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Abstract
Antenna engineering is very important in the development of communication
systems and the requirements for low profile antennas that cover a wide spectrum of
frequencies increase number of researches in this field. Accordingly, scientists have
focused on UWB microstrip antennas that cover the range from 3.1 GHz to 10.6 GHz
but others concentrate on enhancing its performance using special type of materials
called metamaterials.
The main objective of this work is to enhance frequency bandwidth, antenna
gain, and radiation pattern for the UWB circular microstrip antenna by employing the
Split Ring Resonator (SRR) technique, which is one type of metamaterials.
Circular and square split ring resonators are investigated as an enhancement
method after studying their characteristics. Multiple techniques are also applied to
these two structures prior to be implemented at antenna’s backside including different
SRR schematics such as the SRR position with respect to the ground, inner and outer
ring rotation, positive and negative rotation angle, number of SRR units, SRR size,
SRR design, in addition to using the complementary SRR. Furthermore, two
techniques are combined together in some designs to observe how antenna’s
performance will be affected. The proposed techniques rely on the variation in
capacitance and inductance which will affect the resonant frequency of the SRR unit
cell. Then some SRR Schematics were implemented in the proposed circular antenna
design to test the functionality within WiFi frequencies 2.4 GHz and 5 GHz. The
enhancement can be summarized in increasing antenna bandwidth and transmitting or
rejecting specific frequency bands. The results of the study reveal an enhancement in
circular antenna’s performance. UWB circular antenna with elliptical rings has a
frequency bandwidth between 3.5 GHz to 9 GHz and a maximum gain around 5 dB;
during the enhancement process using the previous mentioned techniques the
frequency bandwidth increased to cover the range from 2.2 GHz to 9.8 GHz along with
some bands rejection. It was noted that some rejected bands have shifted to higher
frequencies when applying inner or outer ring rotation. To emphasize this, WiFi
frequencies 2.4 GHz and 5GHz are inspected by using the suitable size of S-SRR to
decide which frequency to reject or transmit depending on the communication
applications.

vii
The outcomes of this work should assist in designing antennas with SRR
depending on required communication applications and operating frequencies.

Keywords: Microstrip antenna, metamaterial, SRR, circular and square SRR, rotation,
CSRR, UWB.
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)Title and Abstract (in Arabic

تعزيز آداء الهوائي الكهربائي الدقيق ذات النطاق فائق السعة من خالل استخدام المواد
االصطناعية
الملخص

هندسة الهوائي مهمة للغاية في تطوير أنظمة االتصاالت والحاجة إلى الهوائيات صغيرة
الحجم التي تغطي مجموعة واسعة من الترددات أدت إلى زيادة عدد األبحاث في هذا المجال .وفقا
لذلك ،ركز العلماء على الهوائيات الكهربائية الدقيقة ذات النطاق فائق السعة ) (UWBالتي تغطي
مجموعة الترددات من  3.1جيجا هرتز إلى  10.6جيجا هرتز ولكن يركز آخرون على تحسين
آدائها باستخدام نوع خاص من المواد يعرف بالمواد االصطناعية ).(MMs
الهدف الرئيسي من هذا العمل هو تحسين عرض نطاق التردد وكسب الهوائي ومخطط
االشعاع للهوائي الدائري دقيق الحجم ذو نطاق ( )UWBمن خالل استخدام تقنية الرنان الحلقي
المنقسم ( )SRRوهو إحدى أنواع (.)MMs
يتم التحقق من ( )SRRsالدائرية والمربعة كوسيلة تحسين بعد دراسة خصائصها .يتم
تطبيق تقنيات متعددة على هذين الهيكلين قبل تنفيذها على السطح الخلفي للهوائي .يتضمن ذلك
مخططات مختلفة لـ ) (SRRمثل موضع ( )SRRبالنسبة ألرضية الهوائي ودوران الحلقة
الخارجية أو الداخلية وزاوية الدوران الموجبة والسالبة وعدد وحدات وحجم وتصميم ()SRR
باإلضافة إلى استخدام التصميم التكميلي لـ ( .)SRRعالوة على ذلك ،يتم الجمع بين تقنيتين في
بعض التصميمات لمراقبة كيفية تأثر آداء الهوائي .تعتمد التقنيات المقترحة على التباين في السعة
الكهربائية والحث الكهرومغناطيسي التي ستؤثر على تردد الرنين لخلية واحدة .ثم تم تنفيذ بعض
مخططات ( )SRRفي تصميم الهوائي الدائري المقترح الختبار الوظيفة ضمن ترددات الشبكة
الالسلكية  2.4جيجا هرتز و 5جيجا هيرتز .يمكن تلخيص التحسن في زيادة عرض نطاق الهوائي
وإرسال أو رفض نطاقات تردد محددة .تكشف نتائج الدراسة عن تحسن في آداء الهوائي الدائري.
نطاق تردد الهوائي الدائري ذو الحلقات البيضاوية ونطاق ( )UWBيتراوح بين  3.5جيجا هرتز
إلى  9جيجا هرتز وكسب أقصى حوالي dB 5؛ أثناء عملية التحسين باستخدام التقنيات المذكورة
سابقا ،زاد عرض نطاق التردد ليشمل نطاقا يتراوح بين  2.2جيجا هرتز و 9.8جيجا هرتز جنبا
إلى جنب مع بعض نطاقات الرفض .وقد لوحظ أن بعض النطاقات المرفوضة قد انتقلت إلى
ترددات أعلى عند تطبيق دوران الحلقة الداخلية أو الخارجية .للتأكيد على ذلك ،يتم فحص ترددات

ix

الشبكة الالسلكية  2.4جيجا هرتز و 5جيجا هيرتز باستخدام الحجم المناسب لـ ( )SRRالمربع
الشكل لتحديد التردد الذي يجب رفضه أو إرساله وفقا لتطبيقات االتصاالت.
اعتمادا على تطبيقات االتصاالت والترددات المستخدمة يجب أن تساعد نتائج هذا العمل
في تصميم الهوائيات مع (.)SRR

مفاهيم البحث الرئيسية :الهوائي الكهربائي الدقيق ،مواد اصطناعية ،الرنان الحلقي المنقسم،
الرنان الحلقي المنقسم الدائري والمربع ،الدوران ،الرنان الحلقي المنقسم التكميلي ،نطاق فائق
السعة.
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Chapter 1 : Introduction

1.1 Overview
Antenna engineering is a vibrant field with excessive activities over 60 years
and is predicted to remain in the future; this is due to the essential presence of antenna
in any communication system. One of the most innovative areas of antenna research
is microstrip antenna which is the core topic of this thesis [1].
In the era of radio wave transmission and use of propagation channels, multiple
services had been developed such as television, broadcasting, telecommunications,
radar, and radio-navigation, and many more. Consequently, the requirement for a
device to create radiation from the injected power and collect energy when it is faced
by the electromagnetic field becomes essential [2]. In the early years, antenna
developments were bounded by signal generators availability; after 1934, new types
of antennas started to appear in action like lenses, reflectors and wave guide slot array
[3]. The innovative idea of microstrip antenna has become the most significant topic
in the last years [1]. Thereafter, in 2002, the Federal Communication Commission
(FCC) declared the authorization of using frequency band from 3.1 GHz to 10.6 GHz
for business, consumer and public safety; Ultra-Wideband (UWB) technology is
characterized by very narrow pulses with wideband transmission bandwidths [4]. The
integration of microstrip antenna and UWB system has received scientists’ attention
recently due to their characteristics, and UWB microstrip antennas have been
developed and considered vital parts for applications in UWB communication system
[5].
Nonetheless, since 1968, new invented composite materials were introduced
known as metamaterials which are artificial structures having properties not available
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in nature or materials where magnetic permeability and electric permittivity become
negative simultaneously [6].
A challenge has come into sight for antenna engineers and scientists to combine
the three technologies, microstrip antenna, UWB, and metamaterials, to overcome the
narrow bandwidth of microstrip antenna and enhance its bandwidth to cover UWB
range or control the operated frequency bands.
1.2 Statement of the Problem
Since the development of UWB microstrip antenna, number of researches has
been published for studies carried out to enhance antenna’s performance by using
different techniques. Enhancement techniques such as partial ground, slots on
antenna’s patch, substrate material, antenna size miniaturizing, and metamaterials use
in antenna design, have been studied extensively as per communication system
requirement.
In this research, UWB circular antenna with elliptical rings is designed with
partial ground. The proposed antenna has a frequency bandwidth between 3.5 GHz to
9 GHz. Due to the recent researches of metamaterials, thus metamaterial will be used
as possible enhancing technique to improve the performance of the antenna.
Consequently, two designs of metamaterials, circular and square split ring resonators
are analyzed and implemented at antenna’s backside; the improved frequency
bandwidth is between 2.2 GHz to 9.8 GHz. Not only circular and square split ring
resonators are used but also its complementary structures are implemented on
antenna’s partial ground. This study will help antenna developers and designers to
enhance antenna bandwidth, to be able to select the transmission and rejection bands
(frequencies). This can be accomplished by choosing specific circular and square split
ring resonator dimensions, and selects its position precisely.
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1.3 Potential Contributions and Limitations of the Study
This research focuses on analyzing of metamaterials unit cells and implements
these cells to an UWB circular microstrip antenna for performance improvement.
Accurate unit cells position, unit cells numbers, rings rotation, unit cells dimensions
and complementary structures are studied carefully and each one affects antenna’s
performance in a different way; the improvement can be increasing the frequency
bandwidth, rejecting bands or frequencies and shifting bands. The most valuable
contribution is having the ability to reject or transmit specified frequencies or bands
using metamaterials; this will help antenna engineers and specialists to design antennas
and metamaterials unit cells for specific applications.
The limitation of this study can be opportunities for new challenges and future
research. First and foremost, this study is limited to two metamaterials unit cells design
only, circular and square SRR; there are different unit cells design that can be used
with the circular antenna to test how they will affect antenna’s performance or a new
unit cell can be designed. Moreover, Rogers 5880 LZ substrate is utilized with the
circular antenna while other types of substrates such as FR4 can be examined. Antenna
radiation pattern and gain cannot be measured in the lab due to the unavailability of
measurement system in our Lab. Finally, time limitation for this research because
designing microstrip antennas and metamaterials unit cells requires several
simulations attempts before selecting the design for best performance; in addition to
repeated lab measurements.
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1.4 Thesis Organization
The thesis is organized as follows:
Chapter 1 (Introduction): This chapter presents brief information about
microstrip antennas, UWB wireless communication system and metamaterials.
Declaration of thesis problems and how are they going to be addressed. Contributions
and limitations of the study are stated.
Chapter 2 (Literature Review): Reviews of the previous researches related to
the topic of the thesis are discussed, starting with different designs of UWB microstrip
antenna and its performance. Then, the effect of implementing SRR as an enhancing
technique on UWB antennas is proposed.
Chapter 3 (Technologies and Methods): This chapter starts with an
Introduction about microstrip antenna, its characteristics and its advantages and
disadvantages. Then, metamaterial is introduced; classification, advantages and
applications of metamaterials are declared. New concepts are going to be addressed
like Defect Ground Structure. Then, UWB technology and its advantages are stated.
Chapter 4 (Analysis of Split Ring Resonator): Slotted ring resonators are
introduced. The mean two designs, circular and square, are analyzed in details by
studying its equivalent circuits and designing equations. In addition, complementary
of the two structures are examined. Finally, HFSS is used to produce the simulated
results for circular and square SRR and their complementary; in addition to single ring
S-SRR with L-shape and dual rings S-SRR with four gaps.
Chapter 5 (Results and Discussion): In this chapter, all the results of UWB
circular microstrip antenna with elliptical rings, implementation of circular SRR and
square SRR are introduced. Before implementing the two structures, many
experiments have been conducted such as number of SRR units and its position,
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rotation of the inner and outer ring for C-SRR and the angle of rotation. At the end,
the circular antenna is examined for two communication applications, WiFi and
WiMAX, by implementing different designs of square SRR to control which
frequencies to transmit or reject.
Chapter 6 (Conclusions and Future works): This chapter is the last one that
summarizes the outcomes of this research and describes the future research work that
will be completed.
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Chapter 2 : Literature Review

Since 1970s, microstrip patch antennas were turned to be an essential
component in the wireless communication system. It can be found on satellites, cars,
high-performance aircraft and mobile telephone; this is due to its low profile and cost,
ease of fabrication, and comfortable to planar and nonplanar surfaces. Printed circuit
technology is utilized in antenna fabrication by etching the antennas on substrates [7,
8]. In addition to microstrip antennas, Split Ring Resonators (SRRs) are discussed in
the literature review to realize how it is used as an enhancing technique. SRR is one
group of metamaterials that is described of having permittivity 𝜀 > 0 and negative
permeability 𝜇 < 0 and called Mu Negative Material (MNG) [9].
This literature review will discuss the work of other researchers, and compare
both UWB microstrip antennas and SRRs as enhancing technique, scientific published
papers.
2.1 UWB Microstrip Antennas
One of the main characteristics of the UWB system is the capability of
occupying a huge amount of operating bandwidth all thanks to the employment of
impulse signals compared to generic radios. One of the advantages of UWB is the
broad bandwidth spectrum; this will provide a favorable environment for high data
rates communications applications. Many methods have been reported in the literature
to enhance the antenna operating bandwidth. This can be accomplished by altering the
shape of the radiator, or slots can be introduced in the radiators to enhance the
impedance matching, specifically at very high frequencies. Kardile et al. [10]
introduced multiband circular microstrip antenna of size 50 mm × 64 mm and
simulated on FR4 of thickness 1.6 mm. The presented antenna consists of a circular
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patch and microstrip feeding line with a notch that produces the multiple bands. In
order to achieve band-stop filtering over the frequency range, a U-shaped slot has been
embedded onto the antenna’s patch. This antenna has three bands from 1.5 GHz to 2.8
GHz, 3.3 GHz to 4.7 GHz and ultra-wideband characteristic from 6 GHz to 16.10 GHz.
Antenna’s maximum gain is 4.58 dB and radiation efficiency is around 86.17%.
Hexagonal slot patch antenna in [11] was designed on FR4 substrate of
thickness 1.55 mm and partial ground plane of length L = 20 mm. The simulated
frequency bandwidth is from 2 GHz to 6.8 GHz, while measured bandwidth is between
2.3 GHz to 7 GHz which is suitable for UWB system. Furthermore, in [12] Sultan et
al., introduced a double notched self- complementary UWB antenna. It consists of
semi-ring with tapered section, T-shaped slit etched in the radiating patch and two Cshaped close to the microstrip feed line. This antenna was designed on FR4 of
thickness 1.5 mm and its size is 11.5 mm × 14.5 mm. Antenna’s frequency bandwidth
is between 2.2 GHz and 12 GHz and maximum gain is 3.5 dB; radiation efficiency is
70%.
Moreover, a circular slot antenna was designed for UWB applications in [13];
both simulated and fabricated designs dimensions are 30 mm × 50 mm and FR4
substrate was used of thickness 1.6 mm. The antenna has a bandwidth over the
frequency band from 2.75 GHz to 20 GHz and maximum gain of 4.4 dB. Rawat et al.
[14] developed a Pentagon-shaped antenna with partial ground for UWB applications.
The compact size of the antenna is 12 mm × 22 mm and was designed on FR4 substrate
of thickness 1.6 mm. It achieves an impedance bandwidth between 3.8 GHz and 12.53
GHz and it has again of 3.1 dB.
In the study by Toktas et al. [15], an UWB G-shaped antenna was introduced
of size 8 mm × 27.5 mm and fabricated on FR4 epoxy of thickness 1.6 mm. It consists
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of G-shaped radiating patch of size 8 mm × 8 mm, microstrip transmission line,
8 mm × 16.5 mm partial ground and a pin diode between the poles of the G-shape
radiating patch. The proposed antenna has switchable characteristic between the UWB
spectrum of 2.8 GHz to 12.6 GHz when pin diode at ON-state and stopped or notched
band of 3.5 GHz to 4.95 GHz at OFF-state of the pin diode. At OFF-state, antenna has
maximum gain around 2 dB and efficiency 70% while maximum gain is 5.3 dB and
efficiency is 90% at the ON-state of the diode.
2.2 SRR for UWB Antennas’ Performance Enhancement
In recent years, the SRR technology has been of great importance to the field
of microwave, optical, and antenna. Ibrahim et al. [16] studied U-shaped SRR to
realize how it will affect UWB antenna performance. An UWB monopole antenna of
size 32 mm × 32 mm is presented; it consists of staircase radiating patch, feed line and
partial ground. It has a bandwidth of 8.07 GHz starting from 2.777 GHz to 10.847 GHz
and its gain is 1.522 dB, 3.316 dB and 3.905 dB at the three resonant frequencies. After
implementing the U-shaped SRR, antenna has frequency bandwidth from 2.572 GHz
to 10.746 GHz with a notched band between 5.028 GHz and 6 GHz. Antenna has two
resonant frequencies at 6.272 GHz and 7.82 GHz with gain of 1.763 dB and 3.213 dB,
respectively.
A knight helm UWB microstrip antenna is introduced in [17]; antenna was
designed on Roger Duroid 5880 substrate of thickness 0.8 mm and has a size of
32 mm × 30 mm. Conventional complementary circular SRR was implemented on the
antenna and the frequency bandwidth is 10.81 GHz with gain of 9.19 dB. On the other
hand, implementing the modified complementary circular SRR increased the
bandwidth to 12.91 GHz with gain of 9.41 dB.
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In a research by Yadav et al. [18], a CPW-fed UWB antenna was developed
that covers the complete UWB from 3.1 GHz to 10.6 GHz. The antenna has a size of
26 mm × 30 mm and fabricated on FR4 of depth 1.6 mm. Square SRR and U-shaped
were etched at antenna’s patch and the modified antenna covers the bandwidth from
3 GHz to 11 GHz with three notched bands between 3.3 GHz – 3.6 GHz for WiMAX,
3.8 GHz – 4.2 GHz for C-band and 5.1 GHz – 5.8 GHz for WLAN. The gain of the
antenna is approximately 4 dB to 5 dB and its efficiency is 80%.
In a project by Lavor et al. [19], a microstrip antenna, of size 30 mm × 30 mm,
with circular patch of radius 6 mm was designed and fabricated on FR4 substrate of
thickness 1.56 mm. At the ground plane, a circular opening centered on the origin of
radius 11 mm was made and a circular SRR was inserted into this opening to study its
effect. The proposed antenna has a bandwidth of 3.2 GHz to 10.6 GHz with a rejection
band between 5.3 GHz and 6 GHz; antenna gain at the notch band is -1.277 dB.
In a study by Siddiqui et al. [20], a coplanar waveguide (CPW)-fed UWB
circular monopole antenna was designed for dual frequency notch and wideband notch.
The antenna consists of circular patch fed by coplanar waveguide; it was fabricated on
Taconic substrates of thickness 1.575 mm and its size is 50 mm × 50 mm. Printing two
pairs of square SRR of different dimensions at the backside of a CPW affects the
notched bands. For dual frequency rejecting, the rejected simulated frequencies are
5.33 GHz and 7.9 GHz and measured frequencies are 5.34 GHz and 7.95 GHz. On the
other hand, the simulated rejected wideband is 6.2 GHz to 7.02 GHz while the
measured rejected wideband is 6.2 GHz to 6.9 GHz.
This chapter presents the work of some published papers that related to the
topic of this thesis. Scientists have been working on developing small antennas that
cover the UWB spectrum from 3.1 GHz to 10.6 GHz due to the importance of UWB
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technology and its applications. Different designs of microstrip antennas of circular
and square patches have been presented. Recently, metamaterial has become an
important topic for research and it is used in this work as an enhancing technique for
antenna’s performance. Split Ring Resonators, a metamaterial group, have been
integrated with microstrip antenna to study its effect on antenna’s performance. In the
previous mentioned published papers SRRs have increased antenna’s bandwidth or
rejecting frequencies and bands.
In the next chapter, microstrip antenna will be introduced with its
characteristics, advantages and disadvantages. Additionally, the concepts of
metamaterial and Defect Ground Structure is going to be addressed. Finally, a brief
introduction about UWB technology and its advantages are presented.
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Chapter 3 : Technologies and Methods

This chapter includes a detailed microstrip patch antenna design procedures
and techniques and its contributions to UWB wireless system. In fact, it discusses the
integration of two technologies in communication system, the previous mentioned
antenna type and a nanocomposite structures known as metamaterials. What
metamaterials are and reasons for choosing to implement metamaterials with
microstrip antennas are going to be explored in this chapter.
3.1 Introduction to Microstrip Patch Antennas
Communications has been a major concern to human beings since the
beginning of civilization. As the distance increased between transmitter and receiver,
several devices were discovered and one of these devices is antenna [3]. Antenna has
been defined as a contrivance for radiating and receiving electromagnetic energy. Put
it differently, antenna is a mean of transmission between guiding devices, such as
transmission lines and waveguide, and free space. In any communication system
transmitting and receiving antennas can be noticed [7].
Wireless and satellite communication has been developed during the past
decades and has a tremendous impact on our life. This massive development in
information and communication field represented new antennas that have simple
geometry called microstrip patch antennas. In 1953, the idea of microstrip patch
antenna was proposed by Georges Deschamps but after 20 years, in 1970s, this idea
became practical by Robert E. Munson and others after the evolution of Printed Circuit
Board (PCB) [21].
Since 1970s, mirostrip antenna became the most common type of antennas
because of its attractive features that will be discussed during this chapter. Wide range
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of applications benefits from microstrip antennas such as mobile systems, RFID,
television, broadcast radio, multiple-input multiple-output systems, radar systems,
vehicle collision avoidance system, Global Positioning System (GPS), surveillance
systems and so forth [22]. Microstrip patch antenna is one of the microwave antennas
that operate at microwave frequencies from 300 MHz to 300 GHz [23].
As the technologies and applications are developed, antenna designers are
working on different microstrip antenna designs to get the best accepted performance
and the requirement of antenna miniaturization become very important due to smaller
wireless communicating devices [24].
3.1.1 Microstrip Antenna Characteristics
During the years, large numbers of research papers and books have studied
microstrip antenna and its characteristics and performance. Figure 3.1 represents a
microstrip antenna that consists of:

Figure 3.1: Microstrip Patch Antenna [7]



Patch
The radiating patch placed at one side of the substrate. In designing a microstrip
antenna, patch shapes may vary between rectangular, square, circular,
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triangular, elliptical and thin strip (dipole), Figure 3.2, to meet antenna
requirements. The selected patch for any microstrip antenna design is very thin,
𝑡 ≪ 𝜆0 (𝑡 is the patch thickness and 𝜆0 is the free-space wavelength) [7, 25,
26].

Figure 3.2: Common shapes of microstrip patch elements [7]



Substrate
The substrates of microstrip antennas can be chosen from several numbers of
materials. The height (ℎ) of the substrate is between 0.003𝜆0 ≤ ℎ ≤ 0.05𝜆0 and
its dielectric constant (𝜀𝑟 ) is commonly in the range 2.2 ≤ 𝜀𝑟 ≤ 12. In order to
design microstrip antenna with good performance, a thick dielectric substrate
with low dielectric constant must be implemented. This implementation will
result in better radiation, larger bandwidth and better efficiency but a larger
antenna size. Getting a smaller size microstrip antenna, a thin substrate with
higher dielectric constant is preferred considering that microstrip antenna has
the ability to be integrated with feed networks and circuitry on the same
substrate [1, 7, 25, 27].
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Ground plane
The ground plane is made of high conductivity metal as the patch. Its size
affects antenna’s gain in two different ways. A large ground plane increases
the gain but increases an already large ground plane will affect the gain rarely.
On the other hand, small ground plane will reduce front to back ratio; front to
back ratio defined as the ratio between the gain from the front of the antenna
to its backward gain [8], [28].



Feed line
Four feeding methods are the most used techniques to excite microstrip antenna
by direct or indirect contact. The four feeding techniques are [7]:
 Microstrip Line Feed
 Coaxial Probe Feed
 Aperture Coupling Feed
 Proximity Coupling Feed

3.1.2 Circular Patch Microstrip Antenna Design
Microstrip patch antenna of circular patch is presented in this research. The
selection of circular patch has been decided due to the appropriateness of circular patch
in some applications as it takes less space than rectangular patch antenna that operates
at the same frequency [29]. Circular patch, quarter wave transformer and coaxial
feeding are explained in details next sections.
Circular patch antenna, in Figure 3.3, is analyzed by cavity model; dielectric
substrate with the patch and ground are considered as circular cavity. Circular patch
cavity is made up of two perfect electric conductors at both the patch (top) and the
ground plane (bottom) and a perfect magnetic conductor around the circular peripheral
area of the cavity. In cavity model, the dielectric substrate is seemed to be truncated
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behind the edges level of the patch. The actual radius of the patch is required in
designing a circular microstrip patch antenna and it is given by [7]:
𝑎=

𝐹
⁄2

1
2ℎ
𝜋𝐹
{1 + 𝜋𝜀 𝐹 [𝑙𝑛 ( ) + 1.7726]}
2ℎ
𝑟

8.791𝑥109
𝐹=
𝑓𝑟 √𝜀𝑟

(3.1)

(3.2)

Since fringing makes the patch larger electrically, the effective radius 𝑎𝑒 is
used to replace the actual radius a [30]. The effective radius is given by [7]:
⁄2

1
2ℎ
𝜋𝑎
𝑎𝑒 = 𝑎 {1 +
[𝑙𝑛 ( ) + 1.7726]}
𝜋𝑎𝜀𝑟
2ℎ

(3.3)

Figure 3.3: Geometry of circular microstrip antenna [7]

Coaxial probe feeding is one of the commonly used feeding techniques. In this
feeding type, the inner conductor of the coaxial connector is connected to the radiation
patch while the outer conductor is connected to the ground plane. The main advantage
of coaxial probe feeding is that the feed can be placed at any location inside the patch
for impedance matching. In addition to that, this feeding method has low spurious
radiation. On the other hand, this feeding technique has several disadvantages as
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providing narrow bandwidth, difficulty in modeling because of the hole that should be
drilled in the substrate and connector protrudes outside the ground plane, making it not
planner for thicker substrates. Plus, impedance matching problem for thicker substrates
and producing cross-polarized radiation are observed [7, 31, 32].
The quarter wave transformer is defined as a method for matching real load
impedance to source impedance and it is commonly used in antenna design. The
matching section, Figure 3.4, has an electrical length 𝑙 = 𝜆0 ⁄4 at the design frequency
𝑓0 and its characteristic impedance 𝑍𝑙 is given as [33]:
𝑍𝑙 = √𝑍0 𝑍𝐿

(3.4)

Figure 3.4: Single section quarter wave transformer [33]

3.1.3 Advantages and Disadvantages of Microstrip Antenna
In most of the applications where a low profile, light weight and ease of
installation microstrip antennas are required. Currently, wireless devices and
communication systems such as cell phones, satellites, spacecraft, aircraft and missiles
use microstrip antennas for its significant advantage. Contrary, microstrip antennas
have number of disadvantages [7]. The various advantages and disadvantages are
prescribed below [34-36].
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Microstrip antenna advantages:
1. Low profile planar configuration and lightweight with small volume
2. Different designs that produce linear or circular polarization
3. Conformal to curved surfaces
4. Capable of dual and triple frequency operations
5. Feed lines and matching networks can be fabricated
6. Easy to be used in arrays and combined with other elements of
microstrip circuit
7. Significant range of gain and directivity
8. Low fabrication cost by using printed circuit technology



Microstrip antenna disadvantages:
1. Narrow bandwidth (5% to 10% without any technique)
2. Efficiency is lower than other antennas
3. High dielectric and conductor losses
4. Suffer from surface wave losses for thicker substrates
5. Environmental factors sensitivity like temperature and humidity
6. Difficulty in achieving polarization purity
7. Low gain (2.5 dB – 10 dB)
8. Low power-handling capabilities (not suitable for high-power
applications)
9. Large ohmic losses

3.2 Metamaterials
Breakthroughs in many areas of science and technology such as
electromagnetic materials provide implementations beyond the nature. Negative
refractive index materials concepts and ideas are presented then the new idea of
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structured materials, popularly known as meta-materials are studied to benefit from its
specifications. Metamaterials concept has the ability in designing new materials with
negative electric permittivity, negative magnetic permeability and negative refractive
index [37].
3.2.1 What are Metamaterials?
Noteworthy, scientists were concerned and still about materials with 𝜀 < 0 and
𝜇 < 0 simultaneously and its properties. Since 1968, when Veselago published his
research that some “Gyrotropic substances that are possessing both plasma and
magnetic properties”, no natural materials have been found with the same properties
as Veselago’s materials. Thus, this engineered structures materials have been called
Metamaterials [38].
Metamaterials (MMs) defined as artificial structures designed to have
properties not available in nature [6]. Or, they are artificial materials with permittivity
and permeability that can be controlled by fabricating periodic arrays of small metallic
resonant structures relative to the wavelength [39]. Metamaterials, also known as lefthanded materials (LHM), exhibit negative permittivity and permeability due to its
exclusive property. As mentioned in the previous section, the propagation ray bends
(refracts) in the wrong direction following Snell’s law. In 1999, John Pendry identified
practically how to design a medium that achieve negative permittivity and negative
permeability using conducting wires and a structure called Split Ring Resonators
(SRR) [38].
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3.2.2 Classification of Metamaterials
Metamaterials are classified according to the properties of electric permittivity
𝜀 and magnetic permeability 𝜇. Figure 3.5 presents the classification of MMs into four
groups [9]:


Double Positive (DPS) Material
Materials with positive permittivity 𝜀 > 0 and positive permeability 𝜇 > 0 fall
under this group. Most of the materials in nature such as dielectrics belong to
DPS.



Epsilon Negative (ENG) Material
Materials that have negative permittivity 𝜀 < 0 and positive permeability
𝜇 > 0 like plasmas are called Epsilon Negative Material (ENG). For
microwave applications, thin metal wires are used as ENG Material.



Mu Negative (MNG) Material
Materials with positive permittivity 𝜀 > 0 and negative permeability 𝜇 < 0
belong to MNG Material. Gyrotropic material is an example of a material that
has negative permeability. In addition, Split Ring Resonator (SRR) is the most
widely used MNG Material.



Double Negative (DNG) Material
This class is not available in nature so it should be produced artificially. In this
class both permittivity and permeability are negative 𝜀 < 0 and 𝜇 < 0.
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Figure 3.5: Classifications of metamaterials [9]

3.2.3 Metamaterial Advantages
Metamaterials have many advantages especially in antenna designing and
enhancing antennas performance which is the topic of this research. In the next chapter
these advantages will be studied in more details with simulated and experimented
results. Some of its advantages are mentioned in [9]:


Directivity Enhancement
Metamaterials have the ability to control the direction of the electromagnetic
radiation to collect and direct the energy towards the specified direction.
Antennas directivity increases by using DNG materials.



Bandwidth Enhancement
Antenna bandwidth can be enhanced by using metamaterial. For example,
microstrip antenna can achieve wider bandwidth by implementing superstrate
of metamaterial.



Radiated power Enhancement
Radiated power of conventional antenna can be increased by DNG
metamaterials. Utilizing metal wires with SRRs increase the radiated power of
an antenna.
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Beamwidth and side lobes
The directivity of the antenna is enhanced and the return loss is reduced by
using metamaterials because it decreases the beamwidth and side lobe ratio.

3.2.4 Defect Ground Structure
Recently, different numbers of techniques have been applied to microwave
circuits to enhance its performance; one of these techniques is defect ground structure
(DGS) [40]. DGS is defined as compact geometrical slots etched on microwave
circuits’ ground plane; it can be a single defect (unit cell) or a periodic and nonperiodic number of defects. Etching defects on the ground plane change the
characteristics of the antenna or transmission line by increasing effective capacitance
and inductance [41, 42]. The geometries of DGS are shown in Figure 3.6; some shapes
are simple such as U-shaped, V-shaped, rectangular and circular dumbbell and
concentric rings while other shapes are complex like fractals or split ring resonator.
Different geometries of DGS and are: (a) dumbbell-shaped, (b) circular head
dumbbell, (c) arrow head dumbbell, (d) U-shaped, (e) H-shaped, (f) square heads
connected with U-slots, (g) square slots connected with narrow slot at edge, (h) crossshaped, (i) inter-digital, (j)Fractal, (k) open loop dumbbell, (l) L-shaped, (m) meander
lines, (n) U-head dumbbell, (o) double equilateral U, (p) V-shaped, (q) split-ring
resonators, (r) concentric ring shaped, (s) half-circle, and (t) spiral-shaped [43].
DGS has important characteristics and they are:


Slow Wave Propagation in Pass Band
Jumping phenomenon occurs as follows [43, 44]:
 If frequencies less than the resonance frequency of defect 𝑓 < 𝑓0 , the
1

inductive nature of microstrip line is dominant 2𝜋𝑓0 𝐿 < 2𝜋𝑓 𝐶
0
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 If frequencies greater than the resonance frequency of defect 𝑓 > 𝑓0 ,
1

the capacitive nature of microstrip line is dominant 2𝜋𝑓0 𝐿 > 2𝜋𝑓 𝐶
0

 Jumping phenomenon occurs when 𝑓 = 𝑓0 at the resonance frequency
1

and 2𝜋𝑓0 𝐿 = 2𝜋𝑓 𝐶
0

Microstrip line with DGS exhibits a fast phase variation which has slow wave
behavior below resonance frequency and a slower phase variation with fast
wave behavior beyond the resonant frequency [43, 44].


Band Stop Characteristics
In DGS unit cell equivalent circuit, series inductance increases the reactance
with an increase of the frequency so certain frequency bands are rejected.
Series inductance with parallel capacitance provides the attenuation pole
location that is the resonance frequency of parallel LC resonator. As the
operating frequency increases, the reactance of the capacitor decreases.
Therefore, the bandgap between the propagating frequencies can be occurred
[43, 44].

23

Figure 3.6: Different DGS geometries [43]

3.2.5 Metamaterials Applications
After invented metamaterials in 1968 by Veselago until today, metamaterials
have been analyzed for its properties. Through the years metamaterials applications
are noticed in many fields such as sensor detection, solar power management, remote
aerospace applications and high gain antennas [9].


Light and Sound Filtering
It is used in nondestructive material testing, medical diagnostics and sound
suppression. Metamaterials control the sound and light signals to change
materials color and improve ultrasound resolution.



Invisible Subs
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In order to make submarine invisible to enemy sonar, metamaterials are used
to bend the sound, which is larger than light, around it.


Biosensor
Bio sensing technologies have been used metamaterials in many fields such as
disease diagnostics, food safety, investigation of biological phenomena and
monitoring the environment.



WMD Detectors
Metamaterials are used for screening passengers and cargo for finding if there
are chemical explosive, biological agents and contamination.



Metamaterial Antennas
Antenna’s performance is enhanced by metamaterial. It has the ability to
increase the gain because of its band gap features and periodic structures.
Moreover, a small metamaterial antenna structure can store and reradiate
energy like a large antenna.

3.3 Ultra-Wideband Technology
In 2002, the US Federal Communications Commission (FCC) had worked on
the emission of very low power spectral density from 3.1 GHz to 10.6 GHz known as
Ultra Wideband (UWB). This technique has become a topic of interest within the
scientific community and industry; it is a short duration which achieves the wider
possible bandwidth at the lowest possible center frequency. UWB technology has a
spectrum from 500 MHz to several GHz [2]. The role that UWB technology plays in
our life makes it the most important technology for many communication applications.

25
3.3.1 UWB Concepts
Defense Advanced Research Project Agency (DARPA) adopted the new
technology of Ultra Wideband for the first time. According to DARPA research a
signal is considered as an UWB if its fractional bandwidth is equal to or greater than
20% of the center frequency [45, 46]:
𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ = 2(𝑓ℎ − 𝑓𝑙 )/(𝑓ℎ + 𝑓𝑙 )

(3.5)

where 𝑓ℎ and 𝑓𝑙 are the highest and lowest frequencies that are 10 dB below the
maximum. Additionally, a signal is UWB, if it occupies bandwidth equal to or greater
than 500 MHz [45].
3.3.2 Advantages of UWB
UWB offers several advantages to wireless communications because of its
short duration pulses [47].


Sharing of the frequency spectrum
UWB signal’s power of -41.3 dBm / MHz keeps UWB systems below the noise
floor and UWB signals coexists with other radio services signals without
interference, Figure 3.7.

Figure 3.7: Coexistence of UWB signals with other signals in RF spectrum [47]
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Large channel capacity
Channel capacity is the data rate and it is defined as the maximum amount of
data that can be transmitted per second over the communication channel [47].
UWB channel capacity can be calculated by Hartley-Shannon’s capacity
formula [47]:
𝐶 = 𝐵𝑙𝑜𝑔2 (1 + 𝑆𝑁𝑅)

(3.6)

where 𝐶 is channel capacity, 𝐵 is the bandwidth and 𝑆𝑁𝑅 is signal-to-noise
ratio.


Working with low signal-to-noise ratio
UWB system has the ability to work with low SNR and still offer a large
channel capacity due to its large bandwidth



Resistance to jamming
UWB signals have resistance to intentional and unintentional jamming. In real
life, no jammer can jam every frequency in the UWB spectrum; if some
frequencies are jammed, there will be untouched large range of frequencies.
Processing gain (PG) is the ratio of the RF bandwidth to the information
bandwidth of a signal; it can measure the resistance to jamming [47]:
𝑃𝐺 =



𝑅𝐹 𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ
𝐼𝑛𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ

(3.7)

Low probability of intercept and detection
UWB low transmission power is the main reason for immunity to intercept and
detection. Time modulation is used with codes unique to each
transmitter/receiver pair when transferring UWB pulses which add more
security to the transmission. Moreover, to be able to detect this low power the
eavesdropper has to very close to the transmitter around 1 meter.



Superior penetration properties
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The low frequencies of the UWB spectrum have a long wavelength that permits
UWB signals to penetrate different materials. This property is suitable for
through-the-wall communication and ground-penetrating radar.


Simple transceiver architecture
Data in UWB systems is not modulated on a continuous waveform with a
specific carrier frequency like narrowband and wideband. Carrierless UWB
transmission demands fewer RF components than carrierbased transmission.
Therefore, UWB transceiver is simpler and cheaper to build than narrowband
transceiver.

3.3.3 Design Consideration for UWB Antennas
Antenna designers benefit from UWB features in designing UWB antennas
[48].


Bandwidth of 7.5 GHz ranging from 3.1 GHz to 10.6 GHz and satisfied omnidirectional radiation patterns.



Signal of short-pulse with minimum distortion is propagated over the
frequency range.



The emission power of -41.3 dBm / MHz has been specified by Federal
Communication Commission (FCC) should be ensured, Figure 3.8.
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Figure 3.8: UWB spectral mask and FCC Part 15 limits

A microstrip patch antenna is considered the most common antennas type so it
has been presented in details in this chapter such as its unique characteristic, different
patch design and the reason for choosing circular patch and its advantages and
disadvantages. Then, identification of metamaterial and its groups are explained with
an introduction about Defect Ground Structure concept. Some applications of
metamaterials are stated to show its importance. This chapter ends with UWB
technology and its features that lead to design UWB antennas. The following chapter,
chapter 4, slotted ring resonators will be introduced. Four designs of split ring
resonators are going to be analyzed by HFSS and their results will be presented.
Moreover, the complementary structures will be studied and analyzed.
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Chapter 4 : Analysis of Split Ring Resonator

The unique physical properties of Left-Handed Metamaterials (LHM) have
increased the number of studies conducting on this material. Material response to the
electromagnetic (EM) wave can be decided by its dielectric permittivity (𝜀) and
magnetic permeability (𝜇); ordinary materials have positive permittivity and
permeability while LH materials have negative permittivity and permeability [49].
In this chapter, Circular and Square Split Ring Resonators (SRR) that are
essential components of LHMs are going to be studied and analyzed in depth due to
its characteristic of having negative permittivity and negative permeability.
4.1 Left-Handed Metamaterial
Negative index of refraction recognition made a great impact on the scientific
community and assisted in discovering of distinct left-handed electromagnetism
aspects [50]. In 1968, electromagnetic (EM) wave propagation through materials that
are having negative electric permittivity and negative magnetic permeability
simultaneously had been inspected as Left-Handed Materials (LHM) by Veselago
[51]. The reason for this name is that E, H fields and the wave vector k of the
propagating electromagnetic wave create a left-handed system [51]. John Pendry has
introduced a periodic array of nonmagnetic conducting units known as split ring
resonators; by making the units resonant, its behavior has been explained as having
negative magnetic permeability [52-54]. This opportunity of creating a negative
permeability material led to form a left-handed material [52]. Veselago’s theory has
been demonstrated and reported for the first time by Smith et al.; they accumulated
split ring resonators and thin wires in one array of structured materials to produce
dielectric permittivity and magnetic permeability that are both negative [51, 54].
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4.2 Slotted Ring Resonator Analysis
The resonators, that are required to show the existence of negative refraction
and negative material parameters, must have to be small relative to the wavelength and
easily obtainable by electric and/or magnetic fields. In 1999, John Pendry has proposed
split ring resonators where both rings are split [39]. The novel structures have attracted
the interest of the scientific community due to its unusual magnetic properties at high
frequencies which is difficult to be acquired by natural material. The fundamental SRR
property is the small electrical size at resonance and its noticeable magnetic effect near
the resonance [55, 56]. SRRs have many geometrical shapes as mentioned in the
previous chapter; in this section the analysis is going to be concentrated on circular
and square split ring resonators.
The unit cell of double SRR structure consists of two concentric metallic
conductive rings with gaps in them at opposite sides; the two rings have a small split
between them and are made of nonmagnetic metal such as copper [57, 58]. SRR
structure has the advantage of having a size that is much smaller than the free space
wavelength at resonance [54]. In case of exciting SRR by an external source like
electromagnetic wave, a time-varying magnetic field (H-field) which is perpendicular
to the plane of SRR induces a current in the two rings. The two gaps on the opposite
side prevent the current to flow around the rings but allow the induced current to flow
on the surface of the rings and pass from one ring to the other as a displacement current
through the capacitive split between the two rings. The high value of distributed
capacitance on the split between the two rings which store the same amount of charge
but of opposite sign at both sides of the split prompts strong coupling between the two
rings and lower the resonant frequency. The total capacitance of SRR structure is the
series distributed capacitance on the two rings and the two gaps capacitance [55, 58-
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62]. Moreover, SRR inductance is specified according to the length of the rings and
becoming larger when rings length increased; due to SRR capacitance and inductance,
it behaves as a resonant LC circuit [60, 61, 63]. Figure 4.1 shows how the current flow
on circular and square SRR.

𝐶𝑝

𝐿𝑖𝑛𝑛𝑒𝑟

𝐶𝑝

2

𝐿𝑜𝑢𝑡𝑒𝑟
2

Figure 4.1: Electric current flow on SRR [60, 63]

SRR, circular and square, behaves as an LC resonator that can be excited by an
electromagnetic field [64]; equivalent LC circuit model is displayed in Figure 4.2; 𝐿𝑠
is the resonator self-inductance and the two SRR rings have the capacitance in halves,
𝐶0 ⁄2 [65]. The total capacitance of the SRR structure is the series capacitance of its
two rings [61].

Figure 4.2: SRR equivalent circuit model [65, 66]
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4.2.1 Theoretical Analysis
From the equivalent circuit of SRR in the previous section, it can be noticed
that the SRR structure behaves as an LC circuit with resonant frequency specified by
the total inductance and capacitance of SRR structure [67]. In the next two sections,
the designing equations for circular and square SRR are expressed.
4.2.1.1 Circular SRR
In Figure 4.3, the schematic view of circular SRR is shown and its resonance
frequency is expressed as [62]:
𝜔0 = √

2
(𝐶0 + 𝐶𝑔 )𝐿

(4.1)

Where 𝐶0 is the distributed capacitance, 𝐶𝑔 is the gap capacitance and 𝐿 is the selfinductance of the rings.
𝐿 = 𝜇0 r(𝑙𝑛

8r 7
− )
𝑤 8

(4.2)

The gap capacitance 𝐶𝑔 is calculated as a parallel-plate capacitance with a fringing
field correction term.
𝐶𝑔 = 𝜀0 [

ℎ𝑤
+ (ℎ + 𝑤 + 𝑔)]
𝑔

(4.3)

𝑤 is the width of the metallic ring and ℎ is its thickness; 𝑔 = 𝑔1 = 𝑔2 is the split gaps.
r is the SRR mean radius formulated as:
r = 𝑟 + 𝑤 + 𝑑 ⁄2

(4.4)

𝑑 is the inter ring spacing. 𝑟 is the inner ring radius.
The mutual (distributed) capacitance is demonstrated as:
𝐶0 = 𝜋r𝐶𝑝𝑢𝑙
The per unit length capacitance 𝐶𝑝𝑢𝑙 is calculated as:

(4.5)
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𝐶𝑝𝑢𝑙 = 𝜀0 𝜀𝑒 𝐹(𝑘)
𝜀𝑒 = 1 +
𝑘 = 𝑎⁄𝑏;

(4.6)

(𝜀𝑟 − 1)𝐹(𝑘)
2𝐹(𝑘1)

𝑎 = 𝑑 ⁄2;

(4.7)

𝑏 = 𝑑 ⁄2 + 𝑤

(4.8-9-10)

𝑘 ′ = √1 − 𝑘 2

(4.11)

𝜀0 = 8.85 ∗ 10−12 is the permittivity of free space, 𝜀𝑟 is the dielectric constant of the
material and 𝑡 is the substrate thickness.
𝑘1 =

sinh(𝜋𝑎⁄2𝑡)
sinh(𝜋𝑏⁄2𝑡)

1
1 + √𝑘′
𝑙𝑛2
𝜋
1 − √𝑘′

𝐹(𝑘)
{

𝜋𝑙𝑛 (2

1 + √𝑘
1 − √𝑘

)

,
−1

,

(4.12)

0<𝑘≤
1
√2

1
√2

<𝑘≤1

Figure 4.3: Schematic view of a circular split ring resonator [51]

(4.13)
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4.2.1.2 Square SRR
The resonant frequency of square SRR, Figure 4.4, is given by [54, 68]:
𝑓0 =

1
1
√
2𝜋 𝐿𝑇 𝐶𝑒𝑞

(4.14)

𝐿𝑇 is the total inductance and 𝐶𝑒𝑞 is the total equivalent capacitance; 𝐶𝑒𝑞 can be
estimated as:
𝐶𝑒𝑞 =

(𝐶1 + 𝐶𝑔1 )(𝐶2 + 𝐶𝑔2 )
(𝐶1 + 𝐶𝑔1 ) + (𝐶1 + 𝐶𝑔2 )

(4.15)

𝐶𝑔1 and 𝐶𝑔2 are the gap capacitances of the two splits and the split gaps are identical
so 𝑔1 = 𝑔2 = 𝑔. Hence, 𝐶𝑔1 = 𝐶𝑔2 = 𝐶𝑔. Likewise, 𝐶1 and 𝐶2 are the capacitances of
the lower and upper halves of the Square SRR (S-SRR) and 𝐶1 = 𝐶2 = 𝐶0 . In this case,
𝐶𝑒𝑞 is changed as:
𝐶𝑒𝑞 =

(𝐶0 + 𝐶𝑔 )
2

(4.16)

𝐶0 and 𝐶𝑔 are calculated as:
𝐶0 = 𝐶𝑔1 = 𝐶𝑔2 =

𝜀0 𝑐𝑡
𝑔

(4.17)

Where 𝑡 and 𝑐 are the metallic strips thickness and width respectively.
𝜀0 is the free space permittivity and g is the split gap.
𝐶0 = 𝐶1 = 𝐶2 = (4𝑎𝑎𝑣𝑔 − 𝑔)𝐶𝑝𝑢𝑙
𝑎𝑎𝑣𝑔 = 𝑎𝑒𝑥𝑡 − 𝑐 −

𝑑
2

𝜀
𝐶𝑝𝑢𝑙 = √ 𝑟⁄𝑐 𝑍
0 0

(4.18)
(4.19)
(4.20)

𝐶𝑝𝑢𝑙 is the capacitance per unit length. 𝑐0 is the velocity of the light in free space, 𝑍0
is the line characteristic impedance, 𝜀𝑟 is the relative permittivity or dielectric constant,
𝑑 is the inter ring spacing and ℎ is the substrate thickness.
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The effective permittivity 𝜀𝑒 is calculated as:
𝜀𝑒 = 1 +

𝜀𝑟 − 1 𝐾(𝑘 ′ )𝐾(𝑘1 )
2 𝐾(𝑘)𝐾(𝑘1′ )
𝑐 ⁄2
𝑐 ⁄2 + 𝑑

(4.22)

sinh(𝜋𝑎⁄2ℎ)
sinh(𝜋𝑏⁄2ℎ)

(4.23)

𝑐
2

(4.24)

𝑐
+𝑑
2

(4.25)

𝑘=
𝑘1 =

(4.21)

𝑎=
𝑏=

𝑘 ′ = √1 − 𝑘 2

(4.26)

𝐾(𝑘) is a complete elliptic function of the first kind and 𝐾(𝑘 ′ ) is its complementary
function. 𝐾(𝑘)⁄𝐾(𝑘 ′ ) is an approximate expression which is given as:
−1

𝐾(𝑘)
1
1 + √𝑘 ′
=
[
𝑙𝑛
(2
)]
𝐾(𝑘 ′ )
𝜋
1 − √𝑘 ′

𝑓𝑜𝑟 0 ≤ 𝑘 ≤ 0.7

(4.27)

𝐾(𝑘) 1
1 + √𝑘
= 𝑙𝑛 (2
) 𝑓𝑜𝑟 0.7 ≤ 𝑘 ≤ 1
′
𝐾(𝑘 ) 𝜋
1 − √𝑘

(4.28)

The characteristic impedance 𝑍0 is calculated using the previous expression as:
𝑍0 =

120𝜋 𝐾(𝑘)
′
√𝜀𝑒 𝐾(𝑘 )

(4.29)

Replacing the values of 𝐶0 and 𝐶𝑔 in 𝐶𝑒𝑞 equation, we get:
𝑔
𝜀0 𝑐𝑡
𝐶𝑒𝑞 = (2𝑎𝑎𝑣𝑔 − ) 𝐶𝑝𝑢𝑙 +
2
2𝑔1

(4.30)

As a consequence, the resonance frequency of the split ring resonator is:
𝑓0 =

1
1
=
√
2𝜋 𝐿𝑇 𝐶𝑒𝑞

1
𝑔
𝜀0 𝑐𝑡
2𝜋√𝐿𝑇 [(2𝑎𝑎𝑣𝑔 − 2 ) 𝐶𝑝𝑢𝑙 + 2𝑔
]
1

(4.31)
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𝐿𝑇 is the equivalent inductance for a wire of rectangular cross section of length 𝑙 and
thickness 𝑐; 𝐿𝑇 is presented as:
𝐿𝑇 = 0.0002𝑙(2.303 log10

4𝑙
− 𝑦) 𝑚𝑖𝑐𝑟𝑜 𝐻
𝑐

(4.32)

𝑦 is a wire loop constant of square geometry and 𝑦 = 2.853. The length 𝑙 is estimated
directly and is given as:
𝑙 = 8𝑎𝑒𝑥𝑡 − 𝑔

(4.33)

All the dimensions are in millimeter (mm).
The resonant frequency can be calculated in another way as in [69]:
𝑓0 =

𝐿𝑇 =

1
2𝜋√𝐿𝑇 𝐶𝑒𝑞

4.86𝜇0
0.98
(𝑎 − 𝑐 − 𝑑) [𝑙𝑛 (
) + 1.84𝜌]
2
𝜌

(4.34)

(4.35)

Where 𝑎 is the length of the side of the outer square and 𝜌 is the filling factor of the
inductance. 𝜌 is given by:
𝜌=

𝑐+𝑑
𝑎−𝑐−𝑑

(4.36)

The equivalent capacitance 𝐶𝑒𝑞 is found by:
3
𝐶𝑒𝑞 = (𝑎 − (𝑐 + 𝑑)) 𝐶𝑝𝑢𝑙
2

(4.37)

The per-unit-length capacitance between the rings 𝐶𝑝𝑢𝑙 is:
𝐶𝑝𝑢𝑙

𝐾(√1 − 𝑘 2 )
= 𝜀0 𝜀𝑒𝑓𝑓
𝐾(𝑘)

(4.38)

Effective dielectric constant 𝜀𝑒𝑓𝑓 is expressed as [33, 69]:
𝜀𝑒𝑓𝑓 =

𝜀𝑟 + 1
2

𝑜𝑟

𝜀𝑒𝑓𝑓 =

𝜀𝑟 + 1 𝜀𝑟 − 1
1
+
2
2 √1 + 12 ℎ⁄𝑐

(4.39-40)

As mentioned before K(k) is the complete elliptical integral of the first kind and k is
given as below:
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𝑘=

𝑑
𝑑 + 2𝑐

(4.41)

Figure 4.4: Schematic view of a square split ring resonator [54]

In the case that the inter-ring spacing becomes smaller, the rings of the circular
and square SRR becomes closer while the resonance frequency reduced and the
electrical size becomes smaller. Although, the inter ring spacing cannot be smaller than
100 μm for PCB technology. The electrical size of the SRR cannot be less than 𝜆⁄10
[70].
4.3 Complementary Split Ring Resonator
In 2004, Falcone et al. introduced complementary split ring resonators
(CSRRs) that are recognized as metamaterial of negative dielectric constant (𝜀) [7173]. CSRRs are quasi-lumped elements and dual counterparts of SRRs or negative of
SRRs. CSRR can be achieved by etching SRR on the ground plane and according to
Babinet principle CSRR is the dual of SRR; this principle states that the total field
transmitted by a metallic screen with a slot together with the total field transmitted by
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its complementary screen produce the incident wave as if no screen were introduced.
Accordingly, these two structures, SRR and CSRR, have the same resonant frequency
approximately. Nevertheless, they have main difference between them which is SRR
has negative permeability whereas CSRR has negative permittivity [56, 71-73].
Furthermore, the roles of E and H fields are interchangeable from the fields in SRR;
CSRR is excited by E-field that should be perpendicular to the CSRR plane [73, 74].
Put the matter another way, CSRR acts as an electric dipole which is excited by an
axial electric field while SRR behaves as a magnetic dipole which is excited by an
axial magnetic field [64]. Also, CSRR forms LC circuit because of its capacitance and
inductance [75]. Figure 4.5 shows the difference between SRR and CSRR where the
metallization removed from the ground plane to form CSRR [66, 76].

Figure 4.5: CSRR is the inverse shape of SRR [76]

CSRR equivalent LC circuit, circular and square, has total inductance 𝐿𝑐 which
is the parallel combination of two inductances 𝐿0 ⁄2, combining CSRR inner disk to
ground, in addition to capacitance 𝐶𝑐 , Figure 4.6 [77].
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Figure 4.6: CSRR equivalent circuit model [65, 66]

4.4 SRRs Results
In order to analyze the behavior of SRR unit cell, all structures are designed
using the same geometry in [54, 62] and printed on Rogers 5880 LZ substrate with a
dielectric constant of 𝜀𝑟 = 1.96, a dielectric loss tangent of 𝑡𝑎𝑛 𝛿 = 0.0009 and a
thickness of 1.27 mm. In the following sections, four structures are going to be studied
accurately and its results of S-parameters and permeability are going to be explained.
4.4.1 Circular SRR
For a Unit cell of circular SRR in Figure 4.3, the values of its parameters are
shown in Table 4.1. Scattering parameters are the representation of transmitted and
reflected waves in a circuit and divided to reflection coefficients and transmission
coefficients [33]. Reflection coefficient (𝑆11 ) and transmission coefficient (𝑆21 ) and
its phases for a unit cell of circular SRR are plotted in Figures 4.7 and 4.8, respectively.
(𝑆11) is the ratio of the reflected wave to the incident wave [33] and it has a value of 53.0731 dB at 3.6246 GHz, -13.087 dB at 13.5906 GHz and -52.2474 dB at
19.7908 GHz, Figure 4.7. It is noticeable that SRR has resonance at different
frequencies, 3.6246 GHz, 13.5906 GHz and 19.7908 GHz, where it has good
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transmission. From Figure 4.8, a jumping phenomenon occurs at the resonant
frequency where there is a phase change in (𝑆11) which confirms the existence of some
material characteristics such as negative permeability.

Table 4.1: Circular SRR unit cell parameters

Circular SRR
The unit cell
parameters
Ring width (𝑐)
Ring thickness (ℎ)

Value (mm)
0.7
37 µm

Inter-ring spacing (𝑑)

0.2

Split gap (𝑔)

0.2

Substrate thickness (𝑡)

1.27

Inner ring radius (𝑟)

2.2

Figure 4.7: S11 and S21 for circular SRR
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Figure 4.8: S11 and S21 phase for circular SRR

As mentioned in the previous chapters, SRR exhibits negative permeability
which is a big challenge in this type of metamaterials. Figure 4.9 shows the behavior
of magnetic permeability. It is clearly shown that the permeability takes negative
values at the transmission parameter (𝑆21 ).

Figure 4.9: Real and imaginary effective permeability µ
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Figure 4.10: Circular SRR designed in HFSS

Figure 4.11: Surface current density and its vectors for circular SRR
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The designed circular SRR in HFSS program is presented in Figure 4.10; its
dimensions mentioned previously in Table 4.1. The surface current density for the
circular SRR at the first resonant frequency 3.6246 GHz is shown in Figure 4.11; it is
observed that the majority of the current is concentrated at the inner side of each ring
opposite to its gap and the same figure, Figure 4.11 displays the direction of the surface
current that flows in the same direction, clockwise, for the two rings.
4.4.2 Square SRR
Otherwise, the next unit cell to be analyzed is the square SRR that is one of the
two main designs of SRR. The square SRR under study is shown in Figure 4.4 and its
dimensions are presented in Table 4.2. Square SRR has two resonant frequencies at
4.975 GHz and 17.6226 GHz of return loss -49.4472 dB and -25.0114 dB, respectively,
Figure 4.12. Also, the phase change when resonance occurs for square SRR,
Figure 4.13, to emphasize on negative permeability of metamaterials.

Table 4.2: Square SRR unit cell parameters

Square SRR
The unit cell parameters Value (mm)
Ring width (𝑐)
Ring thickness (𝑡)

0.5
35 µm

Inter-ring spacing (𝑑)

0.2

Split gap (𝑔)

0.8

Substrate thickness (ℎ)

1.27

Square half side (𝑎𝑒𝑥𝑡 )

2.6
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Figure 4.12: S11 and S21 for square SR

Figure 4.13: S11 and S21 phase for square SRR
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Figure 4.14: Real and imaginary effective permeability µ

Square SRR permeability is getting a negative value at the transmission
parameter (𝑆21 ), Figure 4.14; this behavior of changing the direction from positive to
negative ensure the characteristics of metamaterials.

Figure 4.15: Square SRR designed in HFSS
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Figure 4.16: Surface current density and its vectors for square SRR

Figure 4.15 shows the square rings structure of dimensions from Table 4.2. The
concentration of the current is at the inner side of each ring opposite to the gaps at
resonant frequency 4.975 GHz and the flow of the current for the two rings is in the
same direction counter-clockwise, Figure 4.16.
4.4.3 Single Ring Square SRR with L-Shape
The idea of the third design to be studied comes from the main dual square
SRR. Single ring square SRR consists of one ring, the outer ring of dual square SRR,
with L-shape which is attached to its both ends. The single ring square SRR has the
same dimensions as the outer ring of the dual square SRR, Table 4.2, in addition to the
L-shape of length 2.1 mm, Figure 4.17. This design has a return loss up to
-55.7433 dB at 4.975 GHz, Figure 4.18, that is its single resonant frequency.
Figure 4.19 shows the phase change and Figure 4.20 presents the negative permeability
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which is matematerials characteristic. The surface current density of the structure at
its resonant frequency 4.975 GHz is presented and displayed that the current is
concentrated at the three sides of the square ring except the fourth one of attached
L-shape; the current flows counter-clockwise in Figure 4.21.

2.1 mm

Figure 4.17: Single ring square SRR with L-shape

Figure 4.18: S11 and S21 for single ring square SRR with L-shape
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Figure 4.19: S11 and S21 phase for single ring square SRR with L-shape

Figure 4.20: Real and imaginary effective permeability µ
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Figure 4.21: Surface current density and its vectors for single ring square SRR with
L-shape
4.4.4 Square SRR with Four Opposite Gaps
The last SRR design in this analysis is the dual rings square SRR with four
gaps; it looks like the main square SRR but instead of two gaps it has four gaps at
opposite sides, Figure 4.22, and it has the same dimensions of square SRR that are in
Table 4.2. This design has two resonant frequencies at 8.7407 GHz of return loss up
to -41.0132 dB and 15.1121 GHz of return loss up to -21.3538 dB, Figure 4.23. It is
observed that the resonant frequencies of this design are getting high values unlike the
previous three designs so it is expected to affect high frequencies when implement it
to antenna or filter designs. (𝑆11) phase change at the resonant frequencies is shown in
Figure 4.24 and the main characteristic of having negative permeability is presented
in Figure 4.25. At the resonant frequency 8.7407 GHz, the majority of the current
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concentrated at the left side of the structure and the current flow is in clockwise
direction, Figure 4.26.

Figure 4.22: Dual rings square SRR with four opposite gaps

Figure 4.23: S11 and S21 for dual rings square SRR with four gaps
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Figure 4.24: S11 and S21 phase for dual rings square SRR with four gaps

Figure 4.25: Real and imaginary effective permeability µ
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Figure 4.26: Surface current density and its vectors for dual rings square SRR with
four gaps

4.5 Complementary SRRs Results
The complementary of three SRR structures are analyzed to realize its behavior
and how it differs for SRRs; the analyzed structures are the main square SRR in
case 1, single square ring with L-shape in case 2 and dual square rings with opposite
four gaps in case 3. The three complementary structures have the same dimensions as
the SRRs in the previous section. Additionally, the rings in the three designs are
dielectric substrate while the red parts are copper, Figure 4.27.
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Case 1

Case 2

Case 3

Figure 4.27: Complementary of square SRR, one ring with L-shape and dual rings
with four opposite gaps

The complementary square SRR in case 1 has been simulated by HFSS and it
is observed from Figure 4.28 that it has resonant frequencies of 5.2983 GHz of return
loss up to -62.449 dB, 13.7618 GHz of return loss up to -57.9534 dB and 19.8478 GHz
of return loss up to -38.5237 dB. Also, Figure 4.29 shows the phase change at the
resonant frequencies which proof it is a metamaterial. The main difference of between
SRR and CSRR is that CSRR structures have negative permittivity; Figure 4.30
presents the negative permittivity at the transmission parameter (𝑆21 ).

Figure 4.28: S11 and S21 for complementary square SRR
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Figure 4.29: S11 and S21 phase for complementary square SRR

Figure 4.30: Real effective permittivity ε

Case 2 is a complementary single square ring with L-shape attached to it. The
resonant frequencies of this unit cell are 4.9179 GHz, 13.9139 GHz and 17.7748 GHz
with return losses up to -68.332 dB, -59.4596 dB and -46.6999 dB, respectively, Figure
4.31. Phase change at resonant frequencies, Figure 4.32. In addition, negative electric
permittivity, which is the main characteristic of CSRR, is shown in Figure 4.33.
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Figure 4.31: S11 and S21 for complementary single square ring with L-shape

Figure 4.32: S11 and S21 phase for complementary single square ring with L-shape
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Figure 4.33: Real effective permittivity ε

Square SRR with four opposite gaps unit cell in case 3 has resonant frequencies
of 14.96 GHz of return loss up to -25.2655 dB and 17.7177 GHz of return loss
-31.2816 dB, Figure 4.34. The phase shift in Figure 4.35 and negative permittivity in
Figure 4.36 ensure the validity of this design as a metamaterial.

Figure 4.34: S11 and S21 for square SRR with four opposite gaps
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Figure 4.35: S11 and S21 phase for square SRR with four opposite gaps

Figure 4.36: Real effective permittivity ε
Four designs of slotted ring resonators are analyzed starting with theoretical
analysis then simulating the units by HFSS. The conception of SRR and CSRR are
presented and the differences between them are stated. For the next chapter, chapter 5,
the studied unit cells will be integrated with the UWB antenna to examine how it will
affect antenna’s performance. Additionally, WiFi and WiMAX bands are going to be
examined for transmission and rejection by choosing a suitable unit cell size.
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Chapter 5 : Results and Discussion
Microstrip antenna’s attractive characteristics are convenient in developing
designs that are efficient for different applications. To demonstrate the applicability of
concepts and ideas discussed in previous chapters, microstrip antenna design is
presented and combined with SRR to examine its effect on antennas performance. The
circular antenna with elliptical rings is designed for UWB and SRRs are used to
enhance its performance. The enhancement could be in increasing the antenna
bandwidth, gain, or rejecting specific frequencies, which will be valuable in designing
antennas for specific applications.
This chapter will discuss in details both the UWB circular antenna and the SRR
implementation on the antenna performance will be discussed using different cases.
5.1 UWB Circular Antenna with Elliptical Rings Design
Circular microstrip antenna with elliptical slot rings for UWB has been
designed using High Frequency Structure Simulator (HFSS) that is based on Finite
Element Method (FEM) [5]. This antenna consists mainly of a printed circular patch
embedded with modified elliptical slot rings excited by a rectangular edge-fed
microstrip line. Basically, the circular patch design is selected for outer dimensions of
antenna design because of its good radiation efficiencies, impedance bandwidth and
omni-directional far field beam pattern [78]. Additionally, the elliptical shape of the
rings provides flexibility and dimensions altering such as major or minor axis and
eccentricity. In this antenna, Rogers 5880 LZ substrate of a length 45 mm and a width
of 31 mm is used with dielectric constant of 𝜀𝑟 = 1.96 , height of ℎ = 1.27 mm , and a
loss tangent of 0.0009. In addition, a partial conducting ground plane of a length of
11 mm and a width of 31 mm is implemented; the ground plane length of 11 mm was
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selected after performing several simulations such that to produce the best wideband
results. Fundamentally, the circular shape is utilized with three lunar slots which are
used to reduce (𝑆11 ) and enhance the VSWR. Antenna detailed geometry are illustrated
in Figure 5.1, Table 5.1 and 5.2 and all dimensions are in millimeter.

Figure 5.1: Detailed view of the proposed antenna
Table 5.1: Antenna dimensions
Part Length (mm) Part Length (mm)
L1

45.00

L9

4.900

L2

11.00

L10

2.650

L3

2.651

L11

7.680

L4

4.130

W1

31.00

L5

2.900

W2

9.000

L6

2.000

W3

8.480

L7

2.650

W4

1.030

L8

2.900

W5

3.920
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Table 5.2: Rings specifications

Ellipse Major Radius (mm) Ration
A

15.0

1

B

7.42

1.5

C

6.89

1.5

D

5.30

1.5

As mentioned before, this circular mircrostrip antenna designed for UWB
applications that cover frequency range 3.1 GHz – 10.6 GHz. Mainly, the purpose at
this point is to select the best ground plane length which gives the optimal
performance. The return loss value is the main criteria for selecting the best ground
plane length; the simulation has been conducted on a ground length range between
8 mm – 13 mm. Figure 5.2 shows that the return loss varies with the length of the
selected ground plane which in return affects the resonant frequency. As a
consequence of the return loss value and UWB requirements, 11 mm length of ground
plane is noticeable to be the optimal value where the antenna has frequency range
between 3.5 GHz and 9 GHz, and best return loss obtained is -40 dB at 4.6 GHz,
Figure 5.3.
Voltage Standing Wave Ratio (VSWR) of the antenna is defined as the amount
of mismatch between the transmission line and the antenna. VSWR is a real number
in the range between 1 to ∞; for antenna applications, the optimal VSWR value is less
than two. Antenna is considered poorly matched if VSWR is greater than two [7, 33].
Figure 5.4 presents the VSWR with optimal antenna performance that is less than two
over frequency range between 3.5 GHz and 9 GHz. Figure 5.5 demonstrates antenna’s
maximum gain. Antenna gain is defined as the intensity ratio in a given direction to
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the radiation intensity if the power accepted by the antenna [7]. The maximum gain is
almost 5 dB in the UWB region which is acceptable for UWB system requirements.
Also, group delay is one of the parameters that are considered in UWB antenna design.
Group delay is defined as the frequency derivative of the far-field phase or the negative
phase response derivative with respect to frequency and it is known as envelop delay;
it can be added together with the ionospheric delay and other errors to reduce
information accuracy [79]. In antenna design, group delay is essential to ensure that
its performance is novel; Figure 5.6 shows an excellent group delay in nano seconds.

Figure 5.2: Simulated S11 for ground length 8 mm - 13 mm
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Figure 5.3: Simulated S11 for the optimal value of ground length 11 mm

Figure 5.4: Simulated VSWR for ground length 11 mm
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Figure 5.5: Simulated maximum gain

Figure 5.6: Simulated group delay
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(a) Phi = 0˚

(b) Phi = 90˚
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(c) Theta = 45˚

(d) Theta = 90˚
Figure 5.7: Radiation pattern at Phi = 0˚& 90˚, Theta = 45˚& 90˚
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Radiation pattern is another important antenna parameter; it is a graphical
representation or a mathematical function of the antenna radiation properties as a
function of space coordinates [7]. The radiation pattern of the designed antenna at
different frequencies of 4,6,8 and 10 GHz in both E- and H- planes are simulated at
Phi = 0˚, Phi = 90˚,Theta = 45˚ and Theta = 90˚. Obviously, the radiation pattern is
almost omni-directional at Phi = 0˚ plane and Theta = 45˚, Figure 5.7. Omni-directional
antennas radiate and receive electromagnetic waves in all directions [7]; this
characteristic is very important for the antenna under study.
The circular microstrip antenna with elliptical rings has been fabricated as
shown in Figure 5.8. This antenna has a frequency bandwidth between 3.5 GHz and
8.4 GHz and a return loss up to -38 dB at 4.2 GHz, Figure 5.9. Antenna’s VSWR is
less than two for its bandwidth, Figure 5.10. The simulated and measured results are
in good agreement with shift in its return loss.

Figure 5.8: Fabricated circular microstrip antenna with elliptical rings
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Figure 5.9: S11 for the fabricated microstrip antenna

Figure 5.10: VSWR for the fabricated microstrip antenna
5.1.1 Implementation of Circular-SRR (C-SRR)
Over recent years, SRRs structure have been studied and analyzed due to its
advantages. Also, they are designed and implemented with microstrip antenna to
improve its parameters. The UWB circular microstrip antenna with elliptical rings is
combined with circular-SRR in an attempt to decrease the return loss and increase the
frequency bandwidth. The experiment starts with implementing the same C-SRR that
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has been studied in chapter 4, Figure 4.3 and Table 4.1, at the antenna backside
(groundside of the substrate). Starting with one C-SRR at the center (origin (0, 0)) then
the number of C-SRRs increase gradually; by this addition of C-SRRs an arrays of 3×2
and 3×3 are created. SRR arrays have filtering properties which means the ability to
reject signal propagation in case of proper polarization [66]. In Figure 5.11, the
implementations of different numbers of C-SRR are shown and the results are
presented in Table 5.3 and Figure 5.12.

a

b

c

d

e

f

Figure 5.11: Different number of C-SRR at antenna's backside
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Table 5.3: Results of C-SRR implementations with the antenna

Case

C-SRR No.

Frequency Bandwidth
(GHz)

Return Loss (dB)

a

1

3.5-9

-42

b

2 on y-axis

3.5-8

-49.65

c

3 on y-axis

3.2-8.2

-40

d

3 on x-axis

2.2-8

-34.8

e

3×2

2.2-8

-33.74

f

3×3

2.8-8

-45.7

Figure 5.12: S11 for antenna with different number of C-SRR

(𝑆11) of the circular antenna affected by increasing C-SRRs number is
noticeable for 3×3 array while the lower numbers of C-SRRs are having the same or
little change performance for the circular antenna. Enhancement occurs by
implementing 3×3 C-SRR at the backside of the antenna with 1 mm between each SRR
unit, Figure 5.13. The effect of C-SRR on antennas return loss is shown in Figure 5.14;
antenna has frequency bandwidth between 2.8 GHz and 8 GHz and return loss up to

70
-45.7 dB at 3.2 GHz. It is clear that the antenna VSWR changes as the frequency
bandwidth changes; the level of VSWR is less than two for most of the frequencies
between 2.8 GHz and 8 GHz, Figure 5.15. Antenna maximum gain and group delay
are presented in Figures 5.16 and 5.17, respectively; the maximum gain is almost 5 dB
and group delay is given in nano seconds that is excellent for the designed antenna
along with C-SRR.

.

(0, 0)

(a)

(b)

Figure 5.13: a) Antenna frontside b) Antenna backside

Figure 5.14: Simulated S11 for circular antenna and the antenna with 3×3 C-SRR
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Figure 5.15: Simulated VSWR for circular antenna with 3×3 C-SRR

Figure 5.16: Simulated maximum gain for circular antenna with 3×3 C-SRR
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Figure 5.17: Simulated group delay

Radiation pattern of the antenna with implemented C-SRR is examined for
different frequencies of 4, 6, 8 and 10 GHz with 𝜑 = 0˚ and 90˚; it is noticeable that
its radiation pattern is almost omni-directional, Figure 5.18.
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(a) Phi = 0˚

(b) Phi = 90˚
Figure 5.18: a) Radiation pattern at Phi = 0˚ b) Radiation pattern at Phi = 90˚
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The proposed circular microstrip antenna with an array of 3×3 C-SRR is
fabricated as in Figure 5.19. The frequency bandwidth of the antenna is between
2.9 GHz to 8.8 GHz and its VSWR is less than two in the range of the bandwidth,
Figure 5.20 and Figure 5.21, respectively. The simulated and measured results are in
good agreement.

Figure 5.19: Circular microstrip antenna with C-SRR at its backside

Figure 5.20: S11 for the fabricated antenna with C-SRR
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Figure 5.21: VSWR for the fabricated antenna with C-SRR

5.1.2 Circular SRR Position and Ring Rotation
Despite the narrow bandwidth of the SRR structure, it is used in antenna
performance improvement. Two new techniques are applied in this section to enhance
the performance of the circular microstrip antenna. C-SRR arrangements at antenna’s
backside and inner and outer gap rotation for the SRR are parameters which are
considered in this study. All the results are presented and discussed.
5.1.2.1 Circular SRR Position
Studying different arrangement and position of SRRs is very important in
designing antenna with SRR implementation as a consequence of its effect on
antenna’s performance. By moving the SRRs units far or to the ground plane, the
capacitance and inductance change and specific frequencies are rejected.
The implementation of 3×3 C-SRR at the backside of the antenna starts from
the center (origin (0,0)), Figure 5.13 (b); all C-SRR units are shifted by 1.1, 2.1, 3.1,
4.1, 5.1 and 6.1 mm, respectively to the right from the origin along the positive y-axis
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with respect to the ground. For shifting the C-SRR 1.1, 2.1 and 6.1 mm, the results are
insignificant. On the other hand, shifting C-SRR of 3.1 mm results in antenna
frequency bandwidth between 2.2 GHz to 8.35 GHz with rejected bandwidth between
4.12 GHz to 4.32 GHz; 4.1 mm shift has almost the same result as 3.1 mm. Moreover,
the shift of 5.1 mm has a frequency bandwidth between 2.2 GHz and 9.8 GHz with
rejected bandwidth between 3.91 GHz and 4.25 GHz and rejected frequency 4.6 GHz;
Figure 5.22, and 5.23.
The changing of the arrangement of C-SRR is affecting the frequency
bandwidth of the antenna. Shifting units of C-SRR generates rejection to certain
frequencies which will be advantageous in designing antennas for certain applications.

x

y
z
Figure 5.22: C-SRR units shifted 5.1 mm to the ground
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Figure 5.23: S11 for circular antenna and shifted C-SRR from 1.1-1.6 mm

5.1.2.2 Ring Rotation
Studying the impact of C-SRRs different arrangements in the previous section
is going to be combined with the rotation of the inner and outer SRRs rings with
different angles for frequency tuning of the C-SRR resonant frequency. For the
conventional C-SRR where the split gaps are on the same axis, the capacitance of the
lower and upper half of the rings are equal. On the other hand, when rotation is
implemented on the rings, the values of the upper capacitance and lower capacitance
are unequal [67]. This inequality in the capacitances is affecting the resonant frequency
of the C-SRR.
In Figure 5.24, inner ring rotation is presented of 𝜃 as the angle of rotation with
respected to the outer ring and axis of rotation. Because of the inner ring rotation, the
equivalent distributed capacitance of the SRR decreases while the inductance is
unaffected and the resonant frequency is increased [80, 81].
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Figure 5.24: C-SRR unit with inner ring rotation [80]

The resonant frequency of the C-SRR with rotation inner ring can be calculated
as [67, 80]:
1
𝜔0 = √
2𝑟0 𝐿𝐶𝑝𝑢𝑙

(5.1)

In case of inner ring rotation, counter-clockwise or clockwise, by an angle 𝜃,
the capacitances of the upper and lower half of the rings 𝐶1 and 𝐶2 become unequal
and calculated by:
𝐶1 = (𝜋 − 𝜃)𝑟0 𝐶𝑝𝑢𝑙

(5.2)

𝐶2 = (𝜋 + 𝜃)𝑟0 𝐶𝑝𝑢𝑙

(5.3)

𝐶1 is capacitance of the portion from the OA to OB while 𝐶2 is the capacitance of the
remaining area. If the rotation angle increases, the area between OA to OB decreases
and 𝐶1 decreases whereas remaining portion and 𝐶2 increases.
Gap capacitance 𝐶𝑔1 and 𝐶𝑔2 are affected by gap dimensions and calculated by (4.17)
and equivalent capacitance of the rotated inner ring C-SRR is given by (4.15)
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Substituting 𝐶1 and 𝐶2 , 𝐶𝑒𝑞 will be:
𝐶𝑒𝑞

(𝜋 + 𝑘)2 − 𝜃 2
=
𝑟0 𝐶𝑝𝑢𝑙
2(𝜋 + 𝑘)

𝑤ℎ𝑒𝑟𝑒 𝑘 =

𝐶𝑔
𝑟0 𝐶𝑝𝑢𝑙

(5.4)

𝐶𝑝𝑢𝑙 is given by (4.20), then the calculation is going through (4.21) to (4.29).
𝐿 is the total inductance for the wire of length 𝑙 and thickness 𝑐:
𝐿 = 0.0002𝑙(2.303 log10

4𝑙
− 𝑦) 𝑚𝑖𝑐𝑟𝑜 𝐻
𝑐

(5.5)

𝑦 is a wire loop constant, 𝑦 = 2.451. The length 𝑙 is estimated directly and is given
as:
𝑙 = 2𝜋𝑟𝑒𝑥𝑡 − 𝑔

(5.6)

The resonant frequency of the rotated C-SRR is obtained by substituting 𝐶𝑝𝑢𝑙 with 𝐶𝑒𝑞 :
1

𝑓0′ =
2𝜋√2𝑟0 𝐿

(𝜋 + 𝑘)2 − 𝜃 2
𝐶𝑝𝑢𝑙
2(𝜋 + 𝑘)

(5.7)

After finding how to calculate SRR unit cell resonant frequency in case of inner
ring rotation, the next step is to calculate the resonant frequency when outer gap
rotation is performed and then compare between the results to realize if inner and outer
ring rotation have both the same effect on C-SRR and antenna performance. For outer
ring rotation, Figure 5.25, resonant frequency 𝜔0 is calculated in [82] as:
1
𝜔0 = √
𝐿𝐶𝑒𝑞

(5.8)
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Figure 5.25: C-SRR unit cell with outer ring rotation [82]

𝐶𝑒𝑞 is the structure equivalent capacitance and 𝐿 is the total inductance. The average
radius of the outer and inner ring is:
𝑟0 = 𝑟𝑒𝑥𝑡 − 𝑐 −

𝑑
2

(5.9)

The total inductance 𝐿 is computed as:
𝜇0 𝜋 2 ∞
𝐿 = 2 ∫ [𝐼̃(𝑘)]2 𝑘 2 𝑑𝑘
𝐼
0

(5.10)

Where 𝐼̃(𝑘) is the Fourier-Bessel Transform of 𝐼(𝑘) which is the current function on
the ring. The per unit length capacitance between the rings of the C-SRR, 𝐶𝑝𝑢𝑙 , is
calculated using the same formulas of inner ring rotation. A part from this, the upper
and lower halves of the rings capacitances, 𝐶1 and 𝐶2 , become unequal due to the
rotation of the outer ring by an angle 𝜑 = (𝜋 − 𝜃) in a clockwise direction. The arc
length of the rings between OA and OB decreases and the remaining portion increases
as the rotation angle increases. As a consequence, 𝐶1 decreases and 𝐶2 increases
concurrently so the equivalent capacitance 𝐶𝑒𝑞 decreases and C-SRR structure
resonant frequency increases.
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The capacitance of the portion within OA and OB is 𝐶1 that can be obtained
from rotating the outer ring in the clockwise direction by a rotation angle, 𝐶1
capacitance is computed as:
𝑔
𝐶1 = (𝜃𝑟0 − ) 𝐶𝑝𝑢𝑙
2

(5.11)

𝐶2 which is the capacitance of the remaining portion is computed as:
𝑔
𝐶2 = [(2𝜋 − 𝜃)𝑟0 − ] 𝐶𝑝𝑢𝑙
2

(5.12)

Gap capacitance 𝐶𝑔 and 𝐶𝑒𝑞 are calculated by (4.17) and (4.15). Substituting 𝐶1 and
𝐶2 in (4.15) 𝐶𝑒𝑞 will be:

𝐶𝑒𝑞 =

𝐶𝑒𝑞 =

𝐶𝑔
𝐶𝑔
𝑔
𝑔
[(𝜃𝑟0 − 2 ) + 𝐶 ] [((2𝜋 − 𝜃)𝑟0 − 2 ) + 𝐶 ]
𝑝𝑢𝑙

𝑝𝑢𝑙

(5.13)

2𝐶
(2𝜋𝑟0 − 𝑔) + 𝑔
𝐶𝑝𝑢𝑙

𝑔
𝑔
[(𝜃𝑟0 − 2 ) + 𝜆] [((2𝜋 − 𝜃)𝑟0 − 2 ) + 𝜆]
(2𝜋𝑟0 − 𝑔) + 2𝜆

𝑤ℎ𝑒𝑟𝑒 𝜆 =

𝐶𝑔
𝐶𝑝𝑢𝑙

(5.14)

The following step is simulating units of one C-SRR cell with inner and outer
gap rotation of multiple angles in addition to simulate unit cells of three C-SRRs. Also,
negative angles which make the ring rotates on the opposite side could change (𝑆11)
results or circular antenna behavior. A unit cell of one C-SRR and three C-SRRs are
going to be discussed with a comparison between positive and negative angles. The
performances are going to be analyzed before implementing the structures to the
circular antenna in Appendix I.
C-SRR is going to be implemented to the circular antenna in all its cases that
are analyzed to realize how it will affect antenna’s performance. All rotations will be
applied to the antenna in Figure 5.22, where C-SRRs shift 5.1 mm to the ground.
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Inner ring rotation for 10°, 3° and 17° is applied horizontally and vertically to
C-SRRs at antenna’s backside to study how the position of the rotated ring will affect
antenna’s performance. Figure 5.26 presents antenna in case 1 where the angles
applied horizontally and case 2 of vertical arrangement. (𝑆11 ) for both case 1 and
case 2 are matched. Antenna in Figure 5.22 has a rejection or notched band from 3.91
GHz to 4.25 GHz; when implementing C-SRR with inner ring rotation, the rejection
shifted to the right and its bandwidth is from 4.82 GHz to 5.6 GHz, Figure 5.27.
VSWR, Figure 5.28, shows the rejected band clearly where VSWR ˃ 2. Antenna’s
gain in

case 1, case 2 and antenna in Figure 5.22 is around 5 dB, Figure 5.29.

Case 2

Case 1
10°

3˚

17˚

10˚

10˚

10˚

10˚

3˚

17˚

3˚

3˚

3˚

10˚

3˚

17˚

17˚

17˚

17˚

Figure 5.26: Inner ring rotation for C-SRRs
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Figure 5.27: S11 for the antenna of shifted C-SRR and inner ring rotation horizontally
and vertically

Figure 5.28: VSWR for the antenna of shifted C-SRR and inner ring rotation
horizontally and vertically
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Figure 5.29: Maximum gain of the three antennas

The next step for applying rotated inner rings will utilize positive and negative
angles, Figure 5. 30. Three cases are studied:


Case 1: inner ring rotations for 47°, 33° and 10° are arranged vertically at the
backside of the antenna. Shifting the C-SRRs 5.1 mm to the ground and
applying rotation of 47°, 33° and 10° for the inner ring make rejection at three
frequencies 4.8 GHz, 5.4 GHz and 7 GHz in the range of its bandwidth from
2.2 GHz to 9.8 GHz, Figure 5. 31. Maximum gain for the antenna is 5.3 dB,
Figure 5.33.



Case 2: in this design only one C-SRR with inner ring rotation for negative
angle is used and the other two for positive angles. Angles -47°, 33° and 10°
are arranged vertically at antenna’s backside. Circular antenna has frequency
bandwidth between 2.2 GHz to 9.8 GHz without any rejection frequencies,
Figure 5.31. Antenna’s maximum gain is around 5.3 dB, Figure 5.33.



Case 3: All the implemented C-SRRs of negative angles for inner ring rotation;
-47°, -33° and -10° are arranged vertically. Figure 5.31 shows frequency
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bandwidth for this design between 2.2 GHz to 9.8 GHz with two rejected
frequencies 4.8 GHz and 7.2 GHz. Maximum gain is around 5.3 dB similar to
case1 and case2, Figure 5. 33.
VSWR for the three antennas match its (𝑆11) results where VSWR < 2 for the
transmitted bands and VSWR > 2 for the rejected frequencies or bands; all VSWR
results can be found in Figure 5. 32.

Case 2

Case 1
47˚

47˚

47˚

- 47˚

- 47˚

- 47˚

33˚

33˚

33˚

33˚

33˚

33˚

10˚

10˚

10˚

10˚

10˚

10˚

Case 3
- 47˚

- 47˚

- 47˚

- 33˚

- 33˚

- 33˚

- 10˚

- 10˚

- 10˚

Figure 5.30: C-SRRs inner ring rotation for positive and negative angle
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Figure 5.31: S11 of C-SRRs inner ring rotation for positive and negative angles

Figure 5.32: VSWR of C-SRRs inner ring rotation for positive and negative angles
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Figure 5.33: Maximum gain of the antennas

The final experiments for this topic are implementing C-SRRs with inner and
outer ring rotation for positive angles then applying negative angle rotation for the
outer ring, Figure 5. 34. The three studied cases are as follows:


Case 1: angles 7°, 13° and 30° are applied vertically for the inner rings.
Circular antenna has a frequency bandwidth between 2.2 GHz to 9.8 GHz with
two rejected frequencies at 4.8 GHz and 5.4 GHz, Figure 5. 35. The maximum
gain has been enhanced from 5 dB for the circular antenna in Figure 5.22 to
5.55 dB in this design; maximum gain result can be found in Figure 5. 37.



Case 2: the same angles 7°, 13° and 30° are used in this design but for outer
ring rotation, antenna has a frequency bandwidth between 2.2 GHz to 9.8 GHz
but in this case without any rejected frequencies or bands, Figure 5. 35.
Maximum gain is 5.4 dB at 6 GHz, Figure 5. 37.



Case 3: in the last design, negative angles -7°, -13° and -30° for outer rings are
applied which resulted in rejected bandwidth between 4.69 GHz to 5.44 GHz
and a rejected frequency 7 GHz in the range of antenna’s frequency bandwidth
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between 2.2 GHz to 9.8 GHz, Figure 5. 35. 5.55 dB is the maximum gain of
the antenna and it can be shown in Figure 5. 37.
Figure 5.36 presents the VSWR of the three antennas. VSWR is less than two for the
transmitted bands or frequencies whereas VSWR is greater than two for the rejected
frequencies and bands.

Case 2

Case 1
7˚

7˚

7˚

7˚

7˚

7˚

13˚

13˚

13˚

13˚

13˚

13˚

30˚

30˚

30˚

30˚

30˚

30˚

Case 3
- 7˚

- 7˚

- 7˚

- 13˚

- 13˚

- 13˚

- 30˚

- 30˚

- 30˚

Figure 5.34: Inner and outer ring rotation for positive and negative angles
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Figure 5.35: S11 for multiple antenna designs

Figure 5.36: VSWR for multiple antenna design
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Figure 5.37: Antennas maximum gain

The circular antenna, with rotated inner ring C-SRRs, has been fabricated,
Figure 5.38. -47°, 33° and 10° for inner ring rotation has been applied vertically at
antenna’s backside. The microstrip antenna has frequency bandwidth between 3.4 GHz
to 9.4 GHz, Figure 5.39; its VSWR, Figure, 5.40, is less than two in the range of its
bandwidth. The simulated bandwidth is wider than the measured one but both results
are in good agreement.
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Figure 5.38: Inner ring rotation

Figure 5.39: Simulated and measured S11
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Figure 5.40: Simulated and measured VSWR

Inner and outer ring rotation could be achieved by changing the position of the
splits for frequency tunable according to the required application. Additionally,
rotating the rings with positive or negative angles creates more bands or shifts resonant
frequencies in case of implementing multiple C-SRRs in a unit cell with different
frequencies that can be close to or far from each other. Circular antenna with
implemented C-SRRs of inner and outer ring rotation may reject more frequencies,
shift or eliminate existing ones Rotation is a technique that requires careful study for
its ability to change or enhance antennas performance.
5.1.3 Implementation of Square-SRR (S-SRR)
Another shape of SRR which is S-SRR is going to be utilized with the antenna
due to the negative permeability around its resonant frequency. S-SRR is used to
design multi-band and single frequency notch filters and to reduce the UWB antenna
interference [54]. The utilization of S-SRR with the circular antenna is important in
this thesis because of its importance in filter and antenna designing as it rejects specific
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frequencies or bands. Based on the array analysis in Appendix II, multiple arrays are
applied with the circular antenna to investigate S-SRRs effectiveness.
The fulfillment of S-SRR arrays on the backside of the antenna starts with 2×1
then increased progressively, Figure 5.41. An array of 2×1, Figure 5.41 (a), has
frequency bandwidth between 2.2 GHz to 9 GHz with rejection at 5.6 GHz. Also, 2×2
array in (b) has the same bandwidth as the previous array between 2.2 GHz to 9 GHz
but without any frequency rejection in its bandwidth and a return loss up to -33.58 dB
at 4.6 GHz. The arrays 2×3, 2×4 and 2×5 in (c), (d) and (e) respectively have frequency
bandwidth between 2.2 GHz to 8 GHz with reflection at 5.6 GHz. The return loss is
up to -35.93 dB at 4.6 GHz in 2×3, -40.63 dB at 4.4 GHz in 2×4 and -39.91 dB at 4.4
GHz in 2×5. All the former results are presented in Figure 5.42. The VSWR for the
arrays 2×1 to 2×5 are given in Figure 5.43 and it shows that the VSWR value is less
than two (VSWR ˂ 2) for their frequency bandwidth and greater than two
(VSWR ˃ 2) at the rejected frequency 5.6 GHz. Maximum gain for the circular antenna
with the implementation of the mentioned arrays is around 5 dB; the gain is 4.897 dB
for 2×1 and increased up to 5.053 dB for 2×5, Figure 5.44. The simulated radiation
pattern of the antenna for 2×3 and 2×4 arrays of dual S-SRR in Figure 5.45 and
Figure 5.46 shows that antenna exhibits good omni-directional radiation pattern for
frequencies 4, 8 and 10 GHz and low gain at the rejection frequency 5.6 GHz. It is
noteworthy in both figures that frequency 6 GHz does not show omni-directional
radiation pattern due to its closeness to 5.6 GHz.
Thereafter, the array size increased to 3×4, 4×4 and 4×5 in Figure 5.41 (f), (g)
and (h), respectively. The three mentioned arrays have a frequency bandwidth between
2.2 GHz to 10 GHz with notched band of 4.85 GHz to 5.8 GHz; they have almost
1 GHz rejected bandwidth, Figure 5.47. Moreover, the VSWR, Figure 5.48, matches
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the (𝑆11) results; VSWR ˂ 2 over the antenna frequency bandwidth except the notched
band of 4.85 GHz to 5.8 GHz where VSWR ˃ 2. Antenna maximum gain for the above
mentioned arrays is around 5.2 dB at 6.2 GHz, as shown in Figure 5.49. The proposed
antenna of 3×4 array has an omni-directional radiation pattern at 4, 5, 5.2, 6, 8 and
10 GHz except for frequency 5.6 GHz because it is included in the range of notched
band frequencies, Figure 5.50.
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a

b

c

d

e

f

g

h

Figure 5.41: Implementation of S-CRR arrays
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Figure 5.42: S11 for S-SRR arrays

Figure 5.43: VSWR for S-SRR arrays
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Figure 5.44: Antennas maximum gain
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(a) Phi = 0°

(b) Phi = 90°
Figure 5.45: Radiation pattern for 2×3 array, a) Phi = 0° b) Phi = 90°
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(a) Phi = 0°

(b) Phi = 90°
Figure 5.46: Radiation pattern for 2×4 array, a) Phi = 0° b) Phi = 90°
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Figure 5.47: S11 for 3×4, 4×4 and 4×5 S-SRR

Figure 5.48: VSWR for different S-SRR arrays
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Figure 5.49: Maximum gain
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(a) Phi = 0°

(b) Phi = 90°
Figure 5.50: Radiation pattern for 3×4 array, a) Phi = 0° b) Phi = 90°
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Implementing S-SRR to circular microstrip antenna with UWB behavior
resulted in rejected frequency or notched band. Thus, being able to control which
frequency or band to be rejected for certain applications, the size, number and position
of the S-SRR should be modified. This S-SRR modification is going to be studied in
the next section.
5.2 Circular Antenna with S-SRR and CSSRR for WiFi
The proposed UWB circular antenna in this thesis with SRR implementation is
designed to cover frequency range 3.5 GHz to 9 GHz. During the previous simulations,
the frequency bandwidth has been enhanced by increasing the range of frequency
bandwidth or rejecting some bands. In certain situations, for designing an antenna
some frequencies are required to be rejected while other frequencies in the range
should be transmitted. From this point of view, the work in this section is going to
concentrate on rejecting specific frequencies or allowing specific frequencies to be
transmitted by using S-SRRs and complementary square split ring resonators
(CSSRRs) of different dimensions.
The most widespread technology to be examined for frequency transmission
and rejection is Wireless fidelity (WiFi). It is a set of standards for wireless local area
network (WLAN) which is built on 802.11 standards. WiFi is used in offices and
homes due to its inexpensive wiring to connect tablet computers, laptop computers and
digital cameras and other mobile devices to WLAN networks. WiFi uses the frequency
2.4 GHz that does not require a license therefore it becomes crowded with appliances
as cordless phones, Bluetooth devices and microwave ovens. Consequently,
degradation in performance occurs and a requirement for new frequency leads to the
operation of frequency 5 GHz to improve network performance and reliability [83].
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Now moving to the next phase in the experiment, multiple designs of S-SRR
and its complementary will be implemented with the circular antenna to reject or
transmitted specific frequencies or bands.
5.2.1 Single Square SRR with L-Shape
A unit cell of single square SRR with L-shape of specified dimensions is
designed and simulated by HFSS to test its behavior before implementing this cell to
the antenna. The new structure is formed from copper, the red ring, and its dimensions
are the square side 𝑎 = 10 mm, split gap 𝑔 = 0.8 mm, ring width 𝑤 = 0.7 mm and
L-shape length 𝐿 = 4.5 mm, Figure 5. 51. (𝑆11 ) of the single ring S-SRR with L-shape,
Figure 5.52, shows five resonant frequencies, Table 5.4.

g

L

a
w

Figure 5.51: Single square SRR with L-shape
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Table 5.4: Resonant frequency and return loss values

Resonant Frequency (GHz)

Return Loss (dB)

2.1602

-32.0026

11.8789

-12.6779

14.7888

-19.3254

19.2963

-13.4686

19.5245

-24.0917

Figure 5.52: S11 for single square SRR with L-shape

Primarily, only one ring of S-SRR with L-shape is implemented on the
backside of the circular antenna, Figure 5.53, to inspect how the single ring behavior
will affect antenna’s performance. It is distinguished in Figure 5.54 that (𝑆11) has been
affected from using the new structure of SRR in a way of rejecting certain frequencies.
The rejected frequencies are 2.4 GHz and 5.8 GHz that are belong to the rejected bands
from 2.26 GHz to 2.55 GHz and 5.55 GHz to 6.15 GHz, respectively. VSWR for the
antenna is greater than two (VSWR ˃ 2) for the rejected bands and it is less than two
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(VSWR < 2) for the transmitted bands as seen in Figure 5.55; both (𝑆11 ) and VSWR
graphs are in good agreement. Antenna maximum gain is almost 5 dB at antenna’s
frequency bandwidth 2.55 GHz to 8.95 GHz excluding the rejected bands as shown in
Figure 5.56. The last parameter to be discussed is antenna radiation efficiency; it is
defined as the ratio of antenna radiated power into the space to net power received by
an antenna from connected transmitter circuits [84]. Figure 5.57 and Table 5.5 present
radiation efficiency for number of frequencies within the transmitted bands; it is
observed that antenna represents high radiation efficiency which means low conductor
and dielectric losses.

Figure 5.53: Single square SRR with L-shape at antenna's backside
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Figure 5.54: S11 of circular antenna and antenna of single square ring with L-shape

Figure 5.55: VSWR of antenna of single square ring with L-shape
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Figure 5.56: Antenna maximum gain

Figure 5.57: Antenna radiation efficiency at different frequencies
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Table 5.5: Radiation efficiency at different frequencies

Frequency (GHz) Radiation Efficiency (%)
2.8

99

3.6

97

4.5

99

6.8

99

8.4

98

Circular microstrip antenna with the implementation of single S-SRR of Lshape has been fabricated, Figure 5.58. The antenna has frequency bandwidth between
2.6 GHz to 8.2 GHz with rejected frequencies at 2.2 GHz and 5.8 GHz, Figure 5.59. It
is noticed that there is a shift to a lower frequency for the simulated frequency 2.4 GHz
to 2.2 GHz in fabrication. Figure 5.60 presents the VSWR that is less than two for
antenna’s frequency bandwidth.

Figure 5.58: Single S-SRR with L-shape at antenna's backside
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Figure 5.59: S11 for antenna and single S-SRR with L-shape

Figure 5.60: Simulated and measured VSWR
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5.2.2 S-SRR with Four Gaps
The new SRR structure that is going to be discussed in this section is a dual
S-SRR with four gaps. This new design has been studied carefully with different
dimensions before its implementation on antenna’s backside; its dimensions, that have
a good impact on WiFi frequencies 2.4 GHz and 5 GHz, are presented in Figure 5.61
and Table 5.6. The two red rings of the structure are formed from copper and S-SRR
with four gaps unit cell has five resonant frequencies as shown in Table 5.7 and
Figure 5.62.

g

a

w

b

c

Figure 5.61: Dual S-SRR with four gaps
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Table 5.6: Square SRR with four gaps unit cell parameters

Square SRR with Four Gaps
The unit cell parameters Value (mm)
Ring width (w)

0.7

Ring thickness (t)

35μm

Inter-ring spacing (c)

0.35

Split gap (g)

0.4

Substrate thickness (h)

1.27

Outer square side (a)

10

Inner square side (b)

7.9

Table 5.7: Resonant frequency and return loss values

Resonant Frequency (GHz)

Return Loss (dB)

4.2713

-42.7068

7.6757

-31.4268

14.1041

-23.6891

17.9269

-13.9471

19.8859

-12.2379
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Figure 5.62: S11 for dual S-SRR with four gaps

After understanding the behavior of S-SRR with four gaps unit cell, it is
implemented at the antenna backside, Figure 5.63, to check how it will improve
antenna performance for WiFi frequencies. Figure 5.64 presents (𝑆11) and it is noticed
from the comparison between the circular antenna performance and its performance
when utilizing S-SRR with four gaps that it transmits WiFi frequency 2.4 GHz which
located within the band 2.2 GHz to 4.91 GHz. On the other hand, antenna rejects WiFi
frequency 5 GHz that located within the rejected band 4.91 GHz to 6.4 GHz.
Moreover, this S-SRR design rejects only one WiFi frequency 5 GHz so SRR
structures can be used by changing its dimensions and gaps to decide which frequency
to transmit and reject. Accordingly, VSWR < 2 for the transmitted bands 2.2 GHz to
4.91 GHz and 6.4 GHz to 8.3 GHz whereas VSWR ˃ 2 for the rejected band 4.91 GHz
to 6.4 GHz, Figure 5.65. Antenna’s maximum gain is shown in Figure 5.66; it is
3.19 dB at 4.6 GHz and 4.8 dB at 6.6 GHz within the two transmitted bands.
Figure 5.67 and Table 5.8 show the antenna radiation efficiency which is excellent for
most of the transmitted frequencies.
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Figure 5.63: Dual S-SRR with four gaps at antenna's backside

Figure 5.64: S11 of circular antenna and antenna of dual S-SRR with four gaps

115

Figure 5.65: VSWR of antenna of dual S-SRR with four gaps

Figure 5.66: Antenna maximum gain
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Figure 5.67: Antenna radiation efficiency at different frequencies
Table 5.8: Radiation efficiency at different frequencies

Frequency (GHz) Radiation Efficiency (%)
2.4

99

3

99

3.6

97

4.4

99

7

99

8

98

5.2.3 Single Square SRR with L-Shape and S-SRR with Four Gaps
For the meanwhile, the two structures, single S-SRR with L-shape and S-SRR
with four gaps, are implemented together at circular antenna’s backside, Figure 5.68,
to examine their effect on antenna’s performance. The two structures reject the WiFi
frequencies 2.4 GHz and 5 GHz and this presented in Figure 5.69; this antenna has two
rejected bands 2.26 GHz to 2.53 GHz and 5 GHz to 6.26 GHz that include the two
WiFi frequencies. Additionally, VSWR is greater than two for the rejected bands,
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Figure 5.70. Maximum gain of the antenna is almost 5 dB at 6.6 GHz as given in
Figure 5.71 and antenna radiation efficiency is over 96% for frequencies in transmitted
bands, Figure 5.72, while Table 5.9 presents radiation efficiency values in percentage.

Figure 5.68: S-SRR with L-shape and four gaps at antenna’s backside

Figure 5.69: S11 of circular antenna and antenna of S-SRR with L-shape & four gaps
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Figure 5.70: Antenna VSWR

Figure 5.71: Antenna maximum gain

119

Figure 5.72: Antenna radiation efficiency at different frequencies
Table 5.9: Radiation efficiency at different frequencies

Frequency (GHz) Radiation Efficiency (%)
3

99

3.6

97

4.6

99

6.4

98

The design has been fabricated, Figure 5.73, and it has rejection at 2.4 GHz
and 3.6 GHz also a rejection band from 5.3 GHz to 6.4 GHz; the rejection band 5 GHz
to 6.26 GHz from simulation has been shifted to higher frequencies from 5.3 GHz to
6.4 GHz after fabrication, Figure 5.74. It is noticeable that the rejection frequency
3.6 GHz occurs only after fabrication. The VSWR results in Figure 5.75 match the
(S11) results in the previous figure.
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Figure 5.73: Antenna's backside with single S-SRR with L-shape and dual S-SRR
with four gaps

Figure 5.74: Simulated and measured S11
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Figure 5.75: Simulated and measured VSWR

5.2.4 The Complementary of the Two Structures
The complementary S-SRRs of single ring with L-shape and dual rings with
four gaps are examined to realize how it will affect the circular antenna’s performance.
As explained in chapter 4, complementary SRR is a mirror image of the SRR and both
have the same dimensions. In these two designs, the rings are dielectric substrate while
the red parts are copper, Figure 5.76; the resonant frequencies for the two structures
are presented in Figures 5.77, 5.78 and Table 5.10. It is noticed that the structure of
four gaps first resonant frequency is greater than the one of L-shape.
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CSSRR + L-Shape

CSSRR + 4 gaps

Figure 5.76: CSSRR of single ring with L-shape & dual rings with four gaps

Figure 5.77: S11 for CSSRR of single ring with L-shape
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Figure 5.78: S11 for CSSRR of dual rings with four gaps

Table 5.10: Resonant frequencies for the two structures

CSSRR of single ring + L-shape

CSSRR of dual rings + 4 gaps

Resonant Frequency
(GHz)

Return Loss
(dB)

Resonant Frequency
(GHz)

Return Loss
(dB)

2.2362

-53.8064

4.6136

-50.3133

7.6186

-50.2028

8.3604

-54.6409

9.5776

-34.9856

11.5175

-32.1598

10.0531

-15.7354

13.8378

-56.5385

12.2973

-13.2419

16.2723

-54.5071

13.6857

-55.7659

19.6006

-45.8182

19.0490

-49.3827

-

-

19.5816

-47.8044

-

-
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Over the succeeding study of the complementary structures, CSSRR with
L-shape and 4 gaps are implemented at the antenna’s ground in the next three designs,
Figure 5.79; The three designs are:


Case 1: circular antenna and two single rings S-SRR with L-shape at its
backside, the gaps of the rings are opposite to each other; in addition to two
complementary rings of the same design at the ground but with gaps are at the
same direction.



Case 2: circular antenna and two S-SRRs of dual rings with four gaps at its
backside and the complementary of the same structures at the ground plane.



Case 3: two S-SRRs with L-shape and 4 gaps at circular antenna’s backside
and the complementary of the two structures at the ground plane.

Case 1

Case 2

Case 3

Figure 5.79: Three cases for circular antenna with different implemented structures

Each antenna from Figure 5.79 has different performance for transmitting and
rejecting WiFi frequencies, 2.4 GHz and 5 GHz, according to SRR structure used with
it. In case 1, the circular antenna has a rejected band between 2.2 GHz to 2.98 GHz
while it has a transmitted band between 3.64 GHz to 5.58 GHz. Subsequently, this
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antenna works for WiFi frequency 5 GHz and rejecting 2.4 GHz. On the other hand,
antenna in case 2 transmits 2.4 GHz and rejects 5 GHz; the transmitted bandwidth of
the antenna is between 2.2 GHz and 4.4 GHz whereas the rejected bandwidth is
between 4.4 GHz and 5.15 GHz. In case 3, the circular antenna with the implemented
SRR structure has a frequency bandwidth between 2.1 GHz and 7.2 GHz so it transmits
the two WiFi frequencies 2.4 GHz and 5 GHz, Figure 5.80. VSWR figure shows all
the transmitted bands have values less than two (VSWR < 2) and the rejected bands
have values greater than two (VSWR ˃ 2), Figure 5.81. Maximum gain for case1
antenna is 4.57 dB at 5 GHz, case 2 is a round 5 dB at 5.2 GHz and 4.7 dB at 5.2 GHz
for case 3, Figure 5.82, which is acceptable for UWB antennas.

Figure 5.80: S11 for the three antennas
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Figure 5.81: VSWR for the three antennas

Figure 5.82: Maximum gain for the three antennas
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Table 5.11: Radiation efficiency at different frequencies for the three cases

Freq.
(GHz)

Rad.
Eff.
(%)

1

3.7
4
5

98
99
99

2

2.4
3
3.6

99
99
97

3

2.6
4
5.4
6.6

94
99
88
98

Case
No.

Figure

Table 5.11 shows that the frequencies within the transmitted bands have high
radiation efficiency for the three antennas and this occur due to the low losses.
From the experiments of implementing S-SRR of different designs and its
complementary to the circular antenna, it is found that antenna’s performance change
between transmitted and rejecting bands. Also, dimensions of the S-SRR and change
the basic design to one ring of L-shape or four gaps affect the performance of the
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antenna. WiFi frequencies, 2.4 GHz and 5 GHz, have been selected to be tested with
the antenna and by controlling the size and design of S-SRR, it is applicable to choose
which frequency or band to transmit or reject in any communication system.
5.3 Circular Antenna and WiMAX
WiMAX is a technology that has been improved due to multimedia technology
development and the requirement for larger coverage, higher speed and mobility
wireless broadband access. WiMAX stands for Worldwide Interoperability for
Microwave Access and it can communicate data within the range of 50 km at a very
fast speed so it is known as the “last mile” access solution [85]. The two frequency
ranges of WiMAX are 2.3 GHz to 2.4 GHz and 3.4 GHz to 3.6 GHz [86, 87].
As revealed by the previous section of transmitting and rejecting WiFi
frequencies; S-SRR and its complementary are testing this time for WiMAX. Although
circular antenna has a bandwidth between 3.5 GHz to 9 GHz, the experiment has been
focused on rejecting WiMAX band 3.4 GHz to 3.6 GHz.
The dimensions of S-SRR have been changed to suit the new criteria; the side
of the outer ring is 10 mm while the inner ring is 6.9 mm, the gap between the two
rings is 0.35 mm, rings width is 1.2 mm and the rings split gaps are 1.2 mm each.
Figure 5.83 shows S-SRR in (a) and its complementary in (b) where the red parts are
copper and the other parts are dielectric substrate. Resonant frequencies of the two unit
cells are presented in Figure 5.84, Figure 5.85 and Table 5.12. Next step is the
implementation of the unit cells at antenna’s backside and ground plane to examine its
effect on antenna’s performance.
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(a)

(b)

Figure 5.83: a) S-SRR b) Complementary S-SRR

Figure 5.84: S11 & S21 for S-SRR
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Figure 5.85: S11 & S21 for the complementary of S-SRR

Table 5.12: Resonant frequencies for S-SRR and its complementary

S-SRR

Complementary of S-SRR

Resonant Frequency
(GHz)

Return Loss
(dB)

Resonant Frequency
(GHz)

Return Loss
(dB)

2.5215

-39.5899

2.8068

-55.4298

12.6016

-19.2905

8.7217

-52.5062

14.0280

-24.5401

11.3083

-17.0558

14.1992

-20.9160

13.2482

-31.2472

15.4545

-44.5046

15.3974

-55.0500

16.7477

-18.6896

17.0901

-46.8612

-

-

19.3914

-35.5997
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The circular antennas with the implementation of the unit cells, S-SRR and
CSSRR, are presented in Figure 5.86. The two designs are as follows:


Case 1: The UWB circular antenna has been implemented with S-SRR and this
changes its performance; it has a frequency bandwidth between 2.2 GHz to
5.83 GHz with a rejection band of 3.11 GHz to 3.66 GHz, Figure 5.87, that
include the WiMAX band. Antenna maximum gain is 5.52 dB, Figure 5.89.



Case 2: The frequency bandwidth with the implementation of CSSRR is
between 2 GHz to 7.2 GHz but there is a rejection band of 3.04 GHz to
3.63 GHz and also a rejection at frequency 6 GHz, Figure 5.87. Antenna
maximum gain is 5.31 dB at 6.8 GHz, Figure 5.89.

In the two cases, the WiMAM band 3.4 GHz to 3.6 GHz is rejected and the two
antennas seem to work properly for WiFi frequencies 2.4 GHz and 5 GHz.
Accordingly, VSWR in Figure 5.88 is greater than two for the rejection WiMAX band
and less than two for the transmitted bands. Radiation efficiency for the two antennas
is presented in Table 5.13 for frequencies belong to transmitted bands.
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Case 1

Case 2

Figure 5.86: Two cases for circular antenna with S-SRR and CSSRR

Figure 5.87: S11 for the two antennas
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Figure 5.88: VSWR for the two antennas

Figure 5.89: Maximum gain for the two antennas
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Table 5.13: Radiation efficiency at different frequencies for the two cases

Freq.
(GHz)

Rad.
Eff.
(%)

1

2.4
4
5

99
99
99

2

2.4
5
7

99
99
98

Case
No.

Figure

The employment of S-SRR and its complementary affects antenna’s bandwidth
by rejecting WiMAX band 3.4 GHz to 3.6 GHz. This is another proof on how
metamaterials can affect the performance of any antenna and by changing SRR and
CSRR dimensions, it is possible to choose the operated or rejected frequency.
It has been shown conclusively that the performance of the antenna is affected
by metamaterials. Antenna performance has been enhanced by Implementing C-SRR
and using multiple techniques like inner and outer ring rotation, positive and negative
angles rotation for inner and outer ring, position of C-SRR with respect to ground and
number of unit cells. The conventional design of S-SRR in addition to S-SRR with
four gaps and single ring S-SRR with L-shape are integrated with the antenna and
affect its performance; the complementary of the three structures are analyzed before
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implementing them to the antenna. At the end of this chapter, WiFi and WiMAX bands
are examined for transmission and rejection.
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Chapter 6 : Conclusions and Future Works

In this study, Metamaterials was used to enhance the performance of the UWB
circular microstrip antenna with elliptical rings. The proposed antenna was designed
on Rogers 5880 LZ substrate of size 45 mm × 31 mm to cover UWB frequency range.
Due to HFSS simulations, antenna has frequency bandwidth between 3.5 GHz to
9 GHz and its performance is accepted for UWB system. In order to enhance antenna’s
performance, slotted ring resonators which are one type of metamaterials are utilized.
In addition, circular and square SRRs were analyzed in this research to
understand metamaterials behavior before SRR implementation on the antenna,
multiple techniques were applied to circular and square SRR; these techniques are:


SRR position with respect to the ground



Positive and negative rotation angle



Using the complementary SRR



Inner and outer ring rotation



Number of SRR units



SRR size and design

6.1 Main Research Outcomes
This section presents the results summary of both antenna’s behavior and its
behavior after implementing SRR. Afterwards, the results of using SRR, different sizes
and designs, to select WiFi and WiMAX frequencies to transmit or reject are shown.
1. UWB circular microstrip antenna with elliptical ring
The designed antenna covers bandwidth between 3.5 GHz to 9 GHz, its
maximum gain is around 5 dB and it has an omni-directional radiation pattern.
This antenna is considered a good candidate for UWB system.
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2. Implementation of C-SRR
Arrays of C-SRR have been implemented at antenna’s backside and
their effect is noticed on antenna’s behavior. Implementation of C-SRR starts
with single unit cell and increases to an array of 3×3. The bandwidth of the
antenna is between 2.8 GHz and 8 GHz with a maximum gain of 5 dB.
3. Position of C-SRR
The unit cells of 3×3 array are shifted to antenna’s partial ground from
the origin. The shifting of 5.1 mm produce a frequency bandwidth between
2.2 GHz to 9.8 GHz with rejection of the bandwidth between 3.91 GHz to
4.25 GHz, also rejection at frequency 4.6 GHz.
4. C-SRR inner ring rotation
Inner ring rotation for 10°, 3° and 17° is examined horizontally and
vertically. Both rotation arrangements have the same effect on antenna’s
performance and shifts the rejection band from the previous case to 4.82 GHz
to 5.6 GHz.
5. Positive and negative angle inner ring rotation for C-SRR
Antenna has frequency bandwidth between 2.2 GHz to 9.8 GHz and the
maximum gain increased to 5.3 dB with rejection of two or three frequencies.
This enhancement occurs due to implementing -47°, -33° and -10°, the same
positive angles 47°, 33° and 10° and combination of both positive and negative
angles.
6. C-SRR outer ring rotation
Outer ring rotation of angles 7°, 13° and 30° are applied vertically to
an array of 3×3; antenna has a bandwidth between 2.2 GHz to 9.8 GHz and
maximum gain of 5.4 dB but without the occurrence of any rejected bands. On
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the other hand, applying inner ring rotation for the same angles is having the
same bandwidth range with two rejected frequencies and a gain of 5.55 dB.
Rotating outer ring by -7°, -13° and -30° resulted in rejecting two frequencies
in the bandwidth range and maximum gain is 5.55 dB.
7. Implementing S-SRR
Multiple arrays of S-SRR are used to enhance antenna’s performance
and in all cases antenna obtains an UWB range of bandwidth with maximum
gain around 5 dB. Notched bands are noticed in some cases.
8. WiFi 2.4 GHz and 5 GHz
Single Square SRR with L-shape, dual square SRR with four gaps and
their complementary are used to reject and transmit WiFi frequencies
according to the required applications.
9. WiMAX technology
S-SRR and its complementary are modified by changing their
dimensions to be able to reject the WiMAX band 3.4 GHz to 3.6 GHz
6.2 Future Work
The research presented in this thesis study the enhancing of UWB circular
microstrip antenna performance by using metamaterial; opportunities to extend the
scope of this research are available. The recommendations are as follows:
1. Utilization of different types of substrates
Substrates characteristics changes according to its dielectric constant,
conductivity, thickness and loss tangent. When using different substrate type
and according to its characteristics, antenna’s performance will change. For
example, substrates FR-4, RT-Duroid, Roger 4350, Duroid 6010, RO4003 and
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GML1000 with varying thickness can be used for the microstrip antenna. The
results from implementing different substrate types and thickness should be
compared to select the best antenna performance.
2. Other designs of metamaterial unit cell
In this thesis, circular and square SRR are implemented on the antenna
but other SRR can be analyzed and implemented such as: S-shape, spiralshape, fractal, U-head dumbbell, V-shaped, etc. Different designs are having
different resonant frequencies which will affect antenna’s performance.
3. SRR dimensions
The dimensions of the unit cell are controlling the range of frequencies
that is operated. The dimensions of the four SRR designs that are presented in
this thesis can be changed. As a result, antenna’s performance will be affected;
decreasing SRRs dimensions will affect high antenna’s frequencies. While
increasing SRR dimensions will affect low antenna’s frequencies. For the
circular microstrip antenna to work at THz range, its size and SRR dimensions
should be in micrometer (μm).
4. Antenna design
Antenna’s width and length, patch shape, radius of circular patch, patch
slots and ground size are changing the whole performance of the antenna.
Minor changes can be done on antenna design such as circular rings instead of
elliptical rings, number of rings can be increased or decreased, changing the
radius of circular patch and using square or elliptical patch will change
antenna’s performance. In this case, antenna may operate other frequency
bands rather than UWB.
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I) Appendix I

Circular Split Ring Resonator

I.1 Inner Ring Rotation
The effect of rotation of the inner ring is going to be studied for several units
of one C-SRR. In all the experiments, the gaps of the inner and outer rings should be
directed in the same direction or for both rings 𝜃 = 0°. Then the first group starts the
rotation with 𝜃 = 10° to 𝜃 = 50° with step size 10°, Figure I.1. Second group starts the
rotation with 𝜃 = 3° to 𝜃 = 43°, Figure I.3. Finally, starting the arrangement with
𝜃 = 7° to 𝜃 = 47° for the third group of C-SRR units, Figure I.5. The rotation results
for one cell show that increasing the angle between the two gaps, decrease the resonant
frequency to lower frequencies as shown in Figures I.2, I.4 and I.6. The values of the
resonant frequencies are available in Table I.1.
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Figure I.1: Inner ring rotation for different angles 10°-50°

50˚
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Figure I.2: S11 for inner ring rotation from 10° to 50°
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13˚
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33˚

Figure I.3: Inner ring rotation for different angles 3°-43°

Figure I.4: S11 for inner ring rotation from 3° to 43°
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7˚

27˚

17˚

37˚

47˚

Figure I.5: Inner ring rotation for different angles 7°-47°

Figure I.6: S11 for inner ring rotation from 7°-47°

Table I.1: Resonant frequency values due to rotation
Angel
degree

Resonant
Frequency
(GHz)

Angel
degree

Resonant
Frequency
(GHz)

Angel
degree

Resonant
Frequency
(GHz)

10

4.4805

3

4.5185

7

4.3854

20

4.3854

13

4.4234

17

4.4044

30

4.2713

23

4.3664

27

4.3093

40

4.1762

33

4.2523

37

4.2142

50

4.0811

43

4.1572

47

4.1191
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The next step of this experiment is to examine the behavior of different unit
cells with a combination of three inner ring rotations C-SRR. For a unit cell of three
C-SRR, three cell structures are chosen according to their frequencies that are close to
each other. The first three cells to be combined are the cells of 3°, 10° and 17° with
inner ring rotation of resonant frequencies 4.5185 GHz, 4.4805 GHz and 4.4044 GHz,
respectively. The C-SRRs are arranged on the unit cell from left to right as 10°, 3° and
17° and its (𝑆11) result is presented in Figure I.7; It is observed from the figure that
adjusting the frequencies of three single cells very close to each other in term of their
frequencies produces wide band from 4.0811 GHz to 5.1081 GHz instead of the
narrow band of each C-SRR, this can be shown clearly in Figure I.8 for frequency
range 2 GHz to 6 GHz. However, reverse the arrangement of the C-SRRs from left to
right as 17°, 3° and 10° gives the same result of (𝑆11) and wide band from 4.0811 GHz
to 5.1081 GHz with minor changes of the previous C-SRRs arrangement, Figure I.9
and Figure I.10.

Figure I.7: S11 of 10°, 3°, 17° and a unit cell of the same degrees
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10°

3°

17°

Figure I.8: S11 of 10°, 3°, 17° and a unit cell of the same degrees from 2 GHz to 6
GHz

17°

3°

10°

Figure I.9: S11 of 17°, 3°, 10° and a unit cell of the same degrees
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Figure I.10: S11 of units (10°, 3°, 17°) and (17°, 3°, 10°)

Using another C-SRRs with inner ring rotation of close resonant frequencies
in unit cells such as 10°, 33°, 47° and 50°, 43°, 47° are analyzed to emphasize the
results of the previous unit cell.
A unit cell of three C-SRRs with 10°, 33° and 47° inner ring rotation has the
same (𝑆11) result when reverse the C-SRRs arrangement to be 47°, 33° and 10°.
Moreover, the closeness of the resonant frequency of three C-SRRs provide a wide
band from 3.986 GHz to 5.1271 GHz, Figure I.11 and I.12. The same for a unit cell of
three C-SRR with 50°, 43°, 47°, (𝑆11) result for both arrangements 50°, 43°, 47° and
47°, 43°, 50° are equal and it has wide band from 3.9289 GHz to 4.6326 GHz in the
range 2 GHz to 6 GHz, Figure I.13 and Figure I.14.
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Figure I.11: S11 of 10°, 33°, 47° and a unit cell of the same degrees

10˚

33˚

47˚

Figure I.12: S11 of 10°, 33°, 47° and a unit cell of the same degrees from 2 GHz to 6
GHz
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Figure I.13: S11 of 50°, 43°, 47° and a unit cell of the same degrees

50˚

43˚

47˚

Figure I.14: S11 of 50°, 43°, 47° and a unit cell of the same degrees from 2 GHz to 6
GHz

On the other hand, choosing resonant frequencies that are far from each other
may change the result. For the next unit cell of three C-SRRs with inner ring rotation,
50°, 3° and 47° C-SRRs have been selected due to their distant resonant frequencies,
found in Table I.1. (𝑆11) result for the mentioned arrangement and its reverse are the
same, while instead of having wide band, multiple bands are created. This unit cell
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arrangement has two bands; the first band is from 3.9202 GHz to 4.4859 GHz and the
second band is from 4.5185 GHz to 4.7376 GHz, Figure I.15 and Figure I.16.
Accordingly, resonant frequencies position with respect to each other, close or far,
affects the bands of the unit cells. Wide bands for close resonant frequencies and multiband for far resonant frequencies are generated.

Figure I.15: S11 of 50°, 3°, 47° and a unit cell of the same degrees

50˚

3˚

47˚

Figure I.16: S11 of 50°, 3°, 47° and a unit cell of the same degrees from 2 GHz to 6
GHz
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I.2 Negative Angle Inner Ring Rotation
Three different unit cells of inner ring rotation of -43°, -47° and -50° are
simulated in HFSS, Figure I.17, I.18 and I.19. It is observed from the return loss results
that negative angles -43°, -47° and -50° have the same (𝑆11) behavior of positive angles
43°, 47° and 50° with the same resonant frequencies, Table I.2, except in one point.
Inner ring rotation for negative angles produces another resonant frequency, second
one, with good return loss that is decreased when the rotation angle increased,
Table I.3.

Table I.2: Resonant frequency values due to rotation for positive and negative angles
Angel
degree

Resonant
Frequency
(GHz)

Angel
degree

Resonant
Frequency
(GHz)

Angel
degree

Resonant
Frequency
(GHz)

43
-43

4.1572

47
-47

4.1191

50
-50

4.0811

Table I.3: Second resonant frequency and return loss values
Angel
degre
e
-43

Secon
d RF
(GHz)
7,2382

Retur
n Loss
(dB)
23.4303

Angel
degre
e
-47

Secon
d RF
(GHz)
7.2763

Retur
n Loss
(dB)
-17.855

Angel
degre
e
-50

Secon
d RF
(GHz)
7.3524

Retur
n Loss
(dB)
14.8901

158

-43˚

Figure I.17: S11 of 43° and -43°

-47˚

Figure I.18: S11 of 47° and -47°
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-50˚

Figure I.19: S11 of 50° and -50°

Furthermore, three unit cells of three C-SRRs of negative angles rotation are
simulated to compare its result with the one of positive angle rotation. In Figure I.20,
a unit cell of inner ring rotation of 47°, 33° and 10° is compared with one with inner
ring rotation of -47°, 33° and 10°; both units have the same behavior. While in
Figure I.21, three units are compared; the two unit of 47°, 43°, 50° and -47°, -43°,
-50° have exactly the same result. Besides, the third unit of angles 47°, 43°, -50°
exhibits the creation of two bands from 14.009 GHz to 14.8078 GHz and from
14.8649 GHz to 15.3023 GHz.
Rotating the ring clockwise or counter-clockwise affects (𝑆11 ) results and
resonant frequencies. This change in the results occurs due to the variation in the
current direction and capacitance.

160

-47˚

33˚

10˚

Figure I.20: S11 of inner ring rotation of -47°, 33° and 10°

-47˚

-43˚

-50˚

47˚

43˚

-50˚

Figure I.21: S11 of inner ring rotation of multiple angles

After testing inner ring rotation of positive and negative multiple angles for a
unit cell of one C-SRR and three C-SRRs and realizing its behavior, outer ring rotation
is going to be examined.
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I.3 Outer Ring Rotation
Outer ring rotation is the changing in gaps position according to a specified
angle. The rotation of 7°, 13° and 30° of the outer ring is examined for a unit cell of
one C-SRR in Figure I.22, Figure I.23 and Figure I.24 and it is combined with inner
ring rotation for the same degree. Outer and inner rotation for 7° has mostly the same
behavior but with minor differences; outer ring rotation has resonant frequencies at
4.4424 GHz, 6.9339 GHz, 18 GHz and 19.3724 GHz of return loss up to -24.857 dB,
-20.8598 dB, -17.0855 dB and -21.7063 dB, respectively. On the other hand, inner ring
rotation has its resonant frequencies at 4.3854 GHz, 6.6677 GHz and 18.8969 GHz
with return loss up to -42.5284 dB, -12.5744 dB and -29.2288 dB, respectively.
Additionally, the rotations of 13° and 30° for the outer and inner ring have the
same (𝑆11) performance with slight differences in their resonant frequencies; but it is
noticed from the three figures that the first resonant frequency for the outer ring
rotation is decreased with the increased in rotation angle till it loses its resonant
characteristic.
Two unit cells of three C-SRR with outer and inner rotation are simulated to
compare their behavior; the same angles of the previous one unit cells are chosen that
are 7°, 13° and 30°. It is observed in Figure I.25 that the behavior is almost the same
for the two unit cells.
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7°

Figure I.22: S11 of inner and outer ring rotation for 7°

13°

Figure I.23: S11 of inner and outer ring rotation for 13°
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30°

Figure I.24: S11 of inner and outer ring rotation for 30°

7˚

13˚

30˚

7˚

13˚

30˚

Figure I.25: S11 of inner and outer ring rotation for unit cells of three C-SRR

At this point of this research, a comparison is going to be conducting for the
rotation of the outer and inner rings from 7° to 180° to examine the behavior of the
two rings in rotation.
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As mentioned previously in case of inner ring rotation, increasing the rotation
angle between the two gaps is going to decrease or shift the resonant frequency to
lower frequencies. In this experiment, inner ring rotation starts at 7° and increased to
13°, 30°, 50°, 90°, 130° and 180°; Figure I.26 shows examples of these angles. The
simulated results presents a shift for the resonant frequency to the left (lower
frequencies) except (𝑆11) for 180° rotation that has resonant frequency at 3.6246 GHz,
Figure I.27.

180˚

130˚

50˚

Figure I.26: Inner ring rotation

Figure I.27: S11 for inner ring rotation from 7° to 180°

7˚
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Next, outer ring rotation is examined for the same angles from 7° to 180°,
Figure I.28 shows examples of these angles. The result of outer ring rotation shows
that the first resonant frequency for 7° is 4.4424 GHz reduced when the rotation angle
increased till the structure loses its resonant characteristic at this frequency where the
reactive capacitance and reactive inductance are not equal so they do not cancel each
other; but when reaching 180° a resonant frequency is shown at 3.6246 GHz,
Figure I.29.
The conventional design of C-SRR has the two gaps at opposite directions
which means 180° between them and any change in the position of the two gaps due
to ring rotation will change the direction of the current, capacitance and Inductance.
Due to these changes resonant frequency will be affected.

180

130˚

50˚

Figure I.28: Outer ring rotation

7˚
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Figure I.29: S11 for outer ring rotation from 7° to 180°
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II) Appendix II
Square Split Ring Resonator

Multiple arrays of S-SRR are examined as in Figure II.1 and the behavior of
every unit is studied. Initially, the analysis starts with one cell of dual S-SRR which is
in chapter 4, Figure 4.4 and Table 4.2, and then followed by arrays of 2×1, 3×4 and
4×4; the spacing between each S-SRR in an array is 0.5 mm. In (a), the one cell of dual
S-SRR has resonant frequency at 4.975 GHz with return loss up to -49.4472 dB and
another return loss of -24.9687 dB at 17.6416 GHz. A two cell unit in (b) has two
resonant frequencies; the first one at 4.8038 GHz and second one at 17.4515 GHz with
return loss of -46.8897 dB and -21.7748 dB, respectively. It is noticed that the resonant
frequencies have shifted a little bit to left in (b). 3×4 array in (c) has multiple resonant
frequencies around seven frequencies; the first resonant frequency occurs at
4.9369 GHz with return loss up to -27.2598 dB and the second resonant at 7.6757 GHz
with return loss of -53.9217 dB. In (d), 4×4 array has nine resonant frequencies; the
first three frequencies are 4.7658, 6.6296 and 10.1672 GHz with return loss of -48.923,
-46.3344 and -65.2484 dB, respectively.
The observation from arrays analysis is that increasing number of S-SRR cells
in an array will increase number of resonant frequencies and rejections because of the
increased capacitance. Adding more cells to an array increases gap capacitance, mutual
capacitance and the capacitance between the cells which will affect array behavior.
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a.

b.

c.

d.

Figure II.1: Arrays of S-SRR
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