ0 × 0.079λ0 × 0.012λ0 @ 4.7 GHz)
4.7–6.7 GHz/35.08% 3.6 60.3

[11] 12 × 12 × 3.33 mm3

(0.09λ0 × 0.09λ0 × 0.02λ0 @ 2.34 GHz)
2.34–2.54 GHz/8.19% 1 20

[12] 20 × 25 × 0.8 mm3

(0.22λ0 × 0.28λ0 × 0.009λ0 @ 3.45 GHz)
3.45–3.75 GHz/8.33% 2 25

[13] 60 × 5 × 5 mm3

(0.16λ0 × 0.013λ0 × 0.013λ0 @ 0.82 GHz)
0.82–2.48 GHz/100.6% 0.45 53.6

This work 13.4 × 5.2 × 1.6 mm3

(0.017λ0 × 0.006λ0 × 0.002λ0 @ 0.4 GHz)
0.4–4.7 GHz/168.62% 2 65

Table 2. Comparison of the metamaterial traveling-wave antenna with other planar antennas (gain and efficiency are 
optimum values).
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were realized by etching slots on the patch, and the left-handed inductors were realized with 
a short-circuited high impedance line connected to the patch.

Two antenna prototype designs were evaluated. The first prototype antenna consisted of five 
unit cells etched on the rectangular patch. Configuration of each unit cell comprised symmet-
rical arrangement of slot—grounded inductor, where the shape of the slot resembles a crochet 
note “d,” and the inductor is a coiled stub that is grounded through a via-hole. Simulation 
analysis showed the unusual shape of the slot contributed in enhancing the antenna’s per-
formance. Figure 5 shows the fabricated planar slotted antennas and their equivalent elec-
trical circuit models. Surface currents flowing over the antenna develop a voltage gradient 
between the metallization and the ground plane to induce parasitic right-handed reactance 
components, which are represented by the series inductance (LR) and the shunt capacitance 
(CR). Right-handed loss in the structure is represented by RR and GR, and left-handed loss by 
components GL and RL. Also included are dielectric loss associated with CL and the ohmic loss 
associated with LL. The planar slotted antenna was implemented on Rogers RO4003® dielec-
tric substrate with permittivity of 3.38, height of 1.60 mm and tanδ of 0.0022. The values of the 
parameters depicted in Figure 1 were obtained from HFSS™ analysis, which are: CL = 5.10 pF, 
LL = 6.50 nH, CR = 2.50 pF, LR = 4.90 nH, GL = 7 S, GR = 4.50 S, RL = 7.50 Ω, and RR = 5.50 Ω.

Figure 5. The two planar slotted antenna configurations. (a) Ant.#1 based on five symmetrical unit cells, (b) Ant.#2 based 
on 10 asymmetrical unit cells. The size of this antenna is the same as Ant.#1.
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Excitation of the antenna through an SMA connector can cause current imbalance resulting 
in currents flowing over the connector leading to spurious radiation that would degrade the 
radiation characteristics of the antenna. To prevent this from happening, a second antenna 
was designed using asymmetrical metamaterial unit cells consisting of slot-grounded induc-
tor configuration, as shown in Figure 5(b). The unit cell is constituted from an arrangement of 
series left-handed capacitor and shunt left-handed inductance. The equivalent electrical model 
includes loss components represented by RR, GR, GL, RL, CL, and LL. The inductive coils contain 
the electromagnetic energy near antenna structure and prevent unwanted coupling from hap-
pening between the antenna and SMA connector, which helps to enhance the radiation charac-
teristics of the antenna. The antenna’s physical and equivalent circuit parameters are given in 
Table 3. The dimensions of antenna and its ground plane size are 25 × 10 × 1.60 mm3 and 28.50 × 
14.50 mm2, respectively.

The simulated and measured reflection coefficient performance of the prototype antennas are 
shown in Figure 6. The bandwidth of Ant.#1 is 3.2 GHz for S11 < −10 dB; however, Ant.#2 pro-
vides a wider bandwidth of 3.75 GHz. The gain and radiation efficiency of both antennas in 
Figure 7 shows that at 2 GHz, Ant.#1 has a maximum gain and radiation efficiency of 1.5 dBi 
and 35%, respectively; whereas Ant.#2 performs much better with a maximum gain and radia-
tion efficiency of 3.5 dBi and 60%, respectively. These results show that the antenna’s aperture 
can be increased by simply increasing the number of inductive stubs in the proposed antenna. 
The discrepancy between the simulated and measured performance in Figure 6 is prominent 
at lower frequencies. This is attributed to the feed cable and spurious electromagnetic coupling 

UC1 UC2 Lg Wg 0 Ld LS1 LS2 W Wd

5 10 28.50 14.50 25 4 3 1.7 10 0.40

Ws D CL LL CR LR GL GR RL RR

0.20 1.40 5.10 6.50 2.50 4.90 7 4.50 7.50 5.50

Table 3. Design parameters (units in mm, pF, nH, S, Ω; unit cell is abbreviated as UC).

Figure 6. Simulated and measured reflection coefficient response of the two prototype antennas.
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with the SMA connector. In the simulation, the antenna is excited with a signal source without 
using a feeding cable. However, in practice, the measurement of the prototype antennas was 
measured with Agilent’s 8722ES vector network analyzer connected to the antenna using a 
coaxial cable. The salient results are given in Table 4.

The measured radiation patterns of Ant.#1 and Ant.#2 in the E-plane and H-plane are shown 
in Figure 8. The radiation pattern of Ant.#1 is predominately bidirectional. At 1 GHz, the 
E-plane and H-plane radiation patterns of Ant.#1 are analogous to a dipole antenna with 
a maximum gain at an angle of 180 degrees azimuth; however, at 2 GHz, the maxima gain 
flips to 0 degrees. At 4 GHz, the maxima gain flips back to at 180 degrees. This phenom-
enon is observed because of the backward and forward wave variation of the phase with 
frequency. Ant.#2 exhibits bidirectional radiation patterns in the E-plane and H-plane at 
1 GHz; however, the radiation pattern changes to omnidirectional at 2 GHz. The additional 
inductive stubs essentially suppress the effects of current imbalance over the SMA connector, 
and hence, improve its impedance bandwidth. At 2 GHz, the radiation gain of Ant.#2 in the 
H-plane is reduced by about 3 dB at 90 and 270 degrees; and at 4 GHz, a null is observed in 
the E-plane at 180 degree.

Ant.#1 Ant.#2 Change

Dimensions 25 × 10 × 1.60 mm3 or 0.083λ0 × 0.033λ0 × 0.005λ0 @ 1 GHz
Ground-plane of ants.: 28.50 × 14.50 mm2 or 0.098λ0 × 0.048λ0

None

Bandwidth Sim.: 0.89–4.33 GHz
Fractional BW ≈ 131.8%

Sim.: 0.58–4.7 GHz
Fractional BW ≈156.06%

24.26%

Meas.: 1–4.20 GHz
Fractional BW ≈ 123.07%

Meas.: 0.75–4.50 GHz
Fractional BW ≈142.85%

19.78%

Gain (dBi) 0.20, 1.50, and 1 0.25, 3.50, and 2.70 2 dB increase @ 2 GHz

Efficiency (%) 11, 35, and 27 13, 60, and 48 25% increase @ 2 GHz

Note: Gain and radiation efficiency were measured at 1, 2, and 4.2 GHz for ant.#1; and at 0.75, 2, and 4.5 GHz for ant.#2.

Table 4. Salient features of the proposed planar slotted antenna.

Figure 7. Measured gain and radiation efficiency response of the two prototype antennas. (Ant.#1: dashed lines, and 
Ant.#2: solid lines).
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in Figure 8. The radiation pattern of Ant.#1 is predominately bidirectional. At 1 GHz, the 
E-plane and H-plane radiation patterns of Ant.#1 are analogous to a dipole antenna with 
a maximum gain at an angle of 180 degrees azimuth; however, at 2 GHz, the maxima gain 
flips to 0 degrees. At 4 GHz, the maxima gain flips back to at 180 degrees. This phenom-
enon is observed because of the backward and forward wave variation of the phase with 
frequency. Ant.#2 exhibits bidirectional radiation patterns in the E-plane and H-plane at 
1 GHz; however, the radiation pattern changes to omnidirectional at 2 GHz. The additional 
inductive stubs essentially suppress the effects of current imbalance over the SMA connector, 
and hence, improve its impedance bandwidth. At 2 GHz, the radiation gain of Ant.#2 in the 
H-plane is reduced by about 3 dB at 90 and 270 degrees; and at 4 GHz, a null is observed in 
the E-plane at 180 degree.

Ant.#1 Ant.#2 Change

Dimensions 25 × 10 × 1.60 mm3 or 0.083λ0 × 0.033λ0 × 0.005λ0 @ 1 GHz
Ground-plane of ants.: 28.50 × 14.50 mm2 or 0.098λ0 × 0.048λ0

None

Bandwidth Sim.: 0.89–4.33 GHz
Fractional BW ≈ 131.8%

Sim.: 0.58–4.7 GHz
Fractional BW ≈156.06%

24.26%

Meas.: 1–4.20 GHz
Fractional BW ≈ 123.07%

Meas.: 0.75–4.50 GHz
Fractional BW ≈142.85%

19.78%

Gain (dBi) 0.20, 1.50, and 1 0.25, 3.50, and 2.70 2 dB increase @ 2 GHz

Efficiency (%) 11, 35, and 27 13, 60, and 48 25% increase @ 2 GHz

Note: Gain and radiation efficiency were measured at 1, 2, and 4.2 GHz for ant.#1; and at 0.75, 2, and 4.5 GHz for ant.#2.

Table 4. Salient features of the proposed planar slotted antenna.

Figure 7. Measured gain and radiation efficiency response of the two prototype antennas. (Ant.#1: dashed lines, and 
Ant.#2: solid lines).
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Figure 8. Measured E-plane and H-plane radiation patterns of Ant.#1 and Ant.#2 at various frequencies.
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To summarize, novel planar slotted antenna designs were presented based on metamate-
rial unit cells that were constituted from capacitive slots etched in the radiating patch and 
grounded coiled inductive stubs. The fabricated antennas possess the following characteris-
tics: (i) compact structure; (ii) simple layout, which is easy to fabricate at low cost; (iii) low-
profile structure that is easy to integrate with RF circuits; and (iv) characteristics suitable for 
UHF-SHF broadband wireless communication systems.
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Abstract

Advances in wireless communications have paved the way for wide usage of mobile 
phones in modern society, resulting in mounting concerns surrounding its harmful 
radiation. Energy absorption in human biological tissues can be characterized by spe-
cific absorption rate (SAR). This value refers to the actual amount of electromagnetic 
energy absorbed in the biological tissues, thus a lower value of SAR indicates a lower 
radiation exposure risk to the human body. So, our challenge is to introduce mobile 
handset antennas with low SAR and operating at all mobile and wireless applications. 
In this chapter, novel configurations of single-element antenna are designed, simulated, 
fabricated, and measured. The antennas operate for most cellular applications: global 
system for mobile (GSM)-850/900, digital cellular system (DCS)-1800, personal commu-
nication service (PCS)-1900, universal mobile telecommunication system (UMTS)-2100, 
and long-term evolution (LTE) bands. The antennas also support wireless applications. 
The proposed antennas have a compact size and low SAR at all bands. Also, this chap-
ter presents a comprehensive study on the performance of the antenna in the different 
environments. Furthermore, the antenna performance is tested in the presence of head 
and hand in free space and in a car. The simulation and measurement results are in 
good agreement.

Keywords: specific absorption rate (SAR), multiband antenna, monopole, meander, 
long-term evolution (LTE), industrial, scientific and medical (ISM), wireless local area 
network (WLAN), electromagnetic bandgap (EBG), printed antenna

1. Introduction

With the rapid growth of communication technologies and the vast increase of mobile 
services, developing new low specific absorption rate (SAR) antenna with compact size 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



becomes of great demand in the international market. Furthermore, the new personal 
mobile handsets are needed to support multimedia (image with good resolution, clear 
voice, and data communication) anytime anywhere. This announces that new mobile 
devices are required to back various technologies and to operate in various bands. So, 
the long-term evolution (LTE) is presented as new mobile generation to give high per-
formance for communication systems. It has high capacity and large speed of mobile 
networks [1–6].

Vast research works are introduced to diminish the handset antenna in size and cost and to 
increase the bands that are provided by the antennas. According to Ang et al. [7], an antenna 
is introduced to cover four bands (global system for mobile (GSM)-900, digital cellular sys-
tem (DCS)-1800, personal communication service (PCS)-1900, and industrial, scientific and 
medical (ISM)-2450) at −6 dB as a reference, and this antenna consists of two-layer folded 
patches with size of 33 × 16 × 8 mm3. Ciais et al. [8] replace the ISM 2450 band covered in [7] 
by the UMTS 2100 band at 6-dB bandwidth, the antenna consists of patch with three extra 
parasitic elements put on the corner of a ground plane. But, the antenna in Ref. [8] has a dou-
ble size of the antenna in Ref. [7]. Another two different quad-band antennas are introduced 
in Refs. [9, 10]. According to Tzortzakakis [9], the proposed antenna consists of a monopole 
and a helix with half size reduction compared to the antenna in Ref. [7]. According to Ku 
et al. [10], the proposed antenna consists of a folded dual loop antenna with slight size 
reduction compared to the antenna in Ref. [7]. According to Tang et al. [11], the proposed 
compact antenna consists of double inverted L-shape, three-meandered strip and a copla-
nar strip. The antenna covers five bands (GSM-850, GSM-900, DCS-1800, PCS-1900, and the 
UMTS-2100) (at −6 dB as reference) with 60% reduction in size referred to the antenna in Ref. 
[9]. According to Li et al. [12], a folded loop antenna is introduced to cover the hepta band 
(GSM-850, GSM-900, GSM-1800, GSM-1900, UMTS-2100, GPS, and WLAN at −6 dB band-
width) with slight size increase compared to the antenna in Ref. [11]. According to Young 
et al. [13], an octa-band antenna with more compact size of 46 × 7 × 11 mm3is introduced. 
The antenna covers the following bands: LTE-700, GSM-850, GSM-900, DCS-1800, PCS-1900, 
UMTS-2100, LTE-2300, and LTE-2500. The antenna introduced by Young et al. [13] has a 
compact size in addition to covering eight bands for different mobile applications, yet still 
several bands need to be covered. In addition, it is complicated in the fabrication process due 
to its multilayer construction.

The vast development of wireless services needs to consider the interactions between the 
human body, especially human head, and mobile handset, while the human head absorbs 
the electromagnetic wave that is radiated by the antenna. Some mobile handset antenna char-
acteristics are alerted for its closeness to the human head because of their radiation pattern, 
radiation efficiency, bandwidth, and return loss. The mutual effects of human head and the 
antenna have been introduced by many researches [4–6, 14–16].

There are different methods that were used through the last few decades to reduce the SAR 
such as using other elements as auxiliary antenna, loading a new material such as ferrite, using 
the electromagnetic bandgap (EBG) structures to reduce surface wave/artificial  magnetic 
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 conductors (AMC) surfaces, and finally using metamaterials [3, 4]. A combination of the main 
antenna and a director or a reflector was introduced in Ref. [17] to increase the effective radia-
tion efficiency and to reduce the SAR. The distance between the antenna and the auxiliary 
elements is considered as the main drawback of this method for increasing the size and cost 
of the antenna. According to Jung and Lee [18], the ferrite sheet was used as a protection wall 
between the antenna and the human body. The disadvantage of the procedure is the utiliza-
tion of a costly ferrite material that has unique properties of permittivity and permeability to 
achieve low SAR [3]. In Refs. [3–6], the EBG and metamaterial techniques are used due to their 
properties. The EBG technique reduces the SAR values up to 75%.

2. Multiband antennas

2.1. First configuration

Sultan et al. [4] introduce printed multiband antennas to cover the most of mobile bands and 
wireless application. Figure 1(a) shows the planar monopole antenna that is inverted L-shape 
in size and has an electrical length of a monopole of quarter-wavelength at 2350 MHz. The 
monopole operating bands are (1700–3000) MHz and (4600–5500) MHz. The dimensions of 
the monopole antenna are 18 ×6 × 1.5 mm3. The antenna is designed with compact dimensions 
of 20 × 33 × 1.5 mm3. So, the antenna can be easily integrated in small and sleek mobile device. 
All the labeled dimensions are tabulated in Table 1. Figure 1(b) shows the full geometry of 
the mobile with size of 45 × 110 × 1.5 mm3 in conjunction with a prototype of the antenna. 
The antenna is fabricated using the FR4 substrate (εr= 4.65) with 1.5-mm thickness and loss 
tangent of 0.025 as shown in Figure 1(c).

The antenna is composed of a planar monopole and a planar meander line. The meander 
line increases the path over which the surface current flows and that eventually results in 

Figure 1. Geometry of the first configuration antenna in mobile phone. (a) Antenna geometry, (b) antenna with full 
substrate, and (c) antenna prototype.
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 lowering the resonant frequency. The optimized length of the meander line is 112 mm to oper-
ate at 900 MHz. Furthermore, it operates also at the higher frequencies. Where the combina-
tion between the monopole and meander line contributes to operate from 1.7 to 7.4 GHz, the 
distance between the meander line and the monopole is considered as 1 mm that controls the 
bandwidth matching. Also, the ground plane was chosen to be coplanar with the monopole 
with size 45 × 9 mm2.

The simulated and measured return loss results are introduced in Figure 2. One can notice 
that the simulated and the measured results cover all the proposed mobile and wireless 
application bands. The antenna operates in the two bands: lower band (0.870–0.970 GHz) and 
higher band (1.6349–7.4233 GHz) when taking the 6 dB return loss as a reference.

2.2. Second and third configurations

One of the disadvantages of the first configuration antenna is the low front to back ratio and 
its large SAR value as reported in Ref. [3]. So, if the EBG structure is applied to the antenna, 
it reduces the surface waves and prevents the undesired radiation from the ground plane as 
introduced in Ref. [19]. So, the radiation toward the human head is reduced and, hence, the 
SAR values are also reduced. Although the EBG technique has the advantages of lowering 
cost and the ease of implementation, the EBG structure still needed more development to 
produce a practical wideband and small size for multiband applications. Before applying 
the EBG structure, the antenna dimensions were 30 × 33 × 1.5 mm3. These periodic structures 
have high electromagnetic surface impedance, which is capable of suppressing the propaga-
tion of surface currents and acting as a perfect magnetic conductor in a certain frequency 
range, so the antenna dimensions are reduced to 20 × 26 × 1.5 mm3. The antenna can be eas-
ily integrated in small and sleek mobile device. In this part, two antenna configurations are 
introduced. In the second configuration, a planar EBG structure is positioned between the 
user and the handset antenna, while in the third configuration, the EBG structure is posi-
tioned in coplanar with the antenna to increase the gain. The planar EBG structure is periodic 
square patches with dimensions of 9 × 9 mm2 and gaps of 1 mm. The whole mobile board 
of the second configuration and the third configuration is shown in Figures 3 and 4. In the 
second configuration, the EBG is fabricated over the FR4 substrate (εr= 4.5) with 0.8 mm thick-
ness and loss tangent of 0.025. In the third configuration, the EBG is fabricated in the top layer 
of the antenna substrate.

Parameter Value (mm) Parameter Value (mm) Parameter Value (mm)

L1 24 L5 1 W3 2

L2 14 Lg 9 W4 1

L3 6 W1 17 Wg 45

L4 3 W2 1

Table 1. Dimensions of first configuration.
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The EBG structure is investigated by simulating its behavior within the required band by some 
iterations. The dimensions of the EBG are selected to be 9 × 9 mm2 with a separation of 1 mm 
to achieve a bandgap in the range from 1.54 to 2.48 GHz. The simulated CST and the experi-
mental results of the return loss of the two antennas are shown in Figure 5. The results ensure 
that the antenna covers all the mobile and wireless applications bands. When taking the 6 dB 
return loss as a reference, the antenna of the second configuration operates in the two bands 
(850–1030 MHz) and (1.71–7.8 GHz). The antenna of the third configuration operates in the two 
bands (830–1000 MHz) and (1.67–8.7 GHz). Figure 6 shows a comparison between the simu-
lated gain of the antenna with and without EBG structures in the two configurations. From 
the figure, it is noted that the gain is increased with the use of the EBG structure the antennas 
dimensions are showed in (Table 2).

2.3. Fourth configuration

The first configuration antenna was redesigned before applying the EBG on FR4 material with 
εr= 4.5 and h = 0.8 mm with compact dimensions of 33 × 25 × 0.8 mm3. The operating bands are 
860–1020 MHz and1.675–8.15 GHz. The EBG structure is embedded on the bottom layer of 
the substrate as shown in Figure 7. The antenna dimensions are showed in Table 3 for the two 
cases (with EBG and without EBG). The comparison between the simulated and measured 
return loss results of the proposed antenna with EBG and without EBG is shown in Figure 8. 
The results reveal that the antenna operates at all the mobile and wireless applications bands. 
When taking the 6 dB return loss as a reference, the antenna operates in the two bands (from 
587 to 977 MHz and from 1.67 to 8.63 GHz). The gain and the radiation efficiency of the fourth 
antenna are shown in Table 4.

Figure 2. Simulated and measured return loss of the proposed antenna.
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When EBG structures interact with electromagnetic waves, they show amazing properties 
such as frequency pass bands, stop bands, or bandgaps. The characteristics of the EBG struc-
ture shown in Ref. [4] ensure that the EBG structures have stop bands at most of the mobile 
applications and wireless applications bands. This ensures that the EBG structures have high 
surface impedance (HSI) in these bands, and even when a large electric field along the EBG 
surface is present, the tangential magnetic field is small. Thus, the generated electric field 
acts as a magnetic current that radiates in conjunction with the original antenna. The EBG 
structure is positioned perpendicular to the two antennas: the monopole and the meander 
line. Without the EBG, the monopole and the meander lines have null radiation at the end-fire 
directions. With the existence of the EBG, the EBG equivalent magnetic current radiates in 
the end-fire direction of the two antennas. Thus, some of the radiated energy will be in the 

Figure 3. Geometry and prototype of second configuration. (a) Front view of second configuration, (b) back view of 
second configuration (c) front of the two substrates, (d) back of the two substrates, and (e) second configuration assemble.
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Figure 4. Geometry and prototype of third configuration. (a) Geometry and (b) prototype.

Figure 5. Simulated and measured return loss of the second and third configuration of proposed antenna. (a) second 
configuration. (b)Third configuration.

Figure 6. Simulated gain of antennas.
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azimuth plane, which reduces the radiation in the elevation direction where the human body 
exists. Thus, one can conclude that the EBG structure redistributes the radiated energy in such 
a way that it reduces the radiation toward the human body. Figure 9 shows the radiation pat-
tern of the proposed antenna in the absence and the presence of the EBG at 1.8 GHz. It is clear 
that the EBG structures enhance the radiation pattern in the elevation plan. We chose 1.8 GHz 

Figure 7. Geometry and prototype of fourth configuration. (a) Front view, (b) back view, (c) unit cell of EBG, (d) front 
view prototype, and (e) back view prototype.

Parameter Value (mm) Parameter Value (mm) Parameter Value (mm)

L1 20 L5 1 W3 2

L2 9.5 Lg 79 W4 1

L3 7 W1 17 Wg 45

L4 3 W2 1 Lsub2 40

Wsub2 45 W5 22

Table 2. Geometric dimensions of the proposed antenna.
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as an example, but the same enhancement is observed for all the mobile application bands. It 
appears from Figure 10 that although the radiation pattern is omnidirectional in the elevation 
plane, it does not have a null at the end-fire direction of angle 90°. Figure 10 shows the mea-
sured and simulated radiation patterns at frequencies 0.9, 1.8, and 2.1 GHz. Radiation pattern 
measurements were carried out using SATIMO Anechoic antenna chamber.

Parameter Without EBG With EBG Parameter With EBG

Value Value Value

L1:L2 28:14 20.5:8 L5 7.5

L3:L4 6:7 9:3 L6 23.5

Lg:W1 6:17 6:17 G 0.5

W2:W3 1:2 1:2

W4/Wg 1:25 1:25

Table 3. Antenna dimensions (mm).

Figure 8. Simulated and measured return loss of the proposed antenna.

F (GHz) 0.9 1.8 2.1

Gain (dBi) Simulated 2.2 4.4 5.1

Measured 1.9 4 4.6

Radiation efficiency (%) Simulated 89 88 81

Measured 71 68 66

Table 4. Values of gain and radiation efficiency of the proposed antenna.
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Figure 9. Radiation pattern in the xy and yz planes. The antenna is in the yz plane.

Figure 10. Radiation pattern in the xy and yz planes (a) 0.9 GHz, (b) 1.8 GHz, and (c) 2.1 GHz. The antenna is in the yz 
plane.
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3. SAR calculation

In designing antennas for mobile communications, it is important to investigate the SAR value 
produced by the radiation from the mobile handsets. The output power of the cellular phone 
depends on more than one factor such as distance to base station, surrounding environment, 
frequency band, and technology as shown in Ref. [1]. The reference power of the cellular phone is 
set to 500 mW at the operating frequencies of 0.9, 1.8, and 2.1 GHz. The SAR values are calculated 
according to the 10 g standard of the human tissue mass. The SAR calculations are done using the 
CST Microwave Studio commercial package with Hugo voxel model [20]; the permitivities and 
the conductivities of the Hugo model tissues are according to the published data in Ref. [21]. The 
dispersive properties of the tissues are taken into our considerations. As expected, the SAR val-
ues depend on many factors such as the operating frequency, the type of antenna, antenna posi-
tion related to human body, and the relative distance between the human body and the antenna. 
Figure 11 shows the SAR calculations on human head model in the presence of the antenna in 
the ZY plane with and without the EBG structure at 0.7, 0.9, 1.8, and 2.1 GHz. As expected, the 
SAR values depend on the operating frequency, the antenna types, and the distance between 
the antenna and the human body. Table 5 shows the averaged 10 g SAR at the aforementioned 
operating frequencies when the antenna is close to the body. As the results are scalable when the 

Figure 11. Simulated SAR distribution at 0.9, 1.8, and 2.1 GHz for the three antenna.

Low-SAR Miniaturized Handset Antenna Using EBG
http://dx.doi.org/10.5772/intechopen.70175

137



power level changes, the SAR values could be controlled by adjusting the separation between the 
antenna and the head as shown in Figure 12, which illustrates that the SAR values decrease with 
the increase of the separation distance between the antenna and the head. The SAR reduction 
factor (SRF) and the absorbed power are also tabulated in Table 5.

  SRF = 100  (  1 −  SAR  EBG   /  SAR  No EBG   )   %  (1)

Table 5 ensures that the antenna achieves the IEEE C95.1 and the international commission on 
non-Ionizing radiation protection (ICNIRP) standards [22]. The SAR value is inversely propor-
tional to the distance between the antenna and the head as shown in Figure 12. Furthermore, 
the results are scalable when the power level changes.

Frequency 
(GHz)

First 
configuration

Second 
configuration

Third 
configuration

Fourth 
configuration

Absorbed  
power (rms) W

SRF (%) 
between (first 
and fourth)

0.7 – – – 0.536 0.0176 –

0.9 2.63 W/kg 0.872 W/kg 0.641 W/kg 1.03 0.03966 60.8

1.8 2.05 W/kg 1.27 W/kg 1.58 W/kg 0.788 0.086 61.5

2.1 1.78 W/kg 1.39 W/kg 1.56 W/kg 0.883 0.0971 50.39

Table 5. Maximum simulated SAR value (antenna closed to the human head).

Figure 12. The variation of the SAR value at different frequencies against separation distance between head and antenna 
for 4th configuration.
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4. Antenna in handset

There are several sorts of advanced mobile phones, each exhibiting different qualities and 
functions. One among these phones may be the “clamshell” alternately foldable portable 
phone, which has a large LCD, making it really attractive for the end client. It needs two 
fundamental printed circuit boards (upper and lower PCBs). In practice, the upper printed 
circuit board (PCB) includes LCD, camera, and speaker. The lower PCB on the other side typi-
cally includes radio frequency (RF) circuits and the battery of the phone, and the upper PCB 
includes keypads and buttons [4]. Another handset of these types is Samsung phone. In this 
section, we will introduce modeling of both the clamshell and Samsung phones.

4.1. Handset modeling

The advanced mobile phone has various components other than the PCB and the antenna. 
Figure 13(a–c) demonstrate the design of the cell phone without packaging for clamshell-type 
in the open state or talk state. The two grounds are of a similar size 40 × 85 mm2. Figure 13(d) 
demonstrates the perspective of the cell phone in the close state or standby condition. In the 
open mode, the upper ground is slanted with respect to the focal line of the cell phone with an 
angle of 15°, which is acceptable inclination for the clamshell cell phone in the talk position. The 
upper ground is associated with the fundamental ground at a position far from the hinge posi-
tion or the top edge of the main ground through an extended connecting strip of width 0.5 mm 
and length 8 mm. While in the close mode, the upper ground is parallel to the primary ground 
with a separation of 8 mm as appeared in Figure 13(d). The antenna is amassed with the key-
pad model [20], battery, camera, speaker, RF circuit, and LCD. The installing zone of internal 
antenna has four choices. Table 6 demonstrates the favorable position and weakness of every 
choice. “Impact of hand” implies that holding of client’s hand will cause the move of the oper-
ating frequency, and transmitting and receiving become unstable. “Impact of head” defines the 
moving of operating frequency and raising SAR values. The length of link has an impact on the 
loss between the antenna and PCB. When a long link is utilized, the signal power will turn out 
to be low. Table 6 demonstrates that the best position of the antenna is “Top of Key-Pad side.”

The housing of the mobile is a casing of polyvinyl chloride material polyvinyl chloride (PVC) 
with permittivity of 2.8 and loss tangent of 0.019, where the total dimensions of the mobile 
in the closed state are 90  ×   50   ×  14 mm3 and its wall thickness is 1 mm. Figure 13(e) and (f) 
show the mobile after housing with camera and speaker, the camera with 8.5 mm, and it is 
6 mm thick. Opposite to the camera is a speaker with the dimensions of 20 mm length and 6 
mm width. A large touch screen LCD with size of 70  ×  40  ×  2 mm3 and a battery with volume 
60  ×  35  ×  4 mm3 are located parallel with a spacing of 1 mm and are connected to the main cir-
cuit board via connectors. Table 7 shows the material properties of the mobile handset parts. 
Figure 14 shows Samsung phone with standard dimensions 151.1  ×  80.5 ×  9.4 ) mm3 [23], with 
the same housing material of clamshell mobile, speaker, camera, battery with size 90  ×  60  ×  4 
mm3, RF circuit, and large touch LCD with size 130  × 70 × 2  mm3.

The return loss of the antenna in the two modes of the clamshell mobile (open mode and close 
mode) is shown in Figure 15. There is a slight shift between the results of return loss in the free 
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Figure 13. Geometry of the clamshell mobile. (a) Front view of clamshell without packaging. (b) Back view of clamshell 
without packaging. (c) Side view of clamshell without packaging. (d) Closed mode of clamshell without packaging.  
(e) Front view of clamshell with packaging. (f) Back view of clamshell with packaging.
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space and in the clamshell handset. In the open case, the effect of the handset components is 
to mismatch and to shift the operating bands of the antenna, where the bandwidth decreases 
significantly in the low band. So, the dimensions of internal antenna are designed again to 
meet the effect of the handset components. The new dimensions of the antenna are L2= 7 mm, 
L4= 2.5 mm, and W1= 18. In the close case, there is degradation in the impedance bandwidth 
over the bands. Nevertheless, the operating bandwidth is still better than 6:1 voltage standing 
wave ratio (VSWR), which is satisfactory to the clamshell phone in the closed case [4].

The requirements and regulations of the mobile handset are developed through the last years 
by the 3rd generation partnership project (3GPP). The test regulations on various standards 
were created or are progressing. The Cellular Telecommunications and Internet Association 
(CTIA)/The Wireless Association is a United States-based global association that serves the 
interests of the wireless industry by campaigning government organizations and helps with 
regulation settings. It is vital to test the last antenna execution that impacts the human body 
[24-32].

The absorption of human body can be characterized as head loss and hand loss when the 
mobile is in a talking or browsing position. The CTIA organization introduces four differ-
ent body test cases for any mobile phone (free space test, browsing test, talking test, and 
talking with hand test) as shown in Figure 16. The return loss of those four cases is shown 

Position Influence for human body Cable length

Top of LCD Near the head, large SAR value 90 mm

Bottom of LCD Little influence of head and hand 40 mm

Top of Key‐Pad Little influence of head and hand 0 mm

Bottom of Key‐Pad Great influence of hand 0 mm

Table 6. Comparison of antenna installing area.

Mobile parts Material type εr

LCD LCD film 4.78

Battery Perfect electric conductor  
(PEC)

–

RF circuit PEC –

Keypad Digital keys, side key, function keys Rubber 3.5

Key lighter LCD film 4.78

Camera PEC –

Speaker PEC –

Casing (housing) PVC 2.8

PCB FR4 4.5

Table 7. Characteristics of the mobile parts.
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in Figure 17. The hand and the head have little effect on the antenna impedance matching. 
Nevertheless, the impedance bandwidth over the operating bands is still acceptable for prac-
tical applications of the mobile phone.

Figure 14. Structure of mobile elements. (a) Front view, (b) back view, and (c) side view.

Figure 15. The simulated return loss of original antenna and antenna in handset.
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A Hugo phantom is the specific anthropomorphic mannequin (SAM) phantom, which is 
defined for SAR measurement. The hand phantoms are defined for talking and browsing 
modes in evaluating the effects on different phone factors [26].

Table 8 shows the averaged 10 g SAR at the aforementioned operating frequencies for the orig-
inal antenna and antenna in mobile handset when they are in close proximity to the body. The 

Figure 16. CTIA-defined four different test positions for clamshell mobile: (a) free space, (b) browsing mode, (c) talking 
position, and (d) talking position with hand.

Figure 17. The simulated return loss of antenna in mobile handset in four different test positions.
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F (GHz) SAR (original antenna) W/kg SAR (antenna in handset) W/kg SAR (in car) W/kg

0.7 0.536 0.19 0.12

0.9 1.03 0.575 0.47

1.8 0.788 0.48 0.45

2.1 0.883 0.331 0.28

Table 8. Maximum SAR values of the proposed antenna.

F (GHz) Original antenna (free space) Handset (free space) Handset antenna (with human model)

0.7 67% 62% 49%

0.9 65% 60% 61%

1.8 89% 92% 85%

2.1 83% 87% 79%

Table 9. Radiation efficiency.

Figure 18. Human model and mobile handset placed within a car model. (a) Human inside car. (b) SAR distribution.
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other important concern is the effect of the human body on the antenna performance as shown 
in Figure 17. Table 9 shows the radiation efficiency of original antenna and antenna in handset 
in free space and talking position. We locate the human models inside the car, and position it 
250 mm from the left and 350 mm from the top of the car model as shown in Figure 18. This, in 
turn, leads us to conclude that the electromagnetic environment of the car has very little effect 
on the estimated SAR values, and the SAR value is also tabulated in Table 8.

5. Conclusion

New four configurations of compact planar antennas that support the mobile applications, 
ISM band, and wireless services are introduced. The EBG structure is used to minimize the 
structure size of the antenna, give wide impedance BW, and reduce the SAR values. The SAR 
values of the all operating frequencies of the antenna are acceptable according to standards 
in four different modes (free space, talking mode, talking mode with hand, and browsing 
mode). Furthermore, the SAR values when the human body exists in a car satisfy the stan-
dards. Study of the effect of the human body on the antenna performance was also taken 
into considerations. The antennas have more compact size when compared to other antennas 
published in literatures. The antennas are simulated using the CST simulator and fabricated 
using the photolithographic technique. Very good agreement is obtained between the simu-
lated and the experimental results.
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