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Preface

It is well known that the field of antenna engineering has been advancing at a remarkable
pace to support modern communication systems. Recently, significant progress has been
made in the development of new antennas and techniques targeted for applications in medi‐
cal, defense, health care, communication, etc. The motivation of this project is to present
more application-oriented materials and provide information of practical importance for
modern wireless communication antennas.

The book is organized into ten chapters including the introductory chapter. Few chapters of
this book are devoted to metamaterial antennas for wideband operations. The topics pre‐
sented in this book make it an excellent reference on modern antenna systems for graduate
students as well as practicing engineers. It is hoped that the readers will find this book infor‐
mative and worth reading.

I am grateful to all the contributing authors of this book. I appreciate Ms. Romina for her
timely and professional cooperation. Special thanks go to the family members including my
children for their patient and support during spending numerous hours at home in front of
the computer.

Dr. Mohammad Abdul Matin
Universiti Teknologi Brunei

Brunei
Brunei Darussalam
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Introduction and Outline
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1. Introduction

Due to the rapid development of wireless communication, in particular, for LTE, antennas 
with multiband and wideband are required to support various wireless communication 
services. Besides the requirement of multiband and wideband operation, modern wireless 
transceivers place increasing demands (such as low‐profile, low cost, conformal, and com‐
pact design) on antennas used within them. To meet all these desirable attributes, sophisti‐
cated metamaterials are used to design antennas. Therefore, understanding the properties of 
these materials is important to get involved in designing such antennas. In addition, there is 
a significant progress on bandwidth enhancement, size reduction, and generation of circular 
polarization of conventional antennas. This book covers a range of topics and addresses the 
requirements for modern antennas including compactness, space constraints, desired radia‐
tion pattern, low cost, light weight, multiband operation, reconfigurability, and stable perfor‐
mance under different conditions while designing such antennas.

2. Outline of research contributions

This book attempts to present cutting‐edge research in the field of antennas for modern wire‐
less communications.

In “Recent Computer Aided Design Techniques for Rectangular Microstrip Antenna,” the author 
explores a more accurate tool for characterization and design of rectangular microstrip 
antenna for wireless communication.

In “Metamaterial Antennas for Wireless Communications Transceivers,” the authors present a 
novel hexa‐band CPW‐fed antenna which consists of asymmetric fork‐shaped radiating ele‐
ments incorporating U‐shaped radiators with a slit. Each of the branched radiators generates 

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

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



triple resonant frequencies within the L, S, C, and X bands. The antenna exhibits good return 
loss, gain, and radiation patterns, which makes it an excellent candidate for multiband and 
broadband communication applications.

In “Application of Composite Right‐/Left‐Handed Metamaterials in Leaky Wave Antennas,” the authors 
report the recent works in the area of CRLH metameterials (MTM) leaky wave antennas (LWAs). 
These works include the application of electronic control, substrate integrated waveguides, 
dual‐band and wideband performance, ferrite loaded waveguides, and split‐ring‐resonator‐
based MTMs in LWAs.

In “Planar Antennas with Enhanced Bandwidth and Radiation Characteristics,” the authors present 
novel wideband and ultra‐wideband (UWB) antennas which are based on loading the back‐
ground plane of a monopole radiator with concentric split‐ring resonators. The modification 
of monopole radiator improves the fractional bandwidth of the antenna from 41 to 87%; in 
particular, the operational bandwidth of the proposed antennas is double that of a conven‐
tional monopole antenna of the same size.

In “Compact Antenna with Enhanced Performances Using Artificial Meta‐Surfaces,” the authors 
explore novel mechanisms of enhancing the antenna bandwidth, achieving circular polar‐
ization radiation, and realizing beam manipulation, and demonstrate theoretical analysis, 
numerical calculation, and experimental measurement.

In “A Circularly Polarized Spiral/Loop Antenna and its Simple Feeding Mechanism,” a simple spi‐
ral/loop antenna radiating circular polarization is introduced. To design such CP antenna, 
the authors first choose a loop antenna that is arranged like a cross shape for radiating CP 
waves. Then, the cross‐shaped loop antenna is fed by a dipole antenna for achieving wide 
beam‐widths, multipolarization, and stable feedings.

In “Omnidirectional Circularly Polarized Antenna with High Gain in Wide Bandwidth,” two kinds 
of omnidirectional circularly polarized slot array antenna with nearly constant good gain 
across wide bandwidth are presented—one is a single CP polarized antenna, and the other 
one is the dual CP omnidirectional antenna. These antennas have perfectly symmetric struc‐
ture, so they are easy to change the working frequency band by changing the size of the 
antenna. Due to the omnidirectional coverage and dual CP characteristics, the antennas are 
valuable in the RF receiver.

In “A Simple EM Dipole Radiating Element for Dual‐Polarized Phased Array Weather Radars,” the 
authors present dual‐polarized radiating element. In their design, the magnetic dipole is con‐
structed by a simple loop with capacitive loading which maintains uniform surface current, 
whereas the electric dipole is in the form of printed dipole.

In “Microswitch Design and Its Optimization Using Pattern Search Algorithm for Application in 
Reconfigurable Antenna,” the authors present the design of metal contact RF microswitch for 
application in the reconfigurable antenna. The reconfigurable antenna is fabricated and the 
results are reported in this chapter which shows a good agreement between simulation and 
measurement.
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3. Conclusion

It is well known that the field of antenna engineering has been advancing at a remarkable 
pace to support modern communication systems. Recently, significant progress has been 
made in the development of new antenna structures and techniques targeted for modern 
wireless applications. The book presents the current development of antenna systems in hop‐
ing that graduate students as well as practicing engineers will find this book informative and 
worth reading.
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Abstract

In modern microwave systems, rectangular microstrip patch antennas (RMPAs) are
probably the most investigated topics among the planar antennas. There are several
methods available in literature, for designing and analyzing such antennas, but most of
them are very complex and give only approximate results. In this chapter, we have
discussed the most accurate and updated computer-aided design (CAD) formulations
related to probe-fed RMPA for computing its fundamental input characteristics (reso-
nant frequency and input impedance) and improving radiation characteristics, i.e. gain
and polarization purity (the parameter that signifies how much an RMPA is free from
spurious modes). These formulations have evolved in the last decades and have been
validated against numerous simulations and measurements. The present CAD formulas
for resonant frequency and input impedance can accurately address a wide range of
RMPA with patch width to patch length ratio (W/L) from 0.5 to 2.0, a substrate having
thickness up to 0.23 λg where λg is the guide wavelength and relative permittivity (εr)
ranging over 2.2–10.8. The role of a finite air gap on resonant frequency and gain of an
RMPA have also been presented. The chapter will be surely useful to antenna designers
to achieve a concrete understanding of the RMPA theory.

Keywords: rectangular microstrip antenna, resonant frequency, input impedance, gain,
polarization purity, grounded microstrip patch
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1. Introduction

‘Microstrip antennas’, the class of antennas which has been capturing the attention of the antenna
research community for the last 63 years, starting from the 3rd Symposium on the US Air Force
Antenna Research andDevelopment Program,was proposed firstly byDeschamp and Sichak [1] in
1953. In [1], they proposed a microstrip feeding network for a waveguide systemwhich comprised
of 300 waveguide horn antennas. But, the ‘microstrip patch’, to which all the researchers
associated to the antenna theory are familiar with, was theoretically analyzed by Howell in [2]
and applied into practical applications by Munson in [3] for the first time. Still, the credit of the
authors of the work [1] was to foster a very much new discipline of antenna engineering, and in
addition to this, they highlighted the related performance superiority of this new antenna over
the other commercially available conventional antenna. From 1972 onwards, researchers started
to understand a microstrip patch in two approaches: (i) treating the patch as a lossy and open
resonator cavity [2] and (ii) as an extended section of a microstrip line [3].

In the last four decades, several books [4–11] and collection of research papers [12, 13] have
been published unfolding rigorous analytical and numerical techniques dealing with
microstrip antennas. The computational methods like FDTD, FEM and MOM are very much
versatile in nature particularly in analyzing irregular-shaped patch geometries with huge
various types of substrates, but any of them give neither any physical insights into the radia-
tion mechanism of the antenna nor any closed-form design formulations which are utmost
necessary to any practicing antenna engineer, researcher, academician or scientist. In this
context, cavity resonator model appears to be more effective than the other available methods
to estimate the fundamental input characteristics (i.e. resonant frequency and input imped-
ance) and to improve the crucial radiation characteristics (i.e. gain and polarization purity) for
commonly available microstrip antennas of regular geometries with thin substrate. This
method not only improvises the design steps of antenna design but also aids in achieving
better performance.

In this chapter, the authors have presented comprehensive electromagnetic analyses on the
fundamental input characteristics (i.e. resonant frequency and input impedance) and radiation
characteristics (i.e. gain and polarization purity) of rectangular microstrip antennas with
conventional and suspended geometries in light of the versatile cavity model method and
discussed some improved and closed-form computer-aided design (CAD) formulas. Unlike
other theories and work, the present CAD formulas can accurately address a wide range of
aspect ratio or patch width to patch length ratio (W/L) from 0.5 to 2.0, a substrate having
thickness up to 0.23 λg where λg is the guide wavelength and relative permittivity (εr) ranging
over 2.2–10.8. (Discuss Novelty) A coaxially fed RMPA with length L and width W on a
substrate (εr) above a variable air-gap over the ground plane is shown in Figure 1.

Air gap over the ground plane is shown in Figure 1. The variable air-gap height h1 can be
decreased to zero to achieve the conventional form. The fringing of the electric fields at the
radiating and non-radiating edges of the rectangular patch is taken into account in terms of ΔL
and ΔW, respectively. The present CAD formulas were introduced firstly in [14] by
Chattopadhyay et al.

Modern Antenna Systems10
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2. Input characteristics

2.1. Resonant frequency

After the work of Howell [2], Hammerstad [15] proposed comprehensive CAD formulations on
resonance characteristics of an RMPA using the cavity resonator model (CRM) method. Till now,
several theoretical analyses employingCRMmethod [6, 16–18], transmission-linemethod [19, 20],
methodofmoments [21, 22] and integral equation technique [23] are available in literature. But the
CAD formulas presented in [6, 15] are found to be themost popular for the design purpose.

Nevertheless, a close inspections into these works show that the formulas available in [6, 15]
can provide a reasonably good approximation only when the patches have aspect ratio (W/L)
near to 1.5 and the substrate thickness is lower than 0.02 λg, where λg is the guide wavelength
at the resonant frequency fr. Also, the computed fr values using formulas in [6, 15] show errors
in comparison with the measurements which can be found in [24, 25]. Those works [24, 25]
used around 0.04 λg to 0.23 λg substrate thickness. The use of an air gap in between the
substrate and the ground plane has been found in [26–34] which helps in achieving tunability
of an RMPA and enhancing its impedance bandwidth. Earlier, a cavity model was also
discussed in detail in [5, 11]. In this section, authors have emphasized on a better CAD
formulation as found in an earlier work of one of the present authors in [14] using the well-
known CRM method called quasi-static approach [11] to estimate more accurately the domi-
nant and the higher-order resonances in an RMPAwith and without air gap. Here, ΔL and ΔW

Figure 1. Schematic diagram of a coax-fed rectangular microstrip patch antenna (RMPA).

Recent Computer-Aided Design Techniques for Rectangular Microstrip Antenna
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have been considered as a function of the aspect ratio. In [14] Chattopadhyay et al. considered
an equivalent circular patch with radius a, effective radius aeff and same resonant frequency as
that of the RMPA. This helps to establish a relationship among the fringing parameters ΔL, ΔW
and aeff by equating the zero-order resonant frequencies of both patches as found in one of the
earlier works of Chattopadhyay in [14, 35].

From [35–38] we can write

f 0, r ¼
c

2L
ffiffiffiffi
εr

p (2.1)

where c is the velocity of light in free space. Following the earlier work of Chattopadhyay in
[14, 35], we can assume that both antennas of same resonant frequencies have same circumfer-
ence. Therefore, we can write

Wþ Lð Þ ¼ πa (2.2)

Lþ 2ΔLð Þ þ Wþ 2ΔWð Þ ¼ πaeff (2.3)

In Eq. (2.3) α is the first zero of the derivative of the Bessel function of order n = 1. Now, aeff is
the effective radius of a circular patch due to fringing electric fields as found in [27]:

aeff ¼ a
ffiffiffiffiffiffiffiffiffiffiffi
1þ q

p
(2.4)

where q is the fringing factor calculated from [27] as

q ¼ uþ vþ uv (2.5)

and

u ¼ 1þ ε�1
re

� � 4
πa=h

(2.6)

v ¼ 2
3t

·
ln pð Þ
8þ πa=hð Þ þ

1 t= � 1ð Þ
4þ 2:6a h= þ 2:9h a=ð Þ (2.7)

t ¼ 0:37þ 0:63εre (2.8)

p ¼ 1þ 0:8 a
h

� �2 þ 0:31a
h

� �4
1þ 0:9 a

h
(2.9)

u, v, t and p all are dummy variables.

εre ¼
εr 1þ h1

h2

� �

1þ εrh1=h2ð Þ (2.10)

where εre is the equivalent permittivity of the two-layer dielectric medium (Figure 1) having a
total thickness h = (h1+h2).
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earlier works of Chattopadhyay in [14, 35].

From [35–38] we can write

f 0, r ¼
c

2L
ffiffiffiffi
εr

p (2.1)

where c is the velocity of light in free space. Following the earlier work of Chattopadhyay in
[14, 35], we can assume that both antennas of same resonant frequencies have same circumfer-
ence. Therefore, we can write

Wþ Lð Þ ¼ πa (2.2)

Lþ 2ΔLð Þ þ Wþ 2ΔWð Þ ¼ πaeff (2.3)

In Eq. (2.3) α is the first zero of the derivative of the Bessel function of order n = 1. Now, aeff is
the effective radius of a circular patch due to fringing electric fields as found in [27]:

aeff ¼ a
ffiffiffiffiffiffiffiffiffiffiffi
1þ q

p
(2.4)

where q is the fringing factor calculated from [27] as

q ¼ uþ vþ uv (2.5)

and

u ¼ 1þ ε�1
re

� � 4
πa=h

(2.6)

v ¼ 2
3t

·
ln pð Þ
8þ πa=hð Þ þ

1 t= � 1ð Þ
4þ 2:6a h= þ 2:9h a=ð Þ (2.7)

t ¼ 0:37þ 0:63εre (2.8)

p ¼ 1þ 0:8 a
h

� �2 þ 0:31a
h

� �4
1þ 0:9 a

h
(2.9)

u, v, t and p all are dummy variables.

εre ¼
εr 1þ h1

h2

� �

1þ εrh1=h2ð Þ (2.10)

where εre is the equivalent permittivity of the two-layer dielectric medium (Figure 1) having a
total thickness h = (h1+h2).
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Solving (2.1)–(2.4) and from one of the previous works of Chattopadhyay in [14, 35], one can
write the following relations:

L ¼ 1:7a (2.11)

W ¼ 1:44a (2.12)

ΔLþ ΔW ¼ πa
ffiffiffiffiffiffiffiffiffiffiffi
1þ q

p � 1
2

(2.13)

An empirical relation is used to determine ΔW in terms of ΔL for a wide range of W/L values,
2 >W/L> 0.5 as

ΔW ¼ ΔL 1:5�W
2L

� �
(2.14)

and ΔL can be written as given in one of the previous works of Chattopadhyay in [14, 35]

ΔL ¼ πa
ffiffiffiffiffiffiffiffiffiffiffi
1þ q

p � 1
� �

2 2:5� 0:5 W
L

� �� � (2.15)

Now, using the above Eqs. (2.1)–(2.15) discussed above and as in the previous work of
Chattopadhyay in [14, 35], the resonant frequency of an RMPA with a variable air-gap h1 is
found as

f r,nm ¼ c
2 ffiffiffiffiffiffiffiffiffiεr, eff
p n

Lþ 2ΔL

� �2

þ m
W þ 2ΔW

� �2
" #1=2

(2.16)

where εr,eff is the effective relative permittivity of the medium below the patch [14, 27, 35].

εr,eff ¼
4 εre εr,dyn
ffiffiffiffiffiffi
εre

p þ ffiffiffiffiffiffiffiffiffiffiffi
εr,dyn

p� �2 (2.17)

From Eq. (2.16) we can found the dominant mode of an RMPA is TM10. εre is calculated using
(2.10), and εr,dyn is the dynamic dielectric constant as defined in [17, 28] and can be written as

εr,dyn ¼ Cdyn ε ¼ ε0εreð Þ
Cdyn ε ¼ ε0ð Þ (2.18)

Cdyn ¼ C0,dyn þ Ce,dyn (2.19)

where Cdyn is the total dynamic capacitance of the RMPA and suffixes 0 and e denote the main
and fringing components, respectively. C0,dyn and Ce,dyn are determined as discussed in one of
the previous works of the present authors in [14, 35]:

Recent Computer-Aided Design Techniques for Rectangular Microstrip Antenna
http://dx.doi.org/10.5772/66355

13



C0,dyn ¼ γnC0, stat (2.20)

Ce,dyn ¼ 1
δ
Ce, stat (2.21)

The values γn and δ are as follows:

γn ¼ 1:0 for n ¼ 0 (2.22)

¼ 0:3525 forn ¼ 1

¼ 0:2865 forn ¼ 2

¼ 0:2450 forn ¼ 3

δ ¼ 1:0forn ¼ 0 (2.23)

¼ 2:0forn ≠ 0

where C0,stat and Ce,stat are the static main and static fringing capacitances of the disc, and these
are [35]

C0, stat ¼ ε0εre
πa2

h
(2.24)

Ce, stat ¼ C0, statq (2.25)

Figure 2 shows the computed as obtained from the previous work of Chattopadhyay in [14,
35] and measured [24] resonant frequencies of an RMPA as a function of substrate thickness h2.
The three measured values for thin and thick substrates show close agreement with proposed
formulations.

Figure 2. Resonant frequency of the dominant mode as function of substrate thickness of the RMPA, εr = 2.33, L = 11 mm,
W = 17 mm, W/L = 1.54 [35].
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In [14], Chattopadhyay et al. have also shown the close agreement between the values
obtained using MOM and their theory.

Figures 3 and 4 show the computed (from the previous work of Chattopadhyay in [14, 35]),
simulated and measured resonant frequencies of an RMPAwith W/L = 1.5 having variable air-
gap heights.

The simulated and measured values ranging from no air gap to an air gap of 4 mm show good
agreement with the present formulations. The tunability of the RMPA as a function of the air
gap height has also been studied. Table 1 compares the resonant frequencies as computed
using the presented formulations (as given in the previous work of Chattopadhyay in [14, 35])
with that of Hammerstad [15], James et al. [6] and Chew and Liu [23] for different sets of
RMPAs with W/L ≈ 1.5 and for electrical thickness ranging from 0.037 to 0.166 λg. The
presented formulations show very close agreement with measured data [24] with an average
percentage error of (1.39%) for the present formulations.

Figure 3. Resonant frequency of RMPA versus air-gap height. εr = 2.2, L = 30 mm, W = 45 mm, W/L = 1.5, substrate
thickness h2 = 1.575 mm [35].

Figure 4. Dominant mode resonant frequency of RMPAversus air-gap height. εr = 2.33, L = 30 mm, W = 45 mm, h2 = 1.575
mm [35].
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Moreover, in [14] Chattopadhyay et al. showed the versatility of these formulations in
accurately predicting the higher-order modes of an RMPA for W/L = 1. In [35],
Chattopadhyay has predicted the higher-order modes of an RMPA for W/L = 0.7, 1.2, 1.5,
1.7 extending the work in [14]. One can refer to Table 1 of one of the previous works of
Chattopadhyay et al. in [14] for a closer look into the topic. It is seen that the significant
higher-order modes of an RMPA are TM01, TM02, TM12, TM20, TM30, TM03, etc. When W/L
= 1, TM10 and TM01 become degenerate modes. The separation between resonant fre-
quency of dominant TM10 mode and that of net higher-order mode TM02 is from 2 to
1.25fr,10 for 0.7 < W/L < 2 as discussed in [35] by Chattopadhyay. The effect of TM02 mode
on the radiation characteristics of an RMPA is very detrimental [11, 14, 35], and the two
newest techniques for mitigating this issue are discussed later in this chapter (see Sec-
tion 4.2).

2.2. Input impedance

An RMPA can be represented as an equivalent R-L-C parallel resonant circuit in order to find
out its input impedance [11]. Near resonance of the dominant mode and its input impedance
can be expressed as [39, 40]

Length,
L (mm)

W/
L

Normalized
thickness
(h2/λd)

Measured
fr (GHz)
[24]

Computed
fr (GHz)
[15]

Computed
fr (GHz)
[6]

Computed
fr (GHz)
[23]

Computed fr (GHz) (from
the earlier work of one of
the present authors in [14, 35])

38 1.5 0.037 2.31 2.38
(3.03%)

2.30 (0.4%) 2.37 (2.6%) 2.32 (0.4%)

30.5 1.49 0.047 2.89 2.90 (0.3%) 2.79 (3.4%) 2.90 (0.3%) 2.83 (2%)

19.5 1.51 0.068 4.24 4.34
(2.35%)

4.11
(3.06%)

4.32
(1.88%)

4.18 (1.4%)

13 1.5 0.094 5.84 6.12
(4.79%)

5.70
(2.39%)

6.07
(3.93%)

5.86 (0.3%)

11 1.54 0.110 6.80 7.01
(3.08%)

6.47
(4.85%)

6.90 (1.5%) 6.65 (2.2%)

9 1.55 0.125 7.70 8.19
(6.36%)

7.46
(3.11%)

7.87 (2.2%) 7.73 (0.38%)

8 1.50 0.141 8.27 9.01
(8.94%)

8.13 (1.7%) 8.39
(1.45%)

8.50 (2.7%)

7 1.50 0.148 9.14 9.97
(9.01%)

8.89
(2.73%)

8.69
(4.92%)

9.3 (1.75%)

6 1.50 0.166 10.25 11.18
(9.07%)

9.82
(4.19%)

10.4 (1.46%)

Average error w.r.t measurement [24] 5.21% 2.87% 2.34% 1.39%

Parameters: εr = 2.33, h2 = 3.175 mm, for W/L = 1.5. Note: here, λd = λg = λ0/√εr and λ0 are wavelengths corresponding to
measured frequency.

Table 1. Comparison of the measured [24] and computed dominant mode resonant frequency of an RMPA.
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Zin f ; x0ð Þ ¼ Rr

1þQ2
T f � f

�1
� �2 þ j Xf �

RrQT f � f
�1

� �

1þQ2
T f � f

�1
� �2

2
64

3
75 (2.26)

where f ¼ f =f r, fr is the dominant mode resonant frequency and Rr is the input resistance at
resonance as [8].

Rr can be expressed as

Rr ¼ 4h
πλ0

μη0QT
Lþ 2ΔL
W þ 2ΔW

� �
cos 2

π 0:5L� x0ð Þ
Lþ 2ΔL

� �
(2.27)

where η0 is the intrinsic impedance of free space where η0 = 377 Ω, x0 is the distance from the
centre of the patch and QT is the total quality factor.

QT can be expressed in terms of the losses due to radiation (Qr), dielectric (Qd) and conductor (Qc)
present in the radiating structure as given in an earlier work of one of the present authors in [40]:

QT ¼ 1
Qr

þ 1
Qd

þ 1
Qc

� ��1

(2.28)

In this context, another parameter εr,n is required to calculate Qr and Qd as found in [39]:

εr,n ¼ εreff þ 1
2

(2.29)

Now, Qr, Qd and Qc can be expressed as given in [36, 39], and an earlier work of one of the
present authors in [40]:

Qr ¼
π

4GrZr
(2.30)

Qd ¼
π εr � 1ð Þ ffiffiffiffiffiffiffiffi

εr,n
p

27:3 εr,n � 1ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εr,n � 1

p 1
tanδ

(2.31)

Qc ¼ h
ffiffiffiffiffiffiffiffiffiffiffiffiffi
πfμ0σ

q
(2.32)

where

Gr ¼ W2

90λ2
0

forW ≤ 0:35λ0 (2.33)

¼ W
120λ0

� 1
60π2 for 0:35λ0 ≤W ≤ 2λ0

¼ W
120λ0

for2λ0 < W

and
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Zr ¼
120π W

h þ 1:393þ 0:667ln W
h þ 1:444
� �� ��1

ffiffiffiffiffiffiffiffi
εr,n

p (2.34)

The same approach is also valid for circular patches, and a detailed discussion on the resonant
frequency and input impedance of a circular patch can be found in [11]. From [11], one can find
that the dominant mode of a circular patch is TM11. The immediate higher-order modes are
TM21, TM01, TM31, etc. The formulas are found to be very accurate in case of substrate with
thin and moderate height.

Cavity model analysis of the resonant frequency and input impedance for a 60°–60°–60°

equilateral triangular patch is found in [5]. The dominant mode of a triangular patch is TM10

[5]. The immediate higher-order modes are TM11, TM20, TM21, etc.

3. Examples

(a)Find out the resonant frequency of an RMPAwith length (L) 18.2 mm and width (W) 28 mm, etched
on a PTFE substrate of height 1.575 mm with dielectric constant 2.33.

(b)Repeat the problem when 1 mm air gap is introduced between substrate and ground plane.

Solution:

(a) The resonant frequency of the patch can be obtained from Eq. (3.1) as

f r,nm ¼ c
2 ffiffiffiffiffiffiffiffiffiεr, eff
p n

Lþ 2ΔL

� �2

þ m
W þ 2ΔW

� �2
" #1=2

(3.1)

As the dominant mode is TM10, n = 1 and m = 0, and therefore the Eq. (3.1) reduces to

f r,10 ¼
c

2 ffiffiffiffiffiffiffiffiffiεr, eff
p 1

Lþ 2ΔL
(3.2)

The expression for effective relative permittivity of the medium below the patch is

εr, eff ¼
4εreεr,dyn
ffiffiffiffiffiffi
εre

p þ ffiffiffiffiffiffiffiffiffiffiffiεr,dyn
p� �2 (3.3)

and

εre ¼
εr 1þ h1

h2

� �

1þ εrh1=h2ð Þ (3.4)

As air gap height h2 = 0
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εre ¼ εr ¼ 2:33 (3.5)

Fringing factor q is

q ¼ uþ vþ uv (3.6)

where

u ¼ 1þ ε�1
re

� � 4
πa
h
¼ 0:147 (3.7)

t ¼ 0:37þ 0:63εre ¼ 1:83 (3.8)

and

p ¼ 1þ 0:8 a
h

� �2 þ 0:31a
h

� �4
1þ 0:9 a

h
¼ 27:86 (3.9)

Hence,

v ¼ 2
3t

·
ln pð Þ
8þ πa=hð Þ þ 1 t= � 1ð Þ

4þ 2:6a h= þ 2:9h a=ð Þ (3.10)

Therefore,

q ¼ uþ vþ uv ¼ 0:162

εr.dyn can be calculated using Eqs. (2.18)–(2.25) and (3.6)–(3.10) as

εr.dyn=1.94

and

εr,eff=2.12.

The fringing length ΔL may be computed as

ΔL ¼ πa
ffiffiffiffiffiffiffiffiffiffiffi
1þ q

p � 1
� �

2 2:5� 0:5 W
L

� �� � (3.11)

=1.365.

Therefore, the resonant frequency fr,10 becomes

f r,10 ¼
c

2 ffiffiffiffiffiffiffiffiffiεr, eff
p 1

Lþ 2ΔL
¼ 4:916GHz

(b) Now, if h2 = 1 mm,
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εre ¼
εr 1þ h1

h2

� �

1þ εrh1=h2ð Þ ¼ 1:56

εr.dyn = 1.35

and

εr.eff = 1.43

and

u ¼ 1þ ε�1
re

� � 4
πa
h
¼ 0:278

t ¼ 0:37þ 0:63εre ¼ 1:337

p ¼ 1þ 0:8 a
h

� �2 þ 0:31a
h

� �4
1þ 0:9 a

h
¼ 9:83

Hence,

v ¼ 2
3t

·
ln pð Þ
8þ πa=hð Þ þ

1 t= � 1ð Þ
4þ 2:6a h= þ 2:9h a=ð Þ ¼ 0:0253

Therefore,

q ¼ uþ vþ uv ¼ 0:310

and hence

ΔL ¼ πa
ffiffiffiffiffiffiffiffiffiffiffi
1þ q

p � 1
� �

2 2:5� 0:5 W
L

� �� � ¼ 2:52

Therefore, the resonant frequency fr.10 becomes

f r,10 ¼
c

2 ffiffiffiffiffiffiffiffiffiεr, eff
p 1

Lþ 2ΔL
¼ 5:37GHz

(a) Find out the input resonant resistance at the edge of a square patch with length 30 mm and width 30
mm, etched on a PTFE substrate of height 1.575 mm with dielectric constant 2.33.

(b)Find out the optimum feed position.

Solution:

(a) The input impedance of a patch can be expressed as

Zin f; x0ð Þ ¼ Rr

1þQ2
T f � f

�1
� �2 þ j Xf �

RrQT f � f
�1

� �

1þQ2
T f � f

�1
� �2

2
64

3
75 (3.12)
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where f ¼ f =f r, fr being the dominant mode resonant frequency and Rr is the input resistance at
resonance at the edge of the patch.

Now, fr can be obtained as done in the earlier example, and it is found to be fr = 3.13 GHz.

Rr can be expressed as

Rr ¼ 4h
πλ0

μη0QT
Lþ 2ΔL
W þ 2ΔW

� �
cos 2

π 0:5L� x0ð Þ
Lþ 2ΔL

� �
(3.13)

where η0 = 377 Ω and x0 is the distance from the centre of the patch and QT is the total quality
factor, expressed in terms of the losses due to radiation (Qr), dielectric (Qd) and conductor (Qc)
present in the radiating structure as

QT ¼ 1
Qr

þ 1
Qd

þ 1
Qc

� ��1

(3.14)

Now,

λ0 ¼ c f r= ¼ 95:84mm (3.15)

ΔL can be obtained as done in the earlier example, and it is ΔL = 1.381 mm.

Now,

ΔW ¼ ΔL 1:5�W
2L

� �
¼ 1:381mm (3.16)

Now,

Gr ¼ W2

90λ2
0

(3.17)

=0.001 as W = 30 mm which is smaller than 0.35 λ0.

εr,n ¼ εreff þ 1
2

¼ 1:165 (3.18)

and

Zr ¼
120π W

h þ 1:393þ 0:667ln W
h þ 1:444
� �� ��1

ffiffiffiffiffiffiffiffi
εr,n

p (3.19)

=13.41 Ω.
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Qr, Qd, Qc and QT can be calculated as

Qr ¼
π

4GrZr
¼ 53:76 (3.20)

Qd ¼
π εr � 1ð Þ ffiffiffiffiffiffiffiffi

εr,n
p

27:3 εr,n � 1ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εr,n � 1

p 1
tanδ

¼ 232:19 (3.21)

Qc ¼ h
ffiffiffiffiffiffiffiffiffiffiffiffiffi
πfμ0σ

q
¼ 1333:31 (3.22)

QT ¼ 42:27 (3.23)

Therefore, the resonant resistance at edge (x0 = 0.5 L)

Rr ¼ 4h
πλ0

μη0QT
Lþ 2ΔL
W þ 2ΔW

� �
cos 2

π 0:5L� x0ð Þ
Lþ 2ΔL

� �
¼ 333:43Ω:

(b) To obtain the optimum feed point, we need to find the point where input impedance of the
patch becomes 50 Ω. From part (a), we get

L+ 2ΔL = 32.762 mm

W+ 2ΔW = 32.762 mm

QT = 42.27

Rr = 33.43 Ω

λg = 95.84 mm

Putting these in Eq. (3.3), we may write

4h
πλ0

μη0QT
Lþ 2ΔL
W þ 2ΔW

� �
cos 2

π 0:5L� x0ð Þ
Lþ 2ΔL

� �
¼ 50 (3.24)

or, (0.5L − x0) = 12.23

or, x0 = 2.77 mm.

4. Radiation characteristics

4.1. Gain enhancement

Any RMPA has a strong influence of substrate permittivity (εr) on its gain. In general, an
RMPA experiences a decrease in gain with the increase of εr. Normally, an RMPA’s gain is
around 6 dBi when PTFE (εr = 2.33) is used as substrate. Here, we have discussed the role of air
substrate on the gain enhancement issue of a simple RMPA. It is also found in an earlier work
of one of the present authors in [41] that the use of air substrate leads to a symmetrical
radiation pattern of an RMPA in its two principal planes.

Modern Antenna Systems22



Qr, Qd, Qc and QT can be calculated as

Qr ¼
π

4GrZr
¼ 53:76 (3.20)

Qd ¼
π εr � 1ð Þ ffiffiffiffiffiffiffiffi

εr,n
p

27:3 εr,n � 1ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εr,n � 1

p 1
tanδ

¼ 232:19 (3.21)

Qc ¼ h
ffiffiffiffiffiffiffiffiffiffiffiffiffi
πfμ0σ

q
¼ 1333:31 (3.22)

QT ¼ 42:27 (3.23)

Therefore, the resonant resistance at edge (x0 = 0.5 L)

Rr ¼ 4h
πλ0

μη0QT
Lþ 2ΔL
W þ 2ΔW

� �
cos 2

π 0:5L� x0ð Þ
Lþ 2ΔL

� �
¼ 333:43Ω:

(b) To obtain the optimum feed point, we need to find the point where input impedance of the
patch becomes 50 Ω. From part (a), we get

L+ 2ΔL = 32.762 mm

W+ 2ΔW = 32.762 mm

QT = 42.27

Rr = 33.43 Ω

λg = 95.84 mm

Putting these in Eq. (3.3), we may write

4h
πλ0

μη0QT
Lþ 2ΔL
W þ 2ΔW

� �
cos 2

π 0:5L� x0ð Þ
Lþ 2ΔL

� �
¼ 50 (3.24)

or, (0.5L − x0) = 12.23

or, x0 = 2.77 mm.

4. Radiation characteristics

4.1. Gain enhancement

Any RMPA has a strong influence of substrate permittivity (εr) on its gain. In general, an
RMPA experiences a decrease in gain with the increase of εr. Normally, an RMPA’s gain is
around 6 dBi when PTFE (εr = 2.33) is used as substrate. Here, we have discussed the role of air
substrate on the gain enhancement issue of a simple RMPA. It is also found in an earlier work
of one of the present authors in [41] that the use of air substrate leads to a symmetrical
radiation pattern of an RMPA in its two principal planes.

Modern Antenna Systems22

The gain of an RMPA loaded with air substrate is directly related to its effective radiating area
Aeff. Therefore, we can simply compare the change of the gain of an RMPA loaded with air
substrate to a conventional (reference) RMPA loaded with PTFE (Figure 5) as discussed in an
earlier work of one of the present authors in [41]:

ΔGindB ¼ 10log10
Aeff =λ

2
0

� �
air

Aeff =λ
2
0

� �
ref

" #
(4.1)

where λ0 is the operating wavelength. For a rectangular patch, as shown in Figure 5, its effective
radiatingarea(Aeff)maybecalculatedasgiveninanearlierworkofoneofthepresentauthorsin[41]:

Aeff ¼ Lþ 2ΔLð Þ W þ 2ΔWð Þ (4.2)

where L andW are the physical length and width of the corresponding patch, respectively. The
quantities ΔL and ΔW represent the effective increments in respective dimensions caused by
the fringing electric fields (discussed in Section 2.1).

Now, the standard formula of gain (G) of any rectangular aperture is (as given in one of the
earlier works of the authors in [42])

G ¼ 4πAeff

λ2 ¼ εap
4πAp

λ2 (4.3)

where Ap is the physical aperture, respectively, and εap is the aperture efficiency. Following
Eq. (4.3) we can write the expression for gain of an RMPA from our earlier work in [42]

Figure 5. Schematic diagram of a rectangular patch using conventional PTFE (εr = 2.33) or air substrate (εr = 1): top and
cross-sectional views.
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G ¼ 4π Lþ 2ΔLð Þ W þ 2ΔWð Þ
λ2 (4.4)

It is seen that when air substrate is used in lieu of PTFE substrate, the electric field lines along
the patch edges becomes more relaxed or loosely bound resulting in an increase in ΔL and ΔW,
and hence Aeff increases. Therefore, gain increases.

The formulations presented in this section are well validated against simulations and measure-
ments [36, 41]. These formulations are found to be very much accurate for L-Ku band and for
wide range of aspect ratios. Figure 6 shows increase in gain when PTFE substrate is replaced
by air substrate for W/L ratio 1.5.

Theoretically computed, simulated and measurement results show very close agreement
among themselves.

4.2. Polarization purity

In general, a conventional RMPA radiates in the fundamental TM10mode along the broadside of the
element, and the field is primarily linearly polarized, called co-polarized (CO) radiation. However,
some orthogonally polarized, called cross polarized (XP), radiations take place due to weak oscilla-
tions of higher-ordermodes inside anRMPA. TheXP radiation becomes considerably prominent for
probe-fed designs particularlywhen the thicknesses aswell as the dielectric constant of the substrate
increase. Thus, the XP radiation becomes an important issue for investigation formicrostrip antenna
research. The (XP) fields are more significant in H plane than in E plane as obtained in our earlier
work in [45]. Therefore, the polarization purity (CO-XP isolation) deteriorates inHplane (only 9 dB),
and the suppression of XP radiation performance of an RMPA to improve its polarization purity is
the challenging issue for antenna research community. Lower polarization purity also limits the use
of RMPA in different array applications There are several techniques to improve polarization purity
of an RMPA such as the use of defected ground structure (DGS) [11], grounding the non-radiating

Figure 6. Variation of the gain enhancement between the microstrip patches with air and PTFE substrate for different sets
of patches having the most common aspect ratio (W/L = 1.5) for εr = 2.33.
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edges of a patch [43, 45] and defected patch surface [46]. A thorough discussion on DGS-integrated
RMPAs can be found in [11, 42]. However, DGS-integrated RMPAs always possess high back
radiation, and only 15–20 dB of CO-XP isolation in H plane can be obtained from those [11, 42]. The
two later techniques canaddress the limitationsofDGSandminimum25dBofCO-XP isolation from
those, and these are discussed clearly in this section. The two techniques are very simple to under-
stand and very effective to implement over awidemicrowave frequency range (L-Ku band).

An RMPA with three pairs of shorting plates placed at the non-radiating edges is shown in
Figure 7. If the non-radiating edges are grounded using pairs of thin strips, the EM boundary
conditions get altered and result in a significant change in field structure with in the cavity.
Hence, the restructuring of field structure within the patch inevitably modifies the radiation
properties of the RMPA. Some recent work in [43, 44] show the XP radiations are typically from
the non-radiating edges of the RMPA. In fact, the oscillations of electric field beneath the patch
in a direction, orthogonal to E plane, produce higher-order orthogonal resonance (higher-order
orthogonal modes). The XP radiations are typically due to those higher-order orthogonal modes
and the fields of those modes, located near the non-radiating edges of the patch. The electric
field vectors for a grounded patch in TMnpmodemay be obtained from our earlier work in [45] as

Figure 7. Schematic diagram of an RMPAwith shorting strips. (a) Top view and (b) side view (L andW are the length and
width of the patch, l1 and d1 are length and width of the shorting plates, εr is the dielectric constant of the substrate and pc
is the feed position).
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Ex∝ cos
nπ
L

y′
� �

sin
pπ
W

z′
� �

(4.5a)

Hy∝ cos
nπ
L

y′
� �

cos
pπ
W

z′
� �

(4.5b)

Hz∝ cos
nπ
L

y′
� �

sin
pπ
W

z′
� �

(4.5c)

where Ex,Hy andHz are the electric and magnetic field components of the dominant mode. The
number of half-wave variations along the length and width of the patch is denoted by n and p,
respectively.

The electric surface current over the patch surface can be obtained from our earlier work in [45] as

Js ¼ bn ·H (4.6)

The co-sinusoidal variation in Eq. (4.5) shows the variation of Ex along the length (L) of the
patch, while the sinusoidal variation shows the variation of Ex along the orthogonal direction.
Therefore, any higher-order orthogonal resonance (i.e. for any non-zero value of p) leads to
minimum electric field intensity when z approachesW. In fact, the intensity of the electric fields
near the non-radiating edges due to all higher-order orthogonal modes (primarily responsible
for XP radiation) is forced to be minimum in order to mitigate the possibility of XP radiation
from non-radiating edges due to higher-order orthogonal modes [45]. It is also seen that when
the non-radiating edges are grounded with thin metallic strips, the electric fields near the non-
radiating edges have least intensity when compared with the electric field intensity at the
central region, but the dominant mode radiation characteristics remain unaltered. From the
literature it is seen that the XP radiation from RMPA is typically from the non-radiating edges,
and those are due to asymmetric field distribution along the length of the patch [43, 45]. This
asymmetry in the field distribution is mainly due to the placement of feeding probe and is
unavoidable for probe-fed patch. This asymmetry in the field causes asymmetry in the electric
surface current (Js) along the patch length (as discussed in our previous work in [45]). For a
conventional RMPA, the y component of Js does not become maximum at the centre [45]. This y
component of Js attributes for high XP radiation from RMPA. However, in our earlier work in
[45], the use of grounded strips in case of an RMPA shows a change of the field structure
beneath the patch as a result of which the electric surface current at non-radiating edge does
not follow the conventional profile. Therefore, XP radiations are mitigated keeping CO radia-
tion unaltered.

The use of grounded strip loading in a conventional RMPA not only modifies the radiation
property but also regulates the input characteristics of the RMPA [45]. The length (l1) of each
thin grounding strip is essentially same as substrate thickness h, and when it is in the order of
λ/10, one can write as discussed in our previous work in [45]:

l1 ¼ λgr=10 (4.7)

λgr ¼ λr=
ffiffiffiffi
εr

p
(4.8)
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l1 ¼ λgr=10 (4.7)

λgr ¼ λr=
ffiffiffiffi
εr

p
(4.8)
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λr ¼ c=f r (4.9)

where fr is dominant mode resonant frequency, λgr is the resonant wavelength within dielectric
and εr is the dielectric constant of substrate material.

The width of the strips (d1) is considered to be very thin. Each grounded strip or short dipole
(l1 + d1) produces the reactive impedance [45, 47] as

Xs ¼ 30 2Si kl1ð Þ þ cos kl1ð Þ 2Si kl1ð Þ � Si 2kl1ð Þ½ � � sin kl1ð Þ 2Ci kl1ð Þ � Ci 2kl1ð Þ � Ci
2kd′21
l1

 !" #( )

(4.10)

which comes parallel to patch input impedance (Zp). Here, d′21 is the equivalent circular radius

of dipole of width d1. For the dipole of noncircular cross section, d′21 (as discussed in our
previous work in [45])

d′21 ¼ 0:25d1 (4.11)

Therefore, from [45]

kl1 ¼ 2π
λg

λgr

10
¼ 0:628

f
f r

(4.12)

and

2kd′21
l1

¼ 7:85f f rd
2
1εr

c2
(4.13)

The expression for reactive impedance can be written as [45]

Xs ¼ 30 2Si 0:628
f
f r

� �
þ cos 0:628

f
f r

� �
2Si 0:628

f
f r

� �
� Si 2· 0:628

f
f r

� �� ��

� sin 0:628
f
f r

� �
2Ci 0:628

f
f r

� �
� Ci 2· 0:628

f
f r

� �
� Ci

7:85f f rd
2
1εr

c2

 !" #g: (4.14)

The input impedance of conventional probe-fed RMPA can be written as

Zp ¼ 1
1 Rr= Þ þ jωCþ 1 jωL

�� �� (4.15)

where Rr is the resonant resistance of the patch at particular feed position. C and L are capaci-
tance and inductance, respectively, and can be obtained from [9]. When this conventional probe-
fed RMPA is loaded with short dipoles, the dipole reactance (Xs) will come in parallel to patch,
and the resultant input impedance of dipole loaded patch can be written as [45, 47]

Recent Computer-Aided Design Techniques for Rectangular Microstrip Antenna
http://dx.doi.org/10.5772/66355

27



Zdp ¼ 1
1 Rr= Þ þ jωCþ 1 jωL

�� �þ jXs
� (4.16)

Putting the values of C and L from [9]

Zdp ¼ 1

1 Rr= Þ þ j fQT
f rRr

� f rQT
fRr

þ jXs

h i� (4.17)

where QT is the total quality factor.

Hence,

Re Zdp
� � ¼ 1=Rr

ð1 Rr= Þ2þ j fQT
f rRr

� f rQT
fRr

þ jXs

h i2 (4.18)

Im Zdp
� � ¼ Xf �

f QT
f rRr

� f rQT
fRr

þ jXs

h i

ð1 Rr= Þ2 þ j fQT
f rRr

� f rQT
fRr

þ jXs

h i2 (4.19)

where Xf is the feed reactance and can be obtained from [36].

From our earlier work in [45], it is observed that when grounded strips are placed along the
non-radiating edges, the structure becomes thick dipole loaded (dipole length to diameter ratio
~ 4.2 around resonant frequency), and it prevents the usual sharp variation of input reactance
over the operating bandwidth. It is found from our previous work in [45] that the reactance of
thick dipole slowly varies with the frequency, and as it is in parallel to patch reactance, the
resultant reactance of the proposed patch varies slowly with frequency (Figure 8).

Figure 8. Variations of imaginary part of input impedance (input reactance) as a function of frequency for conventional
and proposed RMPA. (Total quality factor QT = 0.22, resonant resistance Rr = 50 Ω and L = 8 mm, W = 12 mm, h = 1.575
mm, εr = 2.33, feed reactance Xf = 15 Ω). Reproduced with permission of © 2016 FREQUENZ [45].

Modern Antenna Systems28



Zdp ¼ 1
1 Rr= Þ þ jωCþ 1 jωL

�� �þ jXs
� (4.16)

Putting the values of C and L from [9]

Zdp ¼ 1

1 Rr= Þ þ j fQT
f rRr

� f rQT
fRr

þ jXs

h i� (4.17)

where QT is the total quality factor.

Hence,

Re Zdp
� � ¼ 1=Rr

ð1 Rr= Þ2þ j fQT
f rRr

� f rQT
fRr

þ jXs

h i2 (4.18)

Im Zdp
� � ¼ Xf �

f QT
f rRr

� f rQT
fRr

þ jXs

h i

ð1 Rr= Þ2 þ j fQT
f rRr

� f rQT
fRr

þ jXs

h i2 (4.19)

where Xf is the feed reactance and can be obtained from [36].

From our earlier work in [45], it is observed that when grounded strips are placed along the
non-radiating edges, the structure becomes thick dipole loaded (dipole length to diameter ratio
~ 4.2 around resonant frequency), and it prevents the usual sharp variation of input reactance
over the operating bandwidth. It is found from our previous work in [45] that the reactance of
thick dipole slowly varies with the frequency, and as it is in parallel to patch reactance, the
resultant reactance of the proposed patch varies slowly with frequency (Figure 8).

Figure 8. Variations of imaginary part of input impedance (input reactance) as a function of frequency for conventional
and proposed RMPA. (Total quality factor QT = 0.22, resonant resistance Rr = 50 Ω and L = 8 mm, W = 12 mm, h = 1.575
mm, εr = 2.33, feed reactance Xf = 15 Ω). Reproduced with permission of © 2016 FREQUENZ [45].

Modern Antenna Systems28

The formulations presented in this section were validated in case of an RMPAwith length L =
8 mm and W = 12 mm designed over Taconic’s TLY-3-0620 PTFE material (εr = 2.33) with
thickness h = 1.575 mm [45]. The ground plane dimensions were taken as 80 + 80 mm2.

Three pairs of thin copper strips of thickness 0.1 mm with height of h = l1 = 1.575 mm and
width d1 = 1.5 mm have been placed along the non-radiating edges (Figure 7). Around 25–40
dB of minimum CO-XP isolation in H plane along with input impedance of 1.32 GHz is found
from the patch (see Figure 9) [45].

In E plane, CO-XP isolation is more than 35 dB (Figure 10).

Figure 9. Simulation and measured reflection coefficient profile for conventional and proposed RMPA and simulated and
measured radiation patterns for conventional (f = 10.05 GHz) and proposed RMPA (f = 12.9 GHz) at fundamental resonant
mode in H plane. Reproduced with permission of © 2016 FREQUENZ [45].

Figure 10. Comparison of simulated and measured radiation patterns for conventional (f = 10.05 GHz) and proposed
RMPA (f = 12.9 GHz) at fundamental resonant mode in E plane. Reproduced with permission of © 2016 FREQUENZ [45].
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One can write the field components corresponding to TM02 mode beneath the patch as
discussed in our previous work in] (see Figure 11 for coordinates) [46]:

Ex ¼ C cos
2π
W

z
� �

(4.20)

Hy ¼ C sin
2π
W

z
� �

(4.21)

Eqs. (4.20 and 4.21) show that at z = 0 and at z = W/2, Ex is maximum and is equal to C.

Hence, the null occurs in between these limits, i.e. [46]

Ex ¼ C cos
2π
W

z
� �

¼ 0 for 0 < z < W=2 (4.22)

From Eq. (4.22) one can write that

2π
W

z1 ¼ mπ
2

where m ¼ 1, 3, 5,… (4.23)

Therefore,

z1 ¼ mW
4

¼ W
4

(4.24)

Along the middle section of the patch, i.e. when W ! 0; , 97% of the maximum field exists (as
discussed in our earlier work in [46]) if

Ex ¼ C cos
2π
W

z
� �

¼ 0:97C (4.25)

Hence, from our previous work in [46], we can write

Figure 11. Schematic diagram of an RMPAwith arc-defected patch surface (top view).
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Figure 11. Schematic diagram of an RMPAwith arc-defected patch surface (top view).
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2π
W

z2 ¼ cos �1 0:97ð Þ ¼ 2π
25

(4.26)

Therefore,

z2 ¼ W
25

(4.27)

A defect can be incorporated within this region, i.e. from z1 to z2. This in fact will perturb the
fields corresponding to TM02 mode which is mainly responsible for XP radiation.

The electric surface current (Js) on the patch surface corresponding to TM02 mode can be
written as given in our earlier work in [46]:

Js ¼ bn ·H ¼ bax · Hy
�� �� bay (4.28)

Therefore,

Js ¼ Csin
2π
W

z
����

����baz (4.29)

In case of an RMPAwith length L = 8 mm and widthW = 12 mm, the value of z1 and z2 is found
to be 3 mm and 0.5 mm [46]. Based on the formulations described here, an arc-shaped defect
has been cut on patch (L = 8 mm andW = 12 mm) symmetrically along the non-radiating edges
as shown in Figure 11 in our earlier work in [46]. The centre of the arc defect (a) is chosen in
such a way that the defect can be cut through the patch corners. Around 25–35 dB, CO-XP
isolation is reported from such an RMPA in H plane with such arc-shaped defect over the
patch surface in [46]. However, the bandwidth is comparable with that of a conventional
RMPA. Therefore, it can be observed that the effect of TM02 mode can be mitigated to a large
extent by opting either grounding the non-radiating edges of an RMPA or judicious incorpo-
ration of defects over the patch surface. Such types of new antenna structures are surely be
utmost useful for scientific and research community for designing low-profile wireless com-
munication devices where polarization purity is required to establish over the whole operating
band.

5. Conclusion

In this chapter, some recent developments in the CAD techniques have been presented lucidly
but thoroughly for rectangular microstrip antennas. The presented formulations are very
much accurate and are valid for wide range of aspect ratios and substrate thickness compared
to other formulations. It is hoped that the work would be helpful for researchers and engineers
working in the field of microstrip antennas and will help them to gain an insight into the
physics of any RMPA.
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Abstract

This chapter reviews the most significant advancements in the context of metamaterial
(MTM) leaky wave antennas (LWAs). A brief review of the mechanism of leaky wave
radiation along with an important class of MTMs known as composite right/left-handed
(CRLH) structures is presented. Then, recent outstanding works in the area of CRLH
LWAs are reported in detail. These works include the application of electronic control,
substrate integrated waveguides, dual band and wideband performance, ferrite loaded
waveguides, and split-ring-resonator (SRR)-based MTMs in LWAs. Also, the benefits of
LWAs to design high gain active structures, reflecto-directive systems, wideband dual-
layer substrate integrated waveguide antennas and conformal antennas are discussed.

Keywords: composite right-left handed (CRLH), dispersion diagram, leaky wave an-
tenna (LWA), metamaterial (MTM), transmission line (TL)

1. Introduction

A leaky wave is a traveling wave progressively leaking out power as it propagates along a
waveguiding structure. A leaky wave antenna (LWA) supports leaky waves where the leakage
phenomenon is generally associated with high directivity [1]. LWAs are different from resonating
antennas, as they are based on traveling waves as opposed to resonate-wave mechanism. Hence,
their size is not related to the operation frequency, but to directivity [2]. A schematic LWA is
depicted  in  Figure  1.  If  the  wave  is  faster  than  the  velocity  of  light  (β  <  k0), ky is  re-
al and the leakage radiation occurs. This wave is called a fast wave. In this case, β  deter-
mines the angle θmb of radiation of the main beam and as illustrated in Figure 1, follows the
simple angle-frequency relation [1].
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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Figure 1. A general schematic LWA. The solid and dashed lines represent the constant amplitude and constant phase
planes, respectively [3].

The values β < 0, β = 0, and β > 0 correspond to backward, broadside and forward angles, 
respectively. If the waveguide is dispersive (β is a nonlinear function of ω) the main beam an-
gle is changed as a function of frequency, θmb = θmb(ω). This phenomenon is called frequency
scanning. Eq. (1) also reveals that radiation in any angle from backfire (θmb = − 90 °) to endfire 
(θmb = + 90 °) can be potentially achieved if β varies from − k0 to + k0.

Right-handed (RH) structures have limitations in space scanning. In non-periodic RH LWAs,
β > 0 at all frequencies and hence, only forward angles can be obtained. In periodic RH LWAs,
there are infinite number of space harmonics βn, some of which are fast waves. The harmonics
can support both backward (βn < 0) and forward (βn > 0) waves. However, the systematic
presence of a gap at β = 0 prevents broadside radiation. A left-handed (LH) or MTM leaky wave
antenna does not face the above-mentioned constraints and supports a continuous backward
to forward frequency scanning. Also, since its fundamental mode is a leaky wave, no lower
order guiding mode is to be suppressed and hence no complex feeding structure is needed [4].

Purely LH structures do not exist in nature since there are also RH parasitic effects. Such
structures are known as composite right/left-handed (CRLH) media, whose typical transmis-
sion line (TL) model is depicted in Figure 2(a). After simple manipulations, the propagation
constant γ of a CRLH structure can be obtained as

1 1 .  R R
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Figure 2. CRLH unit cell, (a) a typical TL model. The pairs (LR, CR) and (LL, CL) represent the RH and LH natures of the
medium, respectively, (b) dispersion diagram for unbalanced case, and (c) interdigital capacitor-shunt stub implemen-
tation of CRLH unit cell [4].

Figure 2(b) shows the dispersion diagram of a CRLH unit cell. In LH and RH regions, the phase
constant β is negative and positive, respectively. The frequencies ωse and ωsh are the through
and shunt branches resonant frequencies, respectively. In a balanced CRLH TL, ωse = ωsh. In this
case, the transition frequency ω0 is equal to either of the resonant frequencies and there exists
a broadside radiation if there is a leaky wave. In an unbalanced CRLH TL ωse ≠ ωsh, and there
exists a stop-band in this frequency range. In the dispersion diagram, the leakage radiation
region (β < k0), corresponds to inner region of a cone (radiation cone). To design a LWA the
operation frequency is chosen to lie in the radiation cone. The frequencies ωcL and ωcR are cut-
off frequencies for LH and RH regions, respectively. Note that in the stop-bands, β = 0 and from
Eq. (2), γ = α.

Because of their non-resonant nature, CRLH structures can be designed to exhibit simultane-
ously low loss and broad bandwidth. Low loss is achieved by a balanced design (LRCL = LLCR)
of the structure and good matching to the excitation ports, whereas broad bandwidth is a direct
consequence of the TL nature of the structure. Another advantage of CRLH MTMs is that they
can be engineered in planar configurations, compatible with modern microwave integrated
circuits [5]. A practical planar implementation of the CRLH unit cell is shown in Figure 2(c).
It consists of an interdigital capacitor as a series LH capacitor and a shorted shunt stub as a
shunt LH inductor. Obviously, there are always parasitic RH capacitors and inductors due to
the coupling between metallic trace and the ground plane. This forms a CRLH unit cell.

In the following, the most significant recent works in the context of CRLH LWAs are reviewed.

2. Electronically controlled CRLH LWA with tunable radiation angle and
beamwidth [6]

Radiation angle electronic control can be explained in terms of Eq. (2). From the equivalent
circuit of Figure 2, the dispersion diagram is obtained. Hence, from Eq. (1), the capacitors and
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inductors determine the scan angle. If the one can control the capacitors by the voltage, the
angle of radiation is controlled by the bias voltage, accordingly. This fact is shown in Figure 3.

Figure 3. Principle of beam electronic scanning. Dispersion curves are shifted vertically as bias voltages are varied [6].

At a fixed frequency, the varactor diodes may control the antenna operation by a proper bias
voltage tuning. The capacitance of such diodes changes by tuning the reverse bias voltage and
hence, β behaves as a function of reverse bias. From Figure 3, by tuning the bias voltage at a
fixed frequency a vertical shift happens in the dispersion diagram.

Figure 4. Principle of beamwidth electronic tuning at nonuniform biasing condition, (a) Narrow beamwidth by intro-
duction of uniform biasing (V1 = V2 = … = V0), and (b) wide beamwidth by introduction of nonuniform biasing 
(V1 ≠ V2 ≠ … ≠ V0) [6].

A uniform bias distribution along the transmission line results in a constant β and hence the
LWA radiation pattern has a maximum directivity. In practice, the modification of β is difficult.
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Via non-uniform biasing, the β factor of unit cells can be tuned using varactor diodes. The
concept is described in Figure 4. When the bias distribution is uniform (Figure 4a), each unit
cell radiates toward the same angle and the structure functions as a common LWA controlling
the radiation angle. In the case of a non-uniform periodic TL, i.e., Figure 4b, there are different
radiation angles corresponding to each cell and the beamwidth of the LWA can be controlled.

Figure 5(a) shows the layout and equivalent circuit of the voltage-controlled CRLH TL unit
cell. The CRLH transmission line is loaded with varactors. One shunt and two series varactors
contribute to a unit cell. A simple bias network is used to feed unit cells which, practically, can
be implemented much easier than its similar counterparts. Assuming a lossless case, varactor
diodes are simple modeled as a series inductor and series capacitor. Figure 5(b) shows the
fabricated 30-cell periodic TL structure which is built on RT/Duroid5880 (εr = 2.2, h = 62 mil).
Metelics MSV 34060-E28X Si abrupt varactor diodes are periodically distributed, and Murata
chip inductors with 4.7 nH are used for dc feeds. The total length of the structure is 38.34 cm
operating as a 3.3-GHz LWA. Port 1 is used for the input and Port 2 is terminated with 50 Ω in
order to suppress undesired spurious beams due to mismatch reflection.

Figure 5. (a) Layout and circuit model for the varactor-loaded CRLH unit cell and (b) fabricated varactor-loaded LWA
[6].

3. CRLH substrate integrated waveguide leaky-wave structure [7]

Half mode substrate integrated waveguide (HMSIW) antennas developed in [7] can support
backfire to endfire radiation angle and also, its implementation is practically easy. These kinds
of antennas may be fabricated by creating interdigital slots on the metal trace and ground plane
of the structure. The vias and the slots perform as shunt inductor, and series capacitor,
respectively. This, in turn, leads to a radiation in backward direction. The LWAs can be
miniaturized by forcing them operate in the frequencies below the cutoff frequency. Also, half
of the structure is utilized which makes the antenna smaller in the operating frequency.
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Figure 6(a) shows the configurations of the one period CRLH SIW element. Single side and
double side radiations are possible. Figure 6(b) shows the unit cells of CRLH HMSIW structure.
For the conventional HMSIW, because of the large width-to-height ratio and the metallic via
array, only the quasi-TEp−0.5, 0 (p = 1, 2, …) modes are able to propagate in the guiding structure.
In this antenna, the guided- and radiated-wave operation is fulfilled at the frequencies above
and below the cutoff frequency of the waveguide. In the right unit cell demonstrated in
Figure 6(b), a wall constituted by metallic vias with a perfect electric conductor (PEC) strip on
the wall is located. This wall is utilized to decrease the power that may leak from the boundary
of the LWA. The above mentioned transmission lines can be easily mounted on the metallic
surface.

Figure 6. (a) Single side and double side radiating elements in the SIW LWA and (b) the initial unit cell and the modi-
fied folded unit cell for the CRLH HMSIW LWA [7].

Two X-band LWAs fabricated in [7] are shown in Figure 7. The substrate is Rogers 5880 with
a thickness of 0.508 mm and relative permittivity of 2.2. Figure 7(a) shows one-sided and
double-sided SIW LWAs. Figure 7(b) shows two HMSIW LWAs with unbalanced CRLH unit
cells. The lower antenna is the modified folded HMSIW LWA.

Figure 7. Fabricated LWAs, (a) SIW configuration and (b) HMSIW configuration [7].

Figure 8(a) shows the simulated and measured transmission responses of the folded
HMSIW LWA. It is unbalanced and a bandgap is observed, since near the transition frequen-
cy of the CRLH unit cell the return loss is larger than its acceptable threshold.
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Figure 8. (a) Measured and simulated S-parameters and (b) measured E-plane radiation patterns in LH- and RH-re-
gions, for the folded HMSIW LWA [7].

The discrepancy between the measurement and simulation is due to the fact that the conductor
loss and dielectric loss in the measurement should be higher than that in the simulation. By
changing the slot size and the position of the vias the position of the LH band can be controlled.
Balanced condition can also be obtained by some optimizations. Figure 8(b) shows the E-plane
radiation patterns for the folded CRLH HMSIW LWA. Beam frequency-scanning capability in
E-plane is clearly observed. Since this is an unbalanced case and there is no balanced point
which gives broadside radiation it is difficult to obtain the H-plane patterns. The edge radiation
in HMSIW LWA is slightly higher compared with the SIW LWA, which is mainly due to edge
radiation caused by the open boundary.

4. High gain active CRLH LWA [8]

In the reference [8], a high-gain CRLH LWA is presented to operate at broadside. It is consti-
tuted by passive CRLH leaky-wave sections interconnected by amplifiers, which regenerate

Figure 9. In an active LWA, the field intensity (exponential) loss is compensated by amplification [8].
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the power progressively leaked out of the structure to increase the effective aperture of the
antenna and thereby its gain. The gain is further enhanced by a matching regeneration effect
induced by the quasi-unilateral nature of the amplifiers. The principle of gain enhancement is
shown in Figure 9.

Practically, a matched load is located at the end of the leaky-wave antennas. The power has
leaked by 90% before reaching the termination point since no more increase in the radiation
area of the antenna is no more achieved. On the other hand, if the guided wave is boosted
periodically, the gain of the LWA can be arbitrarily increased. Another advantage is that this
provides with the new possibility of achieving arbitrary current distributions along the
antenna metallization and henceforth generating arbitrary radiation patterns. The fabricated
active LWA is shown in Figure 10(a). As shown in Figure 10(b), the amplifier is on the bottom
layer and is connected to the top microstrip line through vertical transition of vias. The
amplification loop is designed to provide a zero phase shift from its input to its output in order
to play a neutral role in terms of phase at the transition frequency (β = 0).

Figure 10. (a) The fabricated active LWA and (b) microstrip-to-microstrip vertical double transition to embed the am-
plifier in the unit cell [8].

5. Reflecto-directive system using CRLH LWA and heterodyne mixing [9]

In the reference [9] a system receives a signal at a fixed frequency with a patch antenna and
reflects it back toward any desired angle by tuning the LO frequency of a mixer. The principle
of operation is based on the reception of a wave at a fixed frequency by a quasi-omnidirectional
microstrip receiver and retransmission of it to an arbitrary direction by a full space scanning
LWA. One can accomplish the new function by way of heterodyne mixing. A schematic of the
reflecto-directive system is shown in Figure 11(a). In this schematic, two mixers are required
if fin lies in the band of the LWA. In the case of utilizing only one mixer, the incoming wave
cannot be filtered and hence it contributes to generation of an undesired angle existing at the
input frequency. The mentioned fact is practically cause trouble to the reflecto-directive system
and is maintained using a circuit including two mixers, where the signal at the input frequency
is removed using a low-pass filter placed just before the second mixer. The reflecto-directive
system prototype is shown in Figure 11(b).
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Figure 11. The reflecto-directive system, (a) schematic and (b) prototype. The polarization of RX and TX antennas are
along y-direction [9].

The source test antenna sends a signal at the frequency of 5 GHz at two different fixed angles
θin = − 30 °, 30 ° .The radar cross section of the reflecto-directive system is measured in the
frequencies, fout = 3.5 GHz, 4.5 GHz and 5.5 GHz. Based on the following relation, the corre-
sponding fLO,2 for each input frequency can be obtained.

,2 ,1.  LO out in LOf f f f= + - (3)

The results are shown in Figure 12. For all the incidence angles tested, clear radar cross section
(RCS) peaks appear at the angles −20°, +20°, and +50° for the frequencies fout = 3.5 GHz, 
4.5 GHz and 5.5 GHz, respectively, in agreement with the LWA angle-frequency relation.

Figure 12. Measured bistatic RCS of the reflecto-directive system [9].

6. Dual band LWA on a CRLH substrate integrated waveguide [10]

The idea of the antenna design in [10] is based on dual band/quad band operation of the CRLH
TL. The layout of the proposed dual band SIW LWA in [10] is shown in Figure 13. In its unit
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cell equivalent circuit, the series elements are represented mainly by the meander slots that
enable the antenna to radiate, and the parallel elements are represented by four conducting
vias.

Figure 13. Layout of the meander slot and the SIW unit cell setup [10].

Figure 14. Dispersion diagram of the dual-band LWA for different cell lengths. The three antennas also differ in SIW
width [10].

An undesired radiation exists in the antenna since in the structure when the relation βd = π is
satisfied, the Bragg phenomenon takes place. Bragg reflection occurs when the dispersion
diagram is at its edges. The dispersion diagrams of the antennas are demonstrated in Figure 14.
The unit cell lengths in these antennas are different. Figure 14 shows that the central frequency
of the higher frequency band is controlled mainly by the length of the unit cell and the central
frequency of the lower band is mainly determined by the SIW width. If βd = π, spurious
radiation occurs. This can be removed by shifting this point into a non-radiating area, or at
least to the close proximity of it. The drawback is of course that the steering beam span is
reduced. From Figure 14, the antenna dual band operation is clearly observed. A photograph
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of the 25-cell antenna is shown in Figure 15.A quarter-wavelength transformer was used to
transform the real part of Zin to nearly the same value as the impedance of the empty SIW. The
transformer is located at the point where the imaginary part of Zin is almost equal to zero. The
main advantage of this type of matching is that it matches the first band of the antenna, but it
simultaneously does not affect the second band.

Figure 15. The fabricated dual-band SIW LWA [10].

The measured radiation patterns of the antenna in the longitudinal plane normal to the antenna
are shown in Figure 16. Part (a) and (b) of Figure 16 correspond to lower- and higher-frequency
bands of the antenna, respectively. Steering the direction of the main lobe from backward to
forward by changing frequency in the two frequency bands is obvious. In the second band,
the pencil beam is narrower but the beam steering is less sensitive as the beam spans a smaller
angular range.

Figure 16. Measured radiation patterns, (a) first band and (b) second band [10].

7. Dual band full space scanning LWA based on ferrite loaded waveguide
[11]

The ferrite-loaded open structure is shown in Figure 17(a). It is a waveguide fully filled with
ferrite with one side wall removed and magnetized by the bias field H0. At the frequency band
in which ne is much larger than one (ne ≫ 1), the side wall of the structure which is the interface
between vacuum and magnetized ferrite, can be assumed as a perfect magnetic conductor
(PMC) medium.
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Figure 17. (a) Ferrite-loaded open waveguide structure and (b) its dispersion diagram [11].

The dispersion relation of the structure in Figure 17(b) is

( )tan , x
x

kk w m
bk

= - (4)

with  = 2𝀵𝀵𝀵𝀵 − 2, and μ and κ are the elements of Polder tensor permeability, and μe is

the effective birefringent permeability of the structure, corresponding to a bias field H0

perpendicular to the direction of propagation β. The dispersion diagram computed by Eq. (4)
is shown in Figure 17(b). Essentially, three bands may be observed in the frequency range
shown. The lower band is the CRLH mode, the second band is the edge-mode band, and the
higher band is called mixed forward/backward perturbed TE10 mode. In this LWA only the
leaky modes are of interest. These modes are present at the lowest and the highest bands.

From vg = dω/dβ, the lower band CRLH leaky mode exhibits a positive group velocity vg at all
frequencies. Since vg > 0, power flows in the positive y-direction. In contrast, due to non-
reciprocity of the structure and the subsequent nonexistence of a vg < 0 mode, no energy can
propagate toward the source in this mode, even in the case of reflection, where power would
be dissipated in heat instead of propagating. The phase velocity of the lower-band CRLH mode
changes sign from negative to positive at the transition frequency when frequency is increased.
From the scanning law for the main leaky-wave beam, the structure exhibits full-space
radiation from backfire to endfire. The higher band leaky mode exhibits a negative group
velocity at the frequencies within the leaky-wave region, which is the region of interest. The
phase velocity of the higher perturbed waveguide mode is negative and positive below and
above the transition frequency leading to full space beam scanning.
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Figure 18. The configuration and prototype of the ferrite-loaded open waveguide [11].

Figure 19. Measured frequency beam scanning, (a) lower band and (b) higher band [11].

Figure 18 shows the configuration and the prototype of the dual band antenna with microstrip-
to-waveguide transitions and lower-band/higher-band stub matching sections at both ends of
the structure. The measured radiation patterns are shown in Figure 19. Note that due to the
fact that the ports of the two modes are placed at the opposite ends, the forward and backward
spaces are reversed between the two modes.

8. Fundamental-mode LWA using slot-line and split-ring-resonator (SRR)-
based MTMs [12]

The key point in [12] in the fact if the slots in a coplanar waveguide (CPW) TL have a relatively
far distance from each other, the structure is regarded as two independent TLs loaded with
slots both lying on a dielectric substrate, which have two magnetic currents with 180 ° phase
shift. The propagation characteristics of the CRLH CPW TL based on split-ring-resonators
(SRRs) and wires can be obtained through the analysis of the dispersion relation. This can be
inferred from the lumped element equivalent circuit model of Figure 20(a). The implementa-
tion of the CRLH slotline LWA is shown in Figure 20(b). The antenna is essentially a host slot-
line periodically loaded with SRRs and narrow metallic strips. The unit cell was obtained by
removing one of the halves of the CPW unit cell. The loaded line is matched to a connector
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using a semi-lumped microstrip-to-slotline transition acting as an inductive transformer-based
matching network.

Figure 20. (a) Layout of the unit cell of the CPW structure with SRRs (etched in the back substrate side) and its simpli-
fied equivalent circuit and (b) fabricated LWA [12].

Figure 21. The SRR-based LWA, (a) attenuation constant versus the number of unit cells at 2.5 GHz and (b) gain and
scan angle [12].

Because of edge effects and mutual coupling, the attenuation constant (α)of an LWA cannot be
obtained through the analysis of a unit cell. In this case, if the number of cells increases, one
can neglect the edge effects and calculation of α become more accurate. Demonstrated in
Figure 21(a) is α⁄k0 which is normalized to the free space wavenumber. As seen, at least 15 unit
cells are needed to reach the value α⁄k0 = 0.076. The obtained attenuation constant is utilized to
derive the length of leaky wave antenna using relation Eq. (5) as stated below:

2
0 ,nd

nP P e a-= (5)

where d is the periodicity, P0 is the power delivered to the LWA and Pn is the power at the nth
terminal. For 95% of the power dissipated before reaching the antenna termination and using
the converged value of α⁄k0 = 0.076, the needed number of unit cells is obtained to be N = 17.
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Figure 21(b) shows the measured and simulated LWA gains. For the LH and RH frequency
bands, the maximum measured gains are respectively 7.1 and 11.3 dB. Since the LWA balance
condition at the transition frequency is not satisfied, the gain reduces at broadside angle. This
results in a quite wide main beam at broadside. The existence of an evanescent mode at 2.5
GHz makes shorter the effective aperture length of the LWA and hence imperfect matching at
broadside. The main beam angle as a function of frequency is also plotted in Figure 21(b). The
backward to forward scanning ranges from − 50 ° to + 60 ° while maintaining an acceptable
gain level.

9. Conformal CRLH LWA [13]

In the reference [13], a conformal mapping-based method to analyze and synthesize singly-
curved microstrip structures is reported. Conformal mapping is a powerful method which has
been applied to study the guided- and radiated-wave characteristics of microstrip patch
antennas [14–16]. Also, it is applied to CRLH LWAs in [13, 17]. The cross-section of a singly-
curved surface is usually an elongated region with curved boundaries, as shown in Fig-
ure 22(a).

Figure 22. (a) Curved strip and the infinite straight strip mapped to the curve and (b) fabricated conformal CRLH LWA
[13].

An elongated polygon may be mapped through the Schwartz-Christoffel transformation (SCT)
to a new finite polygon. However, this may result in an undesirable effect called crowding. In
order not to let the crowding effect take place, the transformation is adapted to map a long
and straight strip to an infinite polygon. This polygon must have two ends at infinity. This is
shown in Figure 22(a). Curvature is accounted for by fitting each segment of the curved
boundaries with a second degree polynomial function of SCT prevertices. This mapping is
called modified Schwarz-Christoffel transformation (MSCT).

In some applications the utilization of conformal antennas is inevitable. For example on a
vehicles’ body if the antenna does not completely stick to the surface, it causes trouble in
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aerodynamics point of view. Hence, a conformal antenna which also makes the vehicle less
visible, is installed on the body. In the reference [13], the MSCT approach is used to design a
CRLH LWA on an elliptic surface, as shown in Figure 22(b). The dispersion diagram and Bloch
Impedance of a unit cell of the antenna are shown in Figure 23, which show good agreement
between the MSCT method and full wave simulation (CST commercial package). Bloch
impedance is a counterpart to characteristic impedance in periodic TLs. Also, the theoretical
results predicted the measurements of the CRLH LWA.

Figure 23. The dispersion diagram and Bloch impedance of the elliptic CRLH LWA unit cell. The shaded region is
attributed to the leakage radiation frequency band [13].

10. Broadband CRLH LWA designed on dual-layer SIW [18]

In the reference [18], a dual-layer SIW X-band LWA with a bandwidth of 66 % beside 105° of
the beam steering angle is obtained both in RH and LH regions. The top and side views of the
wideband antenna are shown in Figure 24. The radiation aperture is provided by the interdi-

Figure 24. The designed dual-layer SIW antenna, (a) top view and (b) side view [18].
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gital capacitor slots, as shown in Figure 24(a). Increasing the total inductance of the structure
is a way to tackle the existence of band gap at the operational bandwidth of the antenna. In
this way the balanced conditions will be satisfied in a higher frequency, so the LH region will
be extended. Using inductive elements to increase the inductance of the structure much more
than what is provided by the nature of waveguide, is obtained with a twisted post which is
realized by two metallic vias in the top and bottom substrates and are connected to each other
using a metal patch etched on the top surface of the bottom substrate. Figure 24(b) illustrates
the metallic posts and the metal patch in order to obtain the twisted post. The side wall vias
of the SIW are not shown.

The dispersion diagram of the proposed unit cell in [18] is depicted in Figure 25(a). The
balanced condition is satisfied at 6.8 GHz. A wide frequency band attributes to the radiating
region in both LH and RH bands which yields a wideband LWA. The scattering parameters of
the LWA consisting of 10 unit cells are depicted in Figure 25(b). S11 is less than − 10 dB and S21

is kept below −3 dB, which is suitable for operating the LWA. The antenna provides a fractional
bandwidth of 66%.

Figure 25. (a) Dispersion diagram of the unit cell and (b) scattering parameters of the 10-cell LWA [18].

Figure 26. (a) The radiation patterns and frequency scanning of the beam and (b) the fabricated wideband dual-layer
SIW LWA [18].
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The radiation patterns of the X-band antenna with the property of beam sweeping are shown
in Figure 26(a). The LWA can change the direction of main lobe from −34° up to +72° including
the broadside. There is a tradeoff between the bandwidth and the gain of the antenna. The
sensitivity of gain, side-lobe level (SLL) and half-power beamwidth (HPBW) of the antenna in
[18] is low and this is an important feature.

The fabricated antenna with the total dimensions of 100.2 mm × 13.53 mm × 1.69 mm is shown
in Figure 26(b). A wide variety of techniques are available to feed SIW structures, one of them
is the tapering transition from microstrip to SIW, which is used in [18] to feed the LWA.

11. Single radiator CRLH circularly polarized LWA [19]

In the reference [19], a compact SIW CRLH-loaded LWA is proposed. The main advantage of
the antenna is its pure circular polarization and also its compact size. A schematic of the unit
cell is demonstrated in Figure 27(a). Two interdigital slots are embedded in a single cell. The
sections 2 and 3 each make 90° phase difference. The interdigital slots have angular separations
of +45° and −45° with respect to the direction of wave propagating in the waveguide. This
generates a circularly-polarized leaky wave radiation. As shown in Figure 27(a), two micro-
strip lines are added to the cell in sections 1 and 4, with each section making 90° phase shift.
This introduces a total phase shift of 360° to the unit cell. Hence, all the unit cells in the LWA
have in-phase radiation and the constructive effect improves the directivity of the LWA.

Figure 27. SIW circularly polarized CRLH LWA, (a) unit cell and (b) dispersion diagram [19].

The microstrip lines play the role of a matching circuit and this prohibits the use of an external
matching network which leads to a compact antenna. Also, the placement of the two slots
needs only one feed and hence there is no need to use a quadrature hybrid coupler to introduce
a circular polarization. Therefore the antenna is a single radiator LWA. Figure 27(b) shows the
dispersion diagram for the harmonics n = 0 and n = − 1 which is clearly a multiband operation.
The balanced conditions are also satisfied leading to the possibility of broadside radiation.
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Figure 28(a) demonstrates the fabricated antenna and Figure 28(b) shows the LWA axial ratio
clearly illustrating its relatively pure circular polarization. The application of circular polari-
zation is inevitable in harsh environments. As an example a satellite moves dynamically and
it is not possible to align the receivers (such as GPS system) to the satellite. Hence in this case
the circular polarization is used instead of linear polarization.

Figure 28. (a) The fabricated single radiator LWA and (b) the axial ratio diagram representing circular polarization [19].

12. Non-cutoff SIW-based LWAs [20]

In the reference [20] a SIW LWA is proposed which is based on a waveguide operating above
its cutoff frequency. Note that in many conventional LWAs, the leaky wave radiation is based
on below-cutoff guiding operation. A schematic of the proposed unit cells in [20] is demon-
strated in Figure 29, where the left and right cells pertain to initial and modified unit cells. In
the initial cell design in Figure 29(a), the transverse slot can be modeled by a series impedance
and the longitudinal slot is modeled by a shunt admittance. The field distribution in the
transverse slot is minimum at its center and is maximum at its ends, hence it behaves like an
inductor in the transition frequency. In the longitudinal slot, the field distribution is reversed
and hence it plays the role of a capacitor. At the transition frequency, one can easily satisfy
the condition S11 = 0 and therefore the open stopband can be suppressed. This results in a
seamless broadside radiation.

Figure 29. The unit cells for above-cutoff operation and suppression of open stopband in a LWA, (a) initial cell and (b)
modified cell [20].
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The scattering parameters for the simulated LWA are shown in Figure 30(a). The transition
frequency is 11.8 GHz and hence as shown in Figure REF fig30 \ h 30, the antenna can radi-
ate in backward and forward angles. There is a peak in S11 at the transition frequency and this
shows that even though the open stopband is suppressed, the effect of spurious reflections is
observed. Figure 30(b) shows the main lobe direction and realized gain for the simulated
antenna. The antenna supports scanning angles between −70° and 30°. The maximum realized
gain happens at forward angles and is about 70 dB.

Figure 30. (a) Scattering parameters and (b) main lobe direction and realized gain [20].

Figure 31. Backward, broadside and forward radiation patterns for the LWA comprising (a) initial unit cells and (b)
modified unit cells. (c) The fabricated LWA using modified cells [20].

The radiation patterns for backward, broadside and forward angles for co- and cross-polari-
zations in the LWA with initial unit cells are shown in Figure 31(a). The frequency scanning of
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the beam is clearly observed. When using the modified unit cell of Figure 29(b), the antenna
become more compact, since the condition of in-phase radiation for the cells is satisfied for a
smaller unit cell. Also, as shown in Figure 30(a) it has a more efficient behavior in scattering
parameters. It renders S11 below −10 dB and concurrently, reduces the insertion loss resulting
in increasing the leakage rate. Accordingly, the realized gain is improved, as demonstrated in
Figure 30(b). Also, its gain is more flat compared to the initial unit cell. Figure 31(b) shows
that the modified unit cell results in lower cross-polarization compared to Figure 31(a). The
fabricated antenna including modified unit cell is shown in Figure 31(c).

13. Programmable LWA with J-shaped MTM patches [21]

Reference [21] has introduced a novel J-shaped unit cell which has the ability of digital tun-
ing of the beam at a fixed frequency. This can be a potential alternative to complicated
phased arrays. A schematic of the antenna with its unit cell is shown in Figure 32(a). The J-
shaped patch is a CRLH cell, since the shunt inductor is formed by the virtual ground at the
top of the patch. Other circuit equivalents are clearly deduced. In each unit cell, the upper
gap can be open (ON) or close (OFF). This is the base for digital tuning and is demonstrated
in Figure 32(b).

Figure 32. (a) Programmable LWA and its J-shaped patch unit cell and (b) the ON and OFF states in the J-shaped patch
[21].

In a LWA with N unit cells, 2N different digital states can be programmed. In the reference [21]
a LWA with eight elements is considered and then 256 states are possible. Among the states,
nine samples including different ON-OFF states are studied. Since at a fixed frequency,
changing each state changes the propagation constant of the LWA, it also changes the main
beam direction. Figure 33(a) shows the realized micromachined LWA and Figure 33(b)
illustrates the beam scanning with digital states. The left and right patterns pertain to simula-
tion and measurement results, respectively.
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Figure 33. (a) Fabricated micromachined programmable LWA and (b) simulated and measured radiation patterns scan-
ned with different digital states [21].

14. Conclusion

In this chapter the most significant works pertaining to CRLH LWAs have been reviewed. The
most practical technology suitable for LWAs is a combination of microstrip and SIW which is
compatible with integrated circuits. Also, SIW is a low loss technology which is able to carry
high power. Four major beam scanning approaches were introduced which include frequency,
bias voltage of a varactor, magnetic bias of a ferrite, and short/open gaps (digital states). The
main characteristics of a CRLH unit cell are its dispersion diagram and Bloch impedance. The
equivalent circuit of a CRLH cell comprises two capacitors and two inductors and can be
implemented in many forms studied in the chapter. CRLH unit cells are not the only choice
for LWAs but they have acquired a wide range of application and diversity. Leaky wave
radiation is obtained based on either below-cutoff or the preferable above-cutoff waveguide
operation. The LWAs can be made dual band, wideband, circularly polarized and reconfigur-
able. They are useful in reflecto-directive systems and can be integrated with active devices.
The LWAs are promising alternatives to phase shifters which greatly reduce the cost and
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complexity of the beam scanning systems. Specifically they can be conformed to the body of
satellites where a simple light-weight technology becomes crucial.
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Abstract

Limited space is given to antennas in modern portable wireless systems, which means 
that antennas need to be small in size and compact structures. However, shrinkage of con‐
ventional antennas leads to performance degradation and complex mechanical assembly. 
Therefore, the design of miniature antennas for application in wireless communication 
systems is highly challenging using traditional means. In this chapter, it is shown that 
metamaterial (MTM) technology offers a solution to synthesize antennas with a small 
footprint with the added advantage of low cost and excellent radiation characteristics.

Keywords: antennas, ultra‐wideband, metamaterials, composite right‐/left‐hand 
transmission lines, microstrip

1. Introduction

In this chapter, novel and compact planar antennas are presented including ultra‐wideband 
(UWB) and hexa‐band antennas. The UWB antenna presented in part 2 is based on metama‐
terial (MTM) transmission lines. In reality, the MTM antenna structure is more accurately 
described as a composite right‐/left‐handed transmission line (CRLH‐TL) structure due to 
the resulting parasitic capacitance and inductance effects. The design of the UWB antenna is 
achieved by embedding E‐shaped dielectric slits in the radiating patches. It is shown that the 
dimensions of such patches have a considerable influence on the radiation characteristics of the 
antenna. Parametric study is undertaken to demonstrate how the MTM unit‐cell's  parameters 
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affect the antennas performance in terms of gain, radiation efficiency, and radiation patterns. 
A novel antenna structure referred to as ‘hexa‐band’ coplanar waveguide (CPW)‐fed antenna, 
which is presented in part 3, consists of asymmetric fork‐shaped‐radiating elements incorpo‐
rating U‐shaped radiators with a slit. Each of the branched radiators generates triple resonant 
frequencies within the L‐, S‐, C‐ and X‐bands.

2. Ultra‐wideband antenna

Geometry of an innovative ultra‐wideband (UWB) antenna in Figure 1 shows that it is essen‐
tially a patch antenna with a rectangular slot. The antenna is terminated on the right‐hand 
(RH) side with a grounded 50‐Ω resistive load in order to reduce any impedance mismatch 
and thereby enhance the antenna's performance. Enclosed inside the slot are three radiat‐
ing patches on which is etched an E‐shaped dielectric slit. The middle patch of the antenna 
is excited through a coplanar waveguide (CPW) transmission line. A larger E‐shaped slit is 
included in the antenna next to the 50‐Ω load, which exhibits characteristics of the simplified 
composite right‐/left‐handed transmission line (SCRLH‐TL) [1]. In the equivalent circuit of the 
antenna, the left‐handed capacitance (CL) results from the dielectric gap between the patches 
and the conductor next to the larger E‐shaped slit. The impedance bandwidth of the antenna 
is affected by the smaller E‐shaped slits and the dielectric gap represented by (CL). In fact, 
the radiation properties of the antenna are affected by the dimensions of the three patches. 
Prototype of the antenna was fabricated on RT/duroid® RO4003 dielectric substrate, with a 
thickness (h) of 0.8 mm, dielectric constant (  ε  

r
   ) of 3.38 and tanδ of 22 × 10‐4. The antenna design 

was optimized using full‐wave electromagnetic (EM) simulators, that is, of Agilent Advanced 
Design System (ADS), High‐Frequency Structure Simulator (HFSS™) and CST Microwave 
Studio (CST‐MWS). The simulation results were validated with the actual measurements.

The configuration of the E‐shaped slit was determined through simulation analysis. As it 
will be shown later, the size of the three patches actually has an influence of the antenna gain 
and efficiency properties. The equivalent circuit of the E‐shaped slit with the absence of left‐
handed inductance (  L  

L
   ) and its microstrip structure is shown in Figure 2(a) and (b), respec‐

tively. Parameters of the simplified CRLH structure in Figure 2 are given by

  L  (  nH )    = 0.2l  [  In  (    l
 

_ 
W + l   )    + 1.193 +   W + l

 
_ 3l

    ]    ×   (  0.57 − 0.145ln   W 
_ 
h
   )     (1a)

  C  (  pF )    = 10 l  [    
 √ 
_

  ε  
e
    
 _  Z  0  
   −   

 ε  
r
   W
 

_ 360 πh
   ]     (1b)

   ε  
e
   =   

 ε  
r
   + 1
 ____ 2   +   

 ε  
r
   − 1
 ____ 2    √ 

_________
   1 _________  (  1 + 10h / W )        (2)

where W and l represent the width and length of the microstrip line, respectively, and h and   ε  
r
     

the thickness and relative permittivity of the substrate, respectively.

The E‐shaped slit structure employed here is shown in Figure 2(b). Based on the resonance 
frequencies of this structure, the initial magnitude of   C  

L
   ,   C  

R
   , and   L  

R
    can be obtained from the 

dispersion relation of the SCRLH‐TL. This is determined by applying the periodic boundary 
conditions related to the Bloch‐Floquet theorem, given by

  ∅   (  ω )    = β  (  ω )   p = co  s   −1 (1 + 1 / ZY )  (3)
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and the conductor next to the larger E‐shaped slit. The impedance bandwidth of the antenna 
is affected by the smaller E‐shaped slits and the dielectric gap represented by (CL). In fact, 
the radiation properties of the antenna are affected by the dimensions of the three patches. 
Prototype of the antenna was fabricated on RT/duroid® RO4003 dielectric substrate, with a 
thickness (h) of 0.8 mm, dielectric constant (  ε  

r
   ) of 3.38 and tanδ of 22 × 10‐4. The antenna design 

was optimized using full‐wave electromagnetic (EM) simulators, that is, of Agilent Advanced 
Design System (ADS), High‐Frequency Structure Simulator (HFSS™) and CST Microwave 
Studio (CST‐MWS). The simulation results were validated with the actual measurements.

The configuration of the E‐shaped slit was determined through simulation analysis. As it 
will be shown later, the size of the three patches actually has an influence of the antenna gain 
and efficiency properties. The equivalent circuit of the E‐shaped slit with the absence of left‐
handed inductance (  L  

L
   ) and its microstrip structure is shown in Figure 2(a) and (b), respec‐

tively. Parameters of the simplified CRLH structure in Figure 2 are given by
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where W and l represent the width and length of the microstrip line, respectively, and h and   ε  
r
     

the thickness and relative permittivity of the substrate, respectively.

The E‐shaped slit structure employed here is shown in Figure 2(b). Based on the resonance 
frequencies of this structure, the initial magnitude of   C  

L
   ,   C  

R
   , and   L  

R
    can be obtained from the 

dispersion relation of the SCRLH‐TL. This is determined by applying the periodic boundary 
conditions related to the Bloch‐Floquet theorem, given by

  ∅   (  ω )    = β  (  ω )   p = co  s   −1 (1 + 1 / ZY )  (3)
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Figure 1. Test antenna prototype: (a) isometric view, (b) top view with dimensions annotated in millimetres, (c) top view 
of fabricated antenna and (d) bottom view of fabricated antenna.

Figure 2. Simplified CRLH structure without inductance   L  
L
   : (a) lumped structure and (b) distributed equivalent one.
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The series impedance of the unit cell is represented by Z and its shunt admittance by Y. The 
series right‐handed (RH) inductance is represented by LR, and its shunt RH capacitance by CR. 
By substituting Eqs. (4) and (5) into Eq. (3), the dispersion can be represented by
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Figure 3 shows the dispersion diagram of the antenna based on SCRLH‐TL as determined by 
HFSS using Eq. (6).

Negative‐order modes in the SCRLH‐TL structure vanish with the absence of left‐handed 
capacitance or inductance. Hence, the electrical size of the SCRLH‐TL structure can be 
reduced by increasing the magnitude of CL, LR and CR. This can be achieved by adjusting the 
structure dimensions. An optimization technique has been adopted within ADS, HFSS™ and 
CST‐MWS commercial tools, leading to the final size of the structure. The resulting antenna 
dimensions are annotated in Figure 1, and the corresponding values of the lumped elements 
are CL = 8.2 pF, LR = 5.8 nH and CR= 5.1 pF.

The antenna was fabricated using standard manufacturing techniques, and its performance 
measured. The physical dimensions of the antenna are 21.6 × 19.8 × 0.8 mm3, and the corre‐
sponding electrical dimensions at 0.7 and 8 GHz, respectively, are 504 × 10‐4 λo × 462 × 10‐4 
λo × 18 × 10‐4 λo and 576 × 10‐3 λo × 528 × 10‐3 λo × 21 × 10‐3 λo, where λo is free‐space wavelength. 
The ground‐plane size of the antenna is 25.2 × 25 mm2.

Figure 3. Dispersion diagram of the proposed antenna constructed using SCRLH‐TL. HFSS™ (solid line) and Eq. (6) 
(dashed line).
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Anechoic chamber was used to accurately characterize the antenna's performance in terms 
of its gain and radiation efficiency. This involved applying RF power to the antenna and 
 measuring the EM field radiated from it in the surrounding space. Radiation efficiency was cal‐
culated by taking the ratio of the radiated power to the input power of the antenna. Standard 
gain comparison technique was used to measure the antenna's gain. This involved using a 
pre‐calibrated standard gain antenna to find the absolute gain of the antenna under test.

Figure 4 shows how the vertical dielectric gap between small patches (Lgap), and the horizon‐
tal gap between small patches and the metallization next to the larger E‐shaped slit (Wgap), 
affects the antenna's return‐loss performance. It is evident from the simulation that both these 
dielectric gaps can have a significant effect on the impedance bandwidth of the antenna. The 
simulation results show that by reducing these gaps, the antenna's impedance bandwidth can 
be enhanced.

Figure 5 shows the proposed antenna's measured and simulation return‐loss performance, 
where the impedance bandwidth is defined by S11 ≤‐10 dB. For comparison purposes, various 
EM simulation tools were employed to compute the impedance bandwidth of the antenna. 
Both HFSS™ and CST Microwave Studio (MWS) are powerful three‐dimensional (3D) EM 
simulators, where HFSS™ is based on finite element method (FEM) technique and CST 
MWS is based upon finite integration technique. ADS is 2.5D EM tool based upon method of 
moment (MoM) technique. The impedance bandwidth predicted by the following: (1) ADS is 
7.44 GHz (0.8–8.24 GHz); (2) CST MWS is 7.88 GHz (0.4–8.28 GHz) and (3) HFSS™ is 7.65 GHz 
(0.55– 8.2 GHz). The correlation between HFSS™ and CST‐MWS is excellent. The measured 
fractional bandwidth is 167.8%, and the simulated fractional bandwidths are 164.6% (ADS), 
181.6%, (CST‐MWS) and 174.9% (HFSS™). The measured impedance bandwidth is 7.3 GHz 
(0.7–8 GHz). This confirms that the antenna can operate over an ultra‐wideband.

Figure 4. Effect of the gap between the three patches (Lgap) and the outer conductor (Wgap) adjacent to the larger E‐shaped 
slit on the antenna impedance bandwidth.
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The antenna resonates at two distinct frequencies, as shown in Figure 5, which are measured 
at 4.75 and 7 GHz. Simulation results predict 4.15 and 6.8 GHz (ADS), 4.03 and 6.68 GHz 
(CST‐MWS), and 4 and 6.6 GHz (HFSS™). The measured results agree well with the ADS 
prediction. The divergence in the results is attributed to manufacturing tolerances.

The distribution of the current density over the surface of the antenna at the two resonance 
frequencies of 4.75 and 7 GHz is shown in Figure 6. The current density distribution is sym‐
metrical with reference to the feed line.

Excitation of the proposed antenna structure though the SubMiniature version A (SMA) con‐
nector's feed line can result in an imbalance in the current flow over the outer metallization 

Figure 5. Antenna measured and simulated reflection coefficient response.

Figure 6. Current density distribution over the antenna at (a) 4.75 GHz and (b) 7 GHz.
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of the antenna, which can severely undermine the radiation characteristics of the antenna. 
To prevent this from happening, it was necessary to incorporate three smaller patches in the 
antenna slot. As is evident in Figure 1, only the middle patch is excited through the feed line, 
whereas the other two patches are used as parasitic radiators. This configuration facilitates 
the concentration of the EM fields in the proximity of the antenna structure instead of dispers‐
ing the field over its ground plane, which would otherwise contribute in unwanted coupling. 
Figure 7 shows that a larger number of patches can significantly improve the antenna's band‐
width and gain properties. The antenna was implemented on a RT/duroid® RO4003 substrate 
with total dimensions of about 20 × 20 mm2. Within this size, the maximum number of inner 
patch arms was restricted to three. The resulting antenna gain and radiation efficiency at its 
operating frequency range are given in Table 1.

The radiation patterns of the antenna were simulated using ADS, CST‐MWS and HFSS™. The sim‐
ulated and measured radiation patterns are shown in Figure 8 at the two resonance frequencies.

The antenna radiates similarly to a dipole antenna with a large coverage angle at the two 
resonance frequencies. Figure 9 shows the simulated and measured radiation gains of the 
antenna. The measured radiation gain is greater than 1.2 dBi between 0.7 and 9 GHz, with a 
peak of 4.2 dBi at 4.8 GHz.

Table 2 shows comparison of the proposed antenna with similar antenna structures pub‐
lished in literature to date. It exhibits the largest fractional bandwidth and highest efficiency. 

Figure 7. Simulated antenna reflection coefficient and gain response as a function of the number of inner patch arms.

Freq. (GHz) Simulation (ADS) Measured

Gain (dBi) Efficiency (%) Gain (dBi) Efficiency (%)

0.70 1.8 53 1.2 50

4.75 4.6 82 4.0 80

7.00 3.7 75 3.6 73

8.00 3.1 70 3.1 68

Table 1. Antenna gain and radiation efficiency.
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Figure 8. Simulated (E‐plane) and measured (E‐plane and H‐plane) radiation patterns of the proposed antenna at the 
two resonance frequencies. (a) ADS at fr1 = 4.95 GHz (* line) and fr2 = 7.33 GHz (— line), (b) CST‐MWS at fr1 = 4.03 GHz 
(▲ line) and fr2 = 6.68 GHz (— line), (c) HFSS at fr1 = 4 GHz (▲ line) and fr2 = 6.6 GHz (— line) and (d) measured at fr1 = 4.75 
GHz and fr2 = 7 GHz.
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Figure 9. Antenna simulated and measured gain as a function of frequency.

Papers Dimensions at 1 GHz Bandwidth Gain (max) Eff. (max)

[2] 4 × UC antenna 0.047 λo × 0.021 λo  × 0.002 λo 14.2 × 6.32 × 0.8 
mm3

104.8% (1–3.2 GHz) 2.3 dBi 62%

[2] 6 × UC antenna 0.064 λo  × 0.021 λo  × 0.0027 λo 19.2 × 6.32 
× 0.8 mm3

123.8% (0.8–3.4 GHz) 2.8 dBi 70%

[3] 5 × UC antenna 0.056 λo  × 0.02 λo  × 0.005λo 16.7 × 7 × 1.6 mm3 82.9% (7.7–18.6 GHz) 3.1 dBi 58%

[3] 6 × UC antenna 0.06 λo  × 0.02 λo  × 0.027 λo 18 × 7 × 0.8 mm3 74.4% (7.5–16.8 GHz) 2.1 dBi 44%

[3] 7 × UC antenna 0.072 λo  × 0.02 λo  × 0.005λo 21.7 × 7 × 1.6 mm3 87.2% (7.8–19.85 GHz) 3.4 dBi 68%

[3] 8 × UC antenna 0.075 λo  × 0.02 λo  × 0.027 λo 22.6 × 7 × 0.8 mm3 84.2% (7.25–17.8 GHz) 2.3 dBi 48%

[4] 0.2 λo  × 0.05 λo  × 0.003 λo 60 × 16 × 1 mm3 116.7% (0.67–2.55 GHz) 4.74 dBi 62.9%

[5] 0.06 λo  × 0.06 λo  × 0.005 λo 18 × 18 × 1.6 mm3 26.5% (1.8–2.35 GHz) 3.69 dBi 20%

[6] 0.2    λ  
o

    × 0.017  λ  
o
    × 0.017  λ  

o
    60 × 5 × 5 mm3 103% (0.8–2.5 GHz) 0.45 dBi 53.6%

[7] 0.06  λ  
o

   ×0.06  λ  
o

   ×0.021  λ  
o

    18.2×18.2×6.5 mm3 66.7% (1–2 GHz) 0.6 dBi 26%

[8] 0.04  λ  
o

   ×0.04  λ  
o

   ×0.011  λ  
o

    12×12×3.33 mm3 8.2% (2.34–2.54 GHz) 1 dBi 22%

[9] 0.07λo×0.08λo×0.003λo 20×25×0.8 mm3 8.3% (3.45–3.75 GHz) 2 dBi 27%

Proposed antenna 0.072λo×0.066λo×0.002λo 21.6×19.8×0.8 mm3 167.8% (0.7–8 GHz) 4 dBi 80%

Table 2. Antenna performance compared to other miniature UWB antennas (UC: Unit Cell).
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It has the second highest gain and its relatively small size is comparable to most previous 
works. These results clearly confirm that the antenna is great candidate for ultra‐wideband 
communication systems.

2.1. Effect of the 50‐Ω load on the antenna bandwidth

The return loss of the antenna with and without the 50‐Ω load is shown in Figure 10. It is 
evident that the 50‐Ω load enhances the impedance match so that the impedance band‐
width improves from 131.8% (without 50 Ω) up to 164.6% (with 50 Ω). Excellent match 
is discerned near the two resonance frequencies of the antenna, at 4.8 and 7 GHz, thus 
enabling effective radiation at the resonance frequencies. These results are summarized in 
Table 3.

2.2. Effect of the SMD load on the radiation performance

Antenna gain and efficiency performance, with and without the 50‐Ω impedance load, are 
shown in Figure 11, and the results are tabulated in Table 4. These results show that a small 
improvement is achieved with loading the antenna.

Figure 10. Antenna reflection coefficient (S11) as a function of frequency with and without a 50‐Ω load.

Unloaded 1.5–7.3 GHz,  Δf = 5.8 GHz ≈ 131.8% 

Loaded 0.8–8.24 GHz,  Δf = 7.44 GHz ≈ 164.6% 

Table 3. Antenna bandwidth with and without 50‐Ω load.
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3. Hexa‐band antenna

Configuration of a novel hexa‐band CPW‐fed antenna, shown in Figure 12, comprises three 
asymmetric fork‐shaped‐radiating stubs with U‐shaped‐radiating elements. Embedded 
within the U‐shaped elements is a dielectric slit. The tri‐branched radiator generates three 
distinct resonant frequencies within the L‐, S‐, C‐ and X‐bands. The U‐shaped element also 
generates resonant frequencies at the lower band of the antenna. The asymmetrical fork‐
shaped stubs improve the impedance‐matching characteristics of the antenna and reduce its 
stopband. The antenna is fabricated on an FR4 substrate with relative permittivity   ε  

r
    = 4.4 and 

thickness h = 1.6 mm and is fed through a coplanar waveguide transmission line with 50‐Ω 
impedance. The substrate size is 35 × 26 mm2.

Figure 11. Antenna gain and efficiency with and without 50‐Ω impedance loading simulated as a function of frequency.

Unloaded

Frequency (GHz) 0.7 4.75 7 8

Gain (dBi) 1.6 4.5 3.6 3

Efficiency (%) 51 79 73 69

Loaded

Frequency (GHz) 0.7 4.75 7 8

Gain (dBi) 1.8 4.6 3.7 3.1

Efficiency (%) 53 82 75 70

Table 4. Radiation properties unloaded/loaded by 50 Ω.
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The antenna was excited through a 50‐Ω coplanar waveguide transmission line. Figure 13 
shows that it resonates at 1.3, 1.75, 3.35, 4.85, 6.5 and 7.6 GHz. There is good agreement 
between simulated and measured results. Any divergence between the simulated and 
measured results is ascribed to a number of factors, that is (1) the non‐uniform current 
 density distribution over the antenna structure, (ii) imperfect equivalent circuit models, 
(iii) undesirable EM coupling and (iv) manufacturing errors. This antenna is shown to 
function between 700 MHz and 11.35 GHz, and has a fractional bandwidth of 176.76% 
that includes several communication standards, in particular, GSM, DCS, PCS, Bluetooth, 
WLAN, WiMAX and WiFi along with the major parts of the C‐ and X‐bands. The measured 
E‐plane and H‐plane radiation characteristics at 1.3, 1.75, 3.35, 4.85, 6.5 and 7.6 GHz are 
shown in Figure 14. The measured results show that the antenna radiates omnidirectionally 
at these frequencies.

In Figure 13, the impedance bandwidth of the lower passband at 1.3 GHz is 800 MHz (0.7–1.5 
GHz) with a corresponding fractional bandwidth of 72.72%. The impedance bandwidth of the 
next passband at 1.75 GHz is 1100 MHz (1.6–2.7 GHz) with S11 better than 15 dB and functions 
at GSM (upper), DCS, PCS, WiFi (lower), Bluetooth, WiMAX (lower) and WLAN (2.4–2.484 
GHz). The impedance bandwidth of the passband at 3.35 GHz is 1.75 GHz (2.85–4.6 GHz) 
covering the WiMAX (upper) band. The subsequent passbands at 4.85 GHz, at 6.5 GHz and 
at 7.6 GHz have impedance bandwidths of 1.35 GHz (4.65–6 GHz), 0.95 GHz (6.25–7.2 GHz) 
and 4 GHz (7.35–11.35 GHz), respectively, covering WiFi (upper) band and significant parts 
of C‐ and X‐bands. The impedance bandwidth, passband and stopband of antenna‐I are given 
in Table 5.

Figure 12. CPW‐fed monopole hexa‐band antenna: (a) top view of the proposed antenna and (b) the fabricated antenna.
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Figure 13. Simulated (solid‐line) and measured (dashed‐line) S11 response of the antenna.

Figure 14. Measured E‐plane (dashed‐line) and H‐plane (solid‐line) radiation patterns of the antenna at the resonance 
frequencies.

Metamaterial Antennas for Wireless Communications Transceivers
http://dx.doi.org/10.5772/66379

75



Table 6 shows a comparison of the proposed antenna with similar antennas published in litera‐
ture. Parameters compared are (i) the number of distinct bands, (ii) the communication stan‐
dards being covered and (iii) the sizes of the antennas. It is evident that the proposed antenna 
operates in the following communication bands: GSM (880–960 MHz/1.85–1.99 GHz), DCS 
(1.71–1.88 GHz), PCS (1.71–1.99 GHz), Bluetooth (2.402–2.480 GHz), WLAN (2.4/5.2/5.8 GHz), 
WiMAX (2.3–2.4/2.496–2.690/3.3–3.8 GHz), WiFi (2.412–2.4835/4.9–5.9 GHz) and parts of the C‐ 
and X‐bands. The antenna provides substantially greater coverage than other antennas reported 
in Refs. [9, 10, 14, 15]. Dimensions of the proposed antenna are comparable to other antennas.

Total Imp. BW 176.76% (0.7–11.35 GHz)

Passband 1 72.72% (0.7–1.5 GHz)  →    f  
r1

    =1.3 GHz

Stopband 1 1.51–1.59 GHz

Passband 2 51.16% (1.6–2.7 GHz)  →    f  
r2

    =1.75 GHz
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Number of separated 
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Max. gain (dBi) 5.3 3.06 2.57 3.6 5.0 6.7 5.5 5.2

Dimensions (mm2) 35 × 26 32 × 28 25 × 38 20 × 20 44 × 56 50 × 50 54 × 52 32.5 × 25
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4. Conclusion

To summarize, a compact antenna comprising three asymmetrical branched fork with U‐
shaped strips is shown to exhibit hexa‐band characteristics. The antenna meets multi‐commu‐
nication standards including L‐, S‐, C‐ and X‐bands for GSM, DCS, PCS, Bluetooth, WLAN, 
WiMAX and WiFi applications. Slits in the U‐shaped strips are shown to excite additional 
resonant bands. The proposed structure reduces stopbands and improves the antenna's 
impedance‐matching performance. The antenna exhibits good return loss, gain and radiation 
patterns, which makes it an excellent candidate for multiband and broadband communication 
applications.
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Abstract

Wireless companies want next-generation gadgets to download at rates of gigabits per 
second. This is because there is an exponential growth in mobile traffic, however, existing 
digital networks and devices will not be efficient enough to handle this much growth. In 
order to realize this requirement, the next generation of wireless communication devices 
will need to operate over a much larger frequency bandwidth. In this chapter, novel 
wideband and ultra-wideband (UWB) antennas that are based on loading the back-
ground plane of a monopole radiator with concentric split-ring resonators are presented. 
It is shown that this modification improves the fractional bandwidth of the antenna from 
41 to 87%; in particular, the operational bandwidth of the proposed antennas is double 
that of a conventional monopole antenna of the same size.

Keywords: split-ring resonator, ultra-wideband antenna, composite right/left-handed 
metamaterial, miniaturized antennas

1. Introduction

Multiband antennas for the personal wireless communications that facilitate various global 
communication standards and services have become imperative [1, 2]. The antennas for 
modern communication devices should be capable of operating at maximum possible 
frequency bands to serve multiple cellular and noncellular communication applications. 
Moreover, the antennas for portable handheld wireless communication terminals should 
have compact, low profile, robust, light weight, easy to manufacture, and flexible [3, 4].

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



The introduction of metamaterials (MTM) has provided unique and naturally nonexistent 
properties that have enabled the design of antennas with sizes much smaller than their con-
ventional counterparts [5, 6]. Metamaterial structures can be realized using the resonant and 
nonresonant approaches [7, 8]. In particular, metamaterial structures can be implemented 
using the split-ring resonators (SRRs), complementary SRR (CSRRs), transmission-line-based 
structures, electric-field coupled-LC (ELC), etc. [9]. The properties of metamaterials are 
widely exploited to realize compact antennas with improved performance [10, 11]. Although 
resonant structures are inherently narrow band, a number of studies have been conducted to 
improve the bandwidth of metamaterial antennas [12, 13].

This chapter presents a number of antennas implemented with asymmetrical SRR loading 
and without SRR loading. The first version of antenna consists of a standard monopole radia-
tor without SRR loading, and the second version comprises two monopoles with SRR load-
ing. In effect, with the SRR loading, the bandwidth of the F-shaped and T-shaped antennas 
improves considerably. The F-shaped antenna’s bandwidth improves from 31.5 to 75.4%, and 
in the case of the T-shaped antenna, the improvement is from 41.16 to 86.9% for VSWR ≤2. 
The SRR loading pulls down the resonant frequency so that both antennas cover the required 
frequency range related to worldwide interoperability for microwave access (WiMAX 3.5/5.5 
GHz) and wireless local area network (WLAN 5.2/5.8 GHz) bands.

2. Antenna configurations

Two antennas with differing configurations with and without asymmetrical split-ring load-
ing on the ground plane are shown in Figures 1 and 2, respectively. The F-shaped and 
T-shaped antenna structures are essentially monopole radiators. The second versions of the 
antennas were loaded with asymmetrical SRR on the ground plane to enhance their radiation 
characteristics. The ground planes of the antennas are truncated into L-shape with a notch. 

Figure 1. Fabricated prototypes of the monopole antennas, (a) top view of F-shaped antenna, (b) top view of T-shaped 
antenna, and (c) back view of both antennas without SRR loading. The antennas are in the xy plane.
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This configuration improved the antennas impedance matching. To validate the designs, the 
antenna structures were modeled and analyzed by Ansys 3D full-wave electromagnetic field 
simulator called high-frequency structure simulator (HFSS™) [14]. The antennas were opti-
mized and fabricated on RT/duroid® 5880 substrate permittivity  ( ε  r   )  of 2.2, loss tangent 
(tanδ) of 0.002, and thickness (h) of 0.8 mm.

The dimensions of the parameters in Figure 1 are as follows: L1 = 19 mm, L2 = 7 mm, W1 = 1.4 
mm, and W2 = 0.4 mm. Dimensions in Figure 2c are as follows: LSRR = 12 mm, WSRR = 0.4 mm, DMin 
= 0.4 mm, DMax = 0.8 mm, d = 1.5 mm, L1 = 30 mm, L2 = 11 mm, W = 22 mm, LS = 3.5 mm, and WS = 
2.2 mm. Overall size of the antennas are 25 × 10−2λo× 11 × 10−2λo × 2 × 10−2λo for F-shaped antenna 
and 25 × 10−2λo × 21 × 10−2λo × 2 × 10−2λo for T-shaped antenna, where the free space wavelength 
(λo) is 4 GHz. The performance of the antennas was verified using a network analyzer.

Asymmetrical split-ring resonator loading on the F-shaped and T-shaped antennas, shown 
in Figure 2, excites a lower resonance frequency mode that matches with the resonance fre-
quency of monopole antennas, thus increasing the bandwidth of the antennas. As a result, 
the operational bandwidth of the antennas is extended to cover WiMAX (3.5–5.5 GHz) and 
WLAN (5.2–5.8 GHz) bands.

2.1. Results and discussion

The performance of the F-shaped and T-shaped antennas is compared with and without asym-
metrical SRR loading. The simulated and measured reflection coefficient of the two antennas 
with and without SRR loading is shown in Figure 3. The simulated and measured impedance 
bandwidth of the F-shaped antenna without SRR loading is 1.62 GHz (3.95–5.57 GHz) and 
1.5 GHz (4.0–5.50 GHz), respectively, which corresponds to a fractional bandwidth of 34.0 
and 31.5%, respectively. The simulated and measured impedance bandwidth of the T-shaped 
antenna without SRR loading is 2.08 GHz (3.77–5.85 GHz) and 1.98 GHz (3.82–5.80 GHz), 
respectively, which corresponds to a fractional bandwidth of 43.24 and 41.16%, respectively. 
These results also show that there is excellent agreement in the simulated and measured results.

Figure 2. Fabricated prototypes of the antennas with asymmetrical SRR loading, (a) top view of F-shaped antenna, (b) 
top view of T-shaped antenna, and (c) back view of both antennas with SRR loading.

Planar Antennas with Enhanced Bandwidth and Radiation Characteristics
http://dx.doi.org/10.5772/66381

81



Results in Figure 3 show that by loading the ground plane with SRR, a lower resonant fre-
quency mode is excited in both antennas that match with the resonance frequency of monopole 
antennas. This has a consequence of increasing the bandwidth of the antennas. Simulation 
results using HFSS™ show that with SRR loading, the F-shaped and T-shaped antennas reso-
nate at 3.65, 5.8 and 4.1, 5.9 GHz, respectively, and the measured resonant modes for the 
F-shaped and T-shaped antennas occur at 3.75, 5.9 GHz and 4, 6 GHz, respectively.

It is evident from Figure 3a that the F-shaped antenna loaded with SRR has an impedance 
bandwidth of 78.27% (2.83–6.47 GHz) using HFSS™. The actual impedance bandwidth mea-
sured is 75.40% (2.9–6.41 GHz). Similar performance is obtained with the T-shaped antenna 
when loaded with SRR, as shown in Figure 3b. The simulated and measured impedance 
bandwidth of the SRR-loaded T-shaped antenna is 4.11 GHz (2.57–6.68 GHz) and 4 GHz 
(2.6–6.6 GHz), respectively, which corresponds to a fractional bandwidth of 88 and 87%, 
respectively. The operating frequency range of F-shaped and T-shaped antennas without 

Figure 3. Simulated and measured reflection coefficient of (a) F-shaped and (b) T-shaped antennas with and without 
SRR loading.
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SRR using HFSS™ is centered at fr = 4.80 and 4.85 GHz, respectively; however, the measured 
operating frequency range is centered at 5 GHz in both cases. The results show that with 
SRR loading on the ground plane of the antennas can considerably improve the bandwidth 
of both F-shaped and T-shaped antennas. Consequently, it is found that the SRR loading 
extends the impedance bandwidth of the monopole antennas enabling coverage across the 
WiMAX (3.5–5.5 GHz) and WLAN (5.2–5.8 GHz) bands.

For the unloaded antennas, the measured fractional bandwidth is 31.5% for the F-shaped 
antenna and 41.16% for the T-shaped antenna. With SRR loading, the fractional bandwidth 
improvement is 75.4% for the F-shaped antenna and 86.9% for the T-shaped antenna. There is 
clearly an improvement by a factor of 2.39 (F-shaped antenna) and 2.11 (T-shaped antenna).

The measured gain and radiation efficiency of the F-shaped and T-shaped antennas with and 
without the SRR loading is shown in Figure 4a and b, respectively, and salient features are 
given in Table 1.

Figure 4. Measured gain and efficiency response of the two antennas with and without SRR loading. (a) F-shaped 
antenna and (b) T-shaped antenna.
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Figure 5a shows the two antennas radiate omni directionally in the E-plane across the entire 
operating frequency range in both cases of with and without SRR loading. Cross polarization 
is at least 15 dB below the main radiation. Both antennas radiate bidirectionally in the H-plane 
across their operating frequency. In this case, the cross polarization is also at least 15 dB below 
the main radiation. Results show that the gain is much stronger for both antennas with SRR 
loading at 6 GHz, and at 5 GHz, the gain is more pronounced only for the T-shaped antenna 
loaded with SRR.

Without asymmetrical SRR loading With asymmetrical SRR loading

F-shaped  
antenna

Gain (dBi) @ 4, 4.5, 5, 5.5 GHz: 1, 1.8, 3.6, and 3.2 @ 2.9, 3.8, 5, 6, 6.41 GHz: 1.7, 2.4, 3.7, 4, 3.45

Efficiency (%) @ Same Freq.: 36.3, 48.1, 78.5, 73.8 @ Same Freq.: 43.6, 51.7, 60.9, 81.2, 76.5

T-shaped  
antenna

Gain (dBi) @ 3.82, 4, 5, 5.8 GHz: 1.15, 1.3, 3.9, 3.3 @ 2.6, 3.82, 4, 5.8, 6, 6.6 GHz: 1.8, 2.75, 2.9, 
4.25, 4.4, 3.7

Efficiency (%) @ Same Freq.: 36.5, 42.1, 80.2, 70.4 @ Same Freq.: 45.5, 56.5, 58.9, 79.3, 82.6, 75.4

Table 1. Radiation characteristics of the two antennas (maximum values have been set as bold fonts).
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2.2. Effect of asymmetrical SRR loading

The propagation characteristics of the proposed structures are now considered by analyzing 
their dispersion properties. Figure 6 shows the simplified discrete element equivalent circuit of 
the antenna structures. This electrical circuit is valid in the long-wavelength region (i.e., βl≪1). 
Note, β is the propagation constant for guided waves, and l is the length of the structure.

L (H/m) and C (F/m) represent the inductance and capacitance, respectively. These two reac-
tance components define the inductance associated with the central conductor in the structures 
and the capacitive coupling between the structures and ground planes. SRR loading is modeled 
by a parallel resonant circuit constituted from inductance (LS) and capacitance (CS). The parallel 
resonant circuit is electromagnetically coupled to the structure through a mutual inductance 
(M). It can be shown that the dispersion relation is given by:

Figure 5. Measured E-plane and H-plane radiation patterns for F-shaped and T-shaped antennas with and without 
asymmetrical SRR loading at the operating frequencies. (a) Measured E-plane radiation patterns for F-shaped and 
T-shaped antennas. E-plane corresponds to Phi = 0°. (b) Measured H-plane radiation patterns for F-shaped and T-shaped 
antennas. H-plane corresponds to Theta = 90°. The slight shift in beam direction in H-plane is due to loading of SRR on 
the ground plane.
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    (4)

M can be inferred from the fraction (Af) of the slot area occupied by the rings according to:

  M = 2L  A  f    (5)

By obtaining the equivalent impedance of the series branch, the circuit can be simplified as 
shown in Figure 7. The dispersion relation for the circuit in Figure 7 is given by [15]:

  cos (βl ) = 1 −   (    Lω − 1 / Cω _ 4L / C   )     (  2Lω −   
  L   ′   S   /   C   ′   S   ___________   L   ′   S   ω − 1 /   C   ′   S   ω

   )     (6)

Figure 7. Simplified circuit with the series branch replaced by its equivalent impedance.

Figure 6. Lumped element equivalent circuit for the antenna structures.
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The dispersion diagram for the corresponding structures using HFSS™ and Eq. (6) is shown 
in an ω–β diagram in Figure 8. The circuit elements have been calculated for the antenna 
structures shown in Figure 2.

Nicolson-Ross-Weir method was used to obtain the permeability of the SRR [16]. Impedance 
and permeability response of F-shaped and T-shaped antennas loaded with SRR, shown in 
Figure 9, reveal that the impedance and permeability of the SRR in both antennas are positive 
and stable over the operating bands of antennas.

Figure 8. Dispersion diagram of the proposed F-shaped and T-shaped antennas. (Blue lines are for F-shaped antenna, 
and the green lines are for T-shaped antenna). (a) Without SRR loading and (b) loaded with SRR.

Figure 9. Impedance and permeability response for the two antennas loaded with SRR. (a) Impedance of the SRR for 
F-shaped antenna, (b) impedance of the SRR for T-shaped antenna and (c) permeability of the SRR for both antennas.
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To achieve the desired performance from the antennas, it was necessary to optimize the 
dimensions of the asymmetrical SRR loading using Ansys HFSS™ EM Simulator. Figures 10 
and 11 show the effect of the SRR dimensions on the reflection coefficient response of the two 
antennas as a function of length (LSRR), width (WSRR), and gap between the SRR rings (DSRR). 
Results show that when the length (LSRR), width (WSRR), and gap (DSRR) of SRR loading are 
increased, the bandwidth of the antennas is marginally improved.

Effect on the antenna’s gain and radiation efficiency as a function of the SRR dimensions is 
shown in Figure 12. These results clearly show the dimensions of the SRR greatly influences 
the antenna’s the gain and efficiency properties over the entire operating frequency range of the 
antenna.

3. Conclusion

To summarize, this chapter presented two monopole antenna configurations loaded with 
and without split-ring resonators (SRR). The results presented show that SRR loading 
improves the antenna’s performance in terms of bandwidth and radiation characteris-
tics compared to conventional unloaded monopole antennas. This is because SRR-loaded 
antennas excite a lower resonance frequency mode that matches with the resonance fre-
quency of the monopoles, thereby extending the overall impedance bandwidths. The 
metamaterial antenna presented is implemented with CRLH-TL unit-cells comprising 
“LT-shaped” slots in a radiating patch with an inductive spiral ground through a via 

Figure 10. Parametric study on SRR dimensions for the F-shaped antenna. (a) Effect of SRR length (LS) (all other 
parameters remain constant). (b) Effect of SRR width (WS) (all other parameters remain constant). (c) Effect of gap 
between the rings of the SRR (DSRR) (all other parameters remain constant).
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hole. The SRR-loaded antennas operate over a frequency range that covers WiMAX 
(3.5/5.5 GHz) and WLAN (5.2/5.8 GHz) bands. The antennas are relatively small and 
have a size of  0.29  λ  o   × 0.21  λ  o    where λo is 2.9 GHz. The antenna has a maximum gain 
and radiation efficiency of 4.4 dBi and 82.6%, respectively, at 6 GHz. The metamaterial 
antenna covers a frequency bandwidth extending from 0.5 to 11.3 GHz for VSWR < 2 and 
has a size of 22.6 × 5.8 × 0.8 mm3. It has a maximum gain and radiation efficiency of 6.5 
dBi and 88%, respectively, at 8 GHz.

Figure 11. Parametric study on SRR dimensions for the T-shaped antenna. (a) Effect of SRR length (LS) on the reflection 
coefficient response (all other parameters remain constant). (b) Effect of SRR width (WS) on the reflection coefficient 
response (all other parameters remain constant). (c) Effect of varying the gap between the rings of the SRR (DSRR) on 
reflection coefficient response (all other parameters remain constant). The number of SRR pairs used is four.
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Figure 12. Effect on the radiation characteristics of the two antennas by the dimensions of SRR loading. (a) F-shaped 
antenna and (b) T-shaped antenna.
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Abstract

In recent years, artificial meta‐surfaces, with the advantages of smaller physical space 
and less losses compared with three‐dimensional (3D) metamaterials (MTM), have 
intrigued a great impetus and been applied widely to cloaks, subwavelength planar 
lenses, holograms, etc. Typically, one most important part for meta‐surfaces’ applica‐
tions is to improve the performance of antennas. In this chapter, we discuss our effort in 
exploring novel mechanisms of enhancing the antenna bandwidth using the magneto‐
electro‐dielectric waveguided meta‐surface (MED‐WG‐MS), achieving circular polariza‐
tion radiation through fractal meta‐surface, and also realizing beam manipulation using 
cascaded resonator layers, which is demonstrated from aspects of theoretical analysis, 
numerical calculation, and experimental measurement. The numerical and measured 
results coincide well with each other. Note that all designed antenna and microwave 
devices based on compact meta‐surfaces show advantages compared with the conven‐
tional cases.

Keywords: magneto‐electro‐dielectric waveguided meta‐surface, fractal meta‐surface, 
gradient phase meta‐surface, miniaturization, beam manipulation, bandwidth 
enhancement

1. Introduction

Microstrip antennas have been used widely in recent wireless communication systems due to 
their coplanar structures, easy fabrication, and stable performances. However, conventional 
microstrip antennas face huge challenges, such as large size, narrow bandwidth, and incon‐
venient tuning of the working frequency.

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



Recently, artificial meta‐surfaces, planar inhomogeneous metamaterials composed of care‐
fully selected elements with specific electromagnetic (EM) responses, have attracted much 
attention due to their strong abilities to control the wavefront of transmitted and reflected 
EM waves. With the unique EM properties, meta‐surfaces have found a lot of applications 
in focusing lens, cloaks, absorbers, antennas, and other microwave devices. One of the most 
important applications is to improve the performances of antenna, such as extending the 
working bandwidth and realizing circularly polarization radiation.

In Section 1, a new concept of planar magneto‐electro‐dielectric waveguided meta‐surface 
(MED‐WG‐MS) is introduced for the first time, which is capable of manipulating the effective 
permeability μeff and the effective permittivity εeff independently. As a result, the MED‐WG‐
MS can be tuned with a larger refractive index and larger wave impedance, which is essential 
to realize antenna miniaturization and bandwidth enhancement, respectively. Based on the 
derived principle of the MED‐WG‐MS, a meta‐surface antenna working at 3.5 GHz is pro‐
posed by properly using the MED‐WG‐MS. The designed antenna, occupying an area of only 
0.20 λ0 × 0.20 λ0, realizes a series of advantages such as a 42.53% miniaturization compared 
with the conventional patch antenna, a 207% impedance BW enhancement, and also compa‐
rable far‐field performances. In Section 2, a novel method to design the circularly polarized 
antenna is proposed using a combination of fractal meta‐surface and fractal resonator. We 
find that fractal reactive impedance surface (RIS), i.e., Hilbert‐shaped RIS, can reduce the sub‐
strate thickness and improve the front‐to‐back ratio of the antenna. More importantly, fractal 
resonator, i.e., Wunderlich‐shaped fractal complementary split ring resonator (WCSRR), is 
able to achieve the CP property and further size reduction. A CP antenna working at the 
Wimax band is experimentally engineered with a compact layout, a relative wide axial ratio 
(AR) bandwidth, and a comparable radiation gain. In Section3, an ultra‐thin transmissive 
gradient phase meta‐surface (TGMS) is proposed based on the generalized Snell's law of 
refraction. The polarization‐controlled property of the local element is demonstrated. An 
ultra‐thin polarization beam splitter (PBS) working at the X‐band is implemented by a spe‐
cially designed 2D TPGM and is launched by a wideband horn antenna from the perspective 
of high integration, simple structure, and low cost. The polarized splitting ratio, indicating the 
separation level of reflected beams, is proposed and measured to systematically evaluate the 
performances of PBS. Finally, we summarize the chapter simply in the last section.

2. Compact microstrip antenna with enhanced bandwidth using planar 
MED‐WG‐MS

Microstrip patch antennas are experimentally demonstrated with a lot of advantages, such as 
coplanar configuration, simple design, and low cost, which have widespread applications in 
a wireless communication system recently. However, the conventional microstrip antenna is 
electrically large, resulting from that the working frequency is exclusively dependent on the 
antenna size, which limited a further application of the patch antenna. Moreover, the antenna 
suffers from an intrinsically narrow bandwidth (BW). To address these issues, electromag‐
netic (EM) meta‐surfaces (MSs) have been proposed in recent years. Due to their strong EM 
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abilities in improving the performances of conventional devices, MS antenna has become 
a research hotspot with remarkable achievements. However, using the MSs to increase the 
impedance BW of an electrically smaller microstrip patch antenna is still rarely reported.

Artificial magneto‐dielectric substrate has been verified to be a promising avenue to reduce 
the antenna size and extend the working band width [1–4]. A reported patch antenna, using 
a magneto‐dielectric substrate, achieves a relative 3.2% BW ordered by 6 dB return loss. 
However, the antenna suffers from a high profile, which is difficult for integration in compact 
devices. A magneto‐dielectric substrate using an embedded meander line (EML) is proposed 
in reference [5]. A patch antenna based on this substrate realizes an antenna miniaturization 
and a BW improvement. Unfortunately, it needs an additional shield metal plate that com‐
plexes the fabrication. Therefore, it is an essential issue to design an MS antenna realizing 
simultaneously size reduction, BW extension, and also flexible frequency turning. In this sec‐
tion, we explored an improved strategy to simultaneously address aforementioned issues. An 
electrically smaller MS element is proposed by combining the electro‐dielectric and magneto‐
dielectric waveguided substrates, defined as the magneto‐electro‐dielectric waveguided MS 
(MED‐WG‐MS) [6]. The MED‐WG‐MS provides a freedom to control the wave impedance 
and refractive index simultaneously, achieving antenna miniaturization, bandwidth enhance‐
ment, and also flexible frequency modulation.

2.1. The concept and working mechanism of MED‐WG‐MS

As discussed in reference [5], planar WG‐MS is a special kind of artificial material residing 
in the planar waveguide environment, which is made up of an upper metallic layer and a 
lower ground plane. By introducing electric and magnetic resonators in the upper and lower 
metallic layers, MED‐WG‐MS is composed, which would bring about a series of interesting 
characteristics, including EM manipulation, further miniaturization, and also bandwidth 
enhancement. In addition, the MED‐WG‐MS is able to tune the working frequency easily, 
since more freedom is provided by the element. In other words, the antenna can work at any 
frequency just by manipulating the electric or magnetic resonators.

Then, we will discuss about the working mechanisms of the MED‐WG‐MS. There is a link 
between the patch size and the refractive index of the used substrate for a conventional patch 
antenna, which can be calculated as Eq. (1a) [7], where εref is the effective permittivity of the 
substrate. The quality factor Q is inversely proportion to the working bandwidth. The Q of a 
microstrip antenna is written as Eq. (1c), here Gr denotes the radiation conductance. For an MS 
antenna, with a tunable effective permeability μeff and the effective permittivity εeff, the basic 
principle is almost the same as the conventional counterpart. The length and quality factor of 
this MS antenna can be calculated in Eqs. (1b) and (2b) [6].
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Therefore, normalized with the conventional patch antenna, the compact factor (CF), defined 
as the ratio between the patch size for the conventional antenna and the MS antenna, can be 
derived from Eq. (1a) and (1b) as
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The BW improving factor (BIF), evaluated by the BW ratio between the conventional antenna 
and the MS antenna, can be calculated as
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Based on Eqs. (1)–(4) [6], CF and BIF can be controlled by manipulating the material param‐
eters εeff or μeff. Our goal in this section is to achieve a smaller CF and a larger BIF to improve 
the patch antenna performance. The reported magneto‐dielectric substrate [1, 4] is just a spe‐
cial case for manipulating the parameter μeff, however, the proposed MED‐WG‐MS in this 
chapter can control both εeff and μeff, simultaneously.

2.2. The circuit model and EM property of MED‐WG‐MS

Based on the analysis in Section 1.1, we proposed a basic element as shown in Figure 1(a) [6]. 
The element is a well‐known sandwich structure, consisting of an upper metallic two‐turn 

Figure 1. Schematic of the basic MED‐WG‐MS cell as well as the calculated S‐parameters [6]. (a) Perspective view of the 
proposed element and the geometrical parameters (with the unit in mm); (b) S‐parameters of the basic element based on 
the EM simulation and circuit model calculation. The detailed parameters of the CSR and EHL are px = py = 5 mm, a = 3.6 
mm, l = 0.3 mm, r1 = 2.1 mm, d = 0.3 mm, c = 0.2 mm, g = 0.4 mm. The circuit parameters are extracted as C0 = 0.11 pF, LEHL 
= 17.13 nH, CCSR = 1.21 pF, L = 0.34 nH and C = 8.09 pF.
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complementary spiral ring resonator (CSR) and a lower embedded Hilbert‐line (EHL) resona‐
tor, separated by a 1.5‐mm‐thick F4B spacer (dielectric constant εr = 2.65 and the loss tangent 
tan δ = 0.001).

The meta‐surface, composing of a periodic element, is shined with a plane wave as the E‐
field polarized along the z‐direction and propagation along the x‐direction, as the simulation 
set‐up shown in Figure 1(a). For a systematical analysis of the basic element, we proposed 
the effective circuit model shown in Figure 2. Under a waveguide circumstance, the con‐
ventional sandwich structure (composing of metallic layers and a dielectric spacer) can be 
represented by a parallel resonant tank (consisting of an inductor L and a capacitor C) and a 
parallel shorted capacitor C0. The MD‐WG‐MS is designed by introducing the magnetic EHL 
in the ground plane of the basic element. A fractal EHL can be used effectively to control the 
εeff of the material. As a result, an additional inductor LEHL is added in the parallel branch to 
represent the effect of the EHL as shown in Figure 2(a) [6]. An ED‐WG‐MS is composed of 
etching a two‐turn complementary spiral ring resonator (CSR) in the upper metallic layer, as 
shown in Figure 2(b). CSR has been demonstrated with compact size and electric resonant 
property in references [8, 9], which is suitable to tune the permeability μeff. And an additional 
capacitor CCSRs is added in the series branch of the circuit model. By integrating the effect of 
the CSR and EHL, a new MED‐WG‐MS is designed with the structure shown in Figure 2(c). 
Consequently, the circuit model can be obviously obtained as shown in Figure 2(c). Further 
analysis shows that the permeability μeff is decided by the series branch, whereas the permit‐
tivity εeff is decided by the shunt branch. In other words, both material parameters μeff and 
εeff can be individually manipulated by adjusting the geometrical parameters of the EHL and 
CSR. For characterization, we obtain the EM performance of the element by using the finite 
element method (FEM)‐based commercial software Ansoft HFSS, and the circuit parameter 
by using the Ansoft Serenade. Figure 1(b) illustrates the calculated S‐parameters by EM sim‐
ulation and circuit simulation as a function of frequency. There is a reasonable agreement 
between them, indicating a rationality of the circuit model. As can be seen, band gaps at about 
3 GHz are clearly observed.

Figure 2. The evolution of WG‐MS and the relative equivalent circuit model [6]. (a) MD‐WG‐MS, (b) ED‐WG‐MS, and 
(c) MED‐WG‐MS.
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Next, we extracted the effective constitutive material parameters of four types of WG‐MSs 
using the standard retrieval process [10, 11] based on the calculated S‐parameters; the results 
are shown in Figure 3. With introduced CSR structures, electric resonances (about 2.86 GHz) 
are observed clearly for the MED‐WG‐MS, 90°‐rotated MED‐WG‐MS and ED‐WG‐MS cases. 
However, by inserting EHL, magnetic resonances (about 2.95 GHz) can be seen for the MED‐
WG‐MS, 90°‐rotated MED‐WG‐MS, and MD‐WG‐MS structures. Routinely, the correspond‐
ing antiresonances in vicinity of these resonant frequencies are also appeared in the curves 
of material parameters, resulting from the magneto‐electric coupling among cells and the 
finite size of the periodic structure [12]. The losses of these elements, represented by the 
imaginary part of the material parameters, can be ignored in all cases. Due to the anisotropic 
property of the proposed MED‐WG‐MS element, there is a slight resonant frequency shift 
and a small difference between the material parameters for the element and its 90°‐rotated 
counterpart. A comparison of the material parameters indicates that the CSR can realize a 
manipulation of εeff and EHL accounts for the control of μeff. As is expected, according to 
Eqs. (3) and (4), a desirable combination of a smaller εeff with flat slope and a larger μeff is 

Figure 3. The effective material parameters for four different MS cells. (a) The real part and (b) imaginary part of the 
permittivity εeff; (c) the real part and (d) imaginary part of the permeability μeff.
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obtained for the proposed MED‐WG‐MS element. The good performances of the designed 
element indicate that it is capable of improving the antenna bandwidth and reducing the 
antenna size. However, undesirable small μeff and large εeff are obtained for the MD‐WG‐MS. 
While small μeff and εeff with a sharp slope are obtained for the ED‐WG‐MS structure. Both 
of the ED‐WG‐MS and MD‐WG‐MS elements are not able to improve the performance of the 
bandwidth and reduce the structure dimension.

2.3. Design of compact microstrip antenna with enhanced bandwidth

With a desirable MED‐WG‐MS element in hand, we can obtain effective parameters μeff = 4.5 
+ j0.025 and εeff = 1.05 + j0.033 at 3.5 GHz, according to the aforementioned analysis. Upon 
introducing these effective parameters into Eqs. (3) and (4), CF = 0.41 and BIF = 2.87 can be 
calculated, which are fascinating for a patch antenna realizing size miniaturization and BW 
enhancement simultaneously. For proof of the analysis, we design and optimize a microstrip 
antenna working at 3.5 GHz by loading the MED‐WG‐MS elements. At frequency of 3.5 GHz, 
the radiator length of a patch antenna can be estimated as LMS ≈ 20 mm based on Eq. (1). The 
MED‐WG‐MS element occupies an area of px × py = 5 mm × 5 mm, therefore, a total of 4 × 4 ele‐
ments are chosen in the final antenna design, with the schematic shown in Figure 4 [6]. In the 
ground plane, 8 × 6 EHL cells are stacked to maintain a constant current. Moreover, the ground 
just under the feed‐line remains unetched to guarantee the continuity of the input energy.

Frequency tuning is essential in determining the antenna performances. In the following 
part, we will derive a three‐step frequency tuning method to achieve a flexible frequency tun‐
ing property. First, a coarse control over the operating frequency is considered by changing 
the outer radius r1 of the CSR structure. As r1 varies from 1.8 to 2.2 mm in steps of 0.1 mm, 
Figure 5(a) depicts the frequency‐dependent reflection coefficients [6]. To ensure a fair com‐
parison, the residual geometrical parameters of the CSR are kept as px = py = 5mm, d = 0.3 mm, 

Figure 4. Schematics of the proposed antenna with MED‐WG‐MS loading [6]. (a) Top view; (b) bottom view. The 
geometrical parameters (in mm) of the proposed patch antenna are as: P = 40 mm, Q = 45 mm, Lx = Ly = 20 mm, G

l
 = 15 

mm, lm = 10 mm, wm = 0.8 mm, we = 4.1 mm; the final geometrical parameters of CSRs are r1 = 2.1 mm, d = 0.5 mm, c = 0.3 
mm, and g = 0.5 mm.

Compact Antenna with Enhanced Performances Using Artificial Meta-Surfaces
http://dx.doi.org/10.5772/66354

99



c = 0.2 mm, g = 0.4 mm. The valleys of reflection coefficients shift from 3.35 to 3.72 GHz as r1 
changes. In all cases, good impedance‐matching performances are obtained for all cases with 
the reflection better than 19 dB. Second, a fine control over the operating frequency is studied 
as the parameter d increases from 0.2 to 0.5 mm. Here, the value d determines the inner circle 
size of CSR. Referring to Figure 5(b), the reflection valleys undergo a continuous blue shift, 
changing from 3.4 to 3.6 GHz. Third, Figure 5(c) plots the reflection coefficients with a tunable 
parameter g. It can be seen clearly that only a small resonant frequency shift (3.47 to 3.53 GHz) 
appear as g varies from 0.2 to 0.7 mm. Therefore, the parameter g affords an exact control over 
the operating frequency. It is worth noting that the proposed three‐step frequency tuning 
method provides a comprehensive guideline in designing antenna with an exact working 
frequency. Compared with the conventional patch antenna, the working frequency can be 
controlled easier by using the derived method.

The bianisotropic response of the CSR has a large effect on the antenna behavior. By rotating 
the gap orientation θ from 0 to 180°, Figure 6(a) plots the reflection coefficients against fre‐
quency. As θ is 90°, best performances of the antenna with wider bandwidth and lower return 
loss are obtained. A slightly changing resonant frequency results from the different interac‐
tions between the EHL and the CSR with different gap orientations. Here, the dependence of 
antenna performances on different kinds of WG‐MSs is also investigated, as the results shown 
in Figure 6(b). Desirable antenna performances of size reduction and BW enhancement are 

Figure 5. Simulated reflection coefficients against frequency [6]. The dependence of reflection coefficients on parameters 
(a) r1, (b) d, and (c) g.

Figure 6. Simulated and measured S‐parameters against frequency [6]. The dependence of S‐parameters on parameters 
(a) θ and (b) different kinds of WG‐MSs loading. (c) The final simulated and measured results for the reference and 
proposed antenna.
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obtained for the CSR‐EHL‐loaded (MED‐WG‐MS) antenna. While for the EHL‐CSR‐loaded 
case, by etching the EHL cells in the upper patch structure and CSR elements in the ground 
plane, a poor impedance matching property at the resonant frequency 3.67 GHz is seen, which 
can be explained as the asymmetrical property of the MED‐WG‐MS cell along the z‐direction. 
Therefore, we demonstrate that MED‐WG‐MS elements are the best choice to enhance the 
antenna performances.

2.4. Numerical and experimental results

With the derived three‐step frequency tuning method, we can design an antenna operating 
exactly at frequency 3.5 GHz as shown in Figure 4. For experimental demonstration, we fab‐
ricate the antenna with the photograph shown in Figure 7 [6]. The radiator of the antenna 
occupies an area of Lx × Ly = 20 × 20 mm2, corresponding to 0.20 λ0 × 0.20 λ0. The size of the 
ground plane P × Q = 40 × 45 mm2. For comparison, the reference antenna is also designed 
with a patch size of 25.4 × 27.4 mm2. The fair comparison indicated that both antennas have an 
identical size except the radiation patch.

Then, we evaluate the reflection coefficients of the proposed antenna and the reference antenna 
through the ME7808A vector network analyzer. Figure 6(c) illustrates the results of the reflec‐
tion coefficients. There is a good agreement between the simulation and measurement for the 
designed antenna. Both the proposed antenna and the reference antenna operate exactly at 
3.5 GHz, with the numerical (experimental) resonant dips as ‐25(‐40) dB for the designed 
antenna and ‐21.5 dB for the reference one, respectively. The simulated (measured) 10 dB 
impedance bandwidth is about 115 (132) MHz for the designed antenna, corresponding to 
3.29% (3.77%). However, it is 43 MHz for the reference antenna. A simply calculation indicates 
that the BW has been enhanced significantly by 207% for the designed antenna. Table 1 shows 
a detailed comparison between the two antennas, including the patch size, BW, and the values 
of CF and BIF. Note that the theoretical and simulated CF and BIF are in reasonable agreement 
with each other. The small CF = 0.57 and large BIF = 2.67 indicate that the designed antenna has 
the best performance compared with previous magneto‐dielectric antennas [1–5]. The higher 
measured BIF is mainly ascribed to the random errors in measurement. To summarize, the 

Figure 7. Photograph of the fabricated antenna [6]. (a) Top view and (b) bottom view.
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 proposed MED‐WG‐MS element, coupled with the derived three‐step working frequency 
method provide a guideline to design the antenna with a bandwidth enhancement at any fre‐
quency. In addition, the fabrication of the designed antenna is more convenient without using 
parasitic elements or metallic via holes [13, 14].

There is a link between the slope of the input admittance and the BW for an antenna. A flat‐
ter response of the input admittance means a wide impedance‐matching property. Figure 8 
shows comparison of the input admittance for the designed antenna and the reference antenna 
[6]. It is worth noting that both the real part and the imaginary part of the input admittance for 
the designed antenna show a flatter response than that of the reference antenna, indicating an 
enhanced BW for the designed antenna.

Next, we evaluate the field distributions for both the designed antenna and the reference 
one. Figure 9(a) and (b) shows the comparison of the H‐field distributions for both antennas 
[6]. There is a nearly periodic distribution for the H‐field of the proposed antenna, which is 
attributed to the loading of the MED‐WG‐MS cells. More importantly, based on the material 

Figure 8. Simulated input admittance for both antennas [6]. (a) Real part and (b) imaginary part.

Type Size

(mm2)

BW

(MHz (%))

CF BIF Antenna 
efficiency

Theory/simulation Theory/simulation 
(measurement)

Conventional 
patch antenna

25.4 × 27.4 43 (1.23%) 0.41/0.57 2.87/2.67 (3.07) 95.68%

Our work [6] 20 × 20 115/132 
(3.29/3.77%)

93.23%

Table 1. Comparison of the reference and proposed antennas [6].
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     for the designed antenna. The larger 
wave impedance induces a weaker H‐field intensity and a smaller quality factor, which 
explained the enhancement of the BW from another aspect. The field intensity along the line 
y = 0 is also studied, as the results shown in Figure 9(c) and (d), both the E‐field and the H‐
field intensity are normalized to the maximum value. With the loading of the MED‐WG‐MS 
elements, the E‐field, and the H‐field intensity are periodic for the proposed antenna, while 
the distributions are almost consistent for the reference antenna. Therefore, we can conclude 
that the loading of MED‐WG‐MS elements induces a redistribution of the electromagnetic 
energy.

Finally, we examine the far‐field radiation performances by HFSS simulation and measure‐
ment in an anechoic chamber. The three‐dimensional (3D) radiation patterns at three rep‐
resentative frequencies (the lower frequency 3.440 GHz, the center frequency 3.5 GHz, and 
upper frequency 3.555 GHz) are depicted in Figure 10(a)–(c) [6]. Given the defects in the 
ground plane, seemingly bidirectional radiation patterns are observed for the three frequen‐
cies. But consistent with the conventional patch antenna, the designed one still works at TM10 
mode. The radiation patterns in both principal planes at 3.5 GHz are measured, as the results 
shown in Figure 10(d). The level of the cross‐polarization is better than ‐22.8 dB. Referring to 
the antenna gain in Figure 10(e), good agreement is observed for the simulated and measured 
results. Within the 10 dB impedance bandwidth, the gain is higher than 4.6 dBi. Moreover, the 
radiation efficiency of the antenna is about 93.23%.

In summary, a new strategy of enhancing the BW and reducing the size of a patch antenna is 
proposed by simultaneously manipulating the material parameters μeff and εeff. For proof of 

Figure 9. Field distributions for the proposed antenna and reference antenna [6]. The H‐field distribution for (a) reference 
antenna and (b) proposed antenna; a comparison of the normalized (c) E‐field intension and (d) H‐field intension.
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the concept, a MED‐WG‐MS element is designed to realize larger values of refractive index 
and wave impedance by tuning the geometrical parameters. Loading these elements in a 
patch antenna, about 307% BW and 42.53% miniaturization are obtained. This chapter pro‐
vides a new avenue to design patch antenna with enhanced bandwidth and also compact size.

3. Miniaturized circularly polarized antenna with fractal meta‐surface 
and fractal resonator

We have discussed about the strategy of employing MED‐WG‐MS element to manipulate 
the effective material parameters μeff and εeff in the last subsection. In this section, we explore 
a new scheme to realize miniaturized circularly polarized (CP) antenna with fractal meta‐
surface and fractal resonator. The fractal meta‐surface is used to design reactive impedance 
surface (RIS) to improve the antenna performance in terms of reducing substrate thickness 
and achieving good front‐to‐back ratio, whereas fractal resonator with strong space‐filling 
property achieves the CP property and further size reduction.

Unlike linearly polarized (LP) antennas, microstrip circularly polarized (CP) antennas have 
a stable date transmission rate regardless of the polarizations of the transmitter and the 
receiver, thus have found numerous applications in the recent wireless communication sys‐
tem [15, 16]. However, traditional CP antennas are designed by involving various perturba‐
tions (such as truncated corners), which conflicts with the miniaturization requirement and 
wide bandwidth applications [17, 18]. In recent years, meta‐surfaces, such as reactive imped‐
ance surface (RIS), have been applied to enhance the performances of CP antennas [19–28], 
such as realizing miniaturization by loading RIS [20], achieving multi‐frequency operation 
[21, 25]. However, there are never open reported techniques to reduce the profile of the CP 

Figure 10. Radiation patterns for the designed antenna [6]. Simulated 3D radiation patterns at (a) 3.440 GHz, (b) 3.50 
GHz and (c) 3.555 GHz; (d) measured 2D radiation pattern at 3.50 GHz; (e) simulated and measured antenna gain.
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antenna. In this section, fractal concept has been introduced to design RIS, which realizes both 
miniaturization and low profile. Good performances of the designed CP antenna by using the 
fractal RIS are numerically and experimentally demonstrated.

First, we show the perspective view of the proposed Hilbert fractal RIS (HRIS)‐inspired 
Wunderlich‐shaped fractal complementary split ring resonator (WCSRR)‐loaded CP antenna 
[29], as shown in Figure 11 [29]. The antenna consists of three layers, the upper metallic radia‐
tor, the HRIS spacer, and the lower metallic ground plane. WCSRR is etched in the metallic 
radiator to realize both antenna miniaturization and CP wave. 6 × 6 HRIS elements are loaded 

on the F4B substrate under the patch radiator. Two inexpensive F4B dielectric layers (εr = 
2.65, tanδ = 0.001) are adopted in the proposed antenna with h1 = 1.5 mm and h2 = 1 mm. The 
overall antenna occupies a volume of 40 mm × 45 mm × 2.5 mm, and the patch radiator has a 
dimension of 21.5 mm × 21.5 mm. The working frequency of the antenna is chosen as 3.5 GHz 
(Wimax band). For characterization, we perform numerical simulations using a finite element 
method (FEM)‐based solver Ansoft HFSS.

3.1. The EM property of the fractal RIS

RIS, proposed by Kamal et al. [22], has been used widely in antennas to reduce the radia‐
tor size and enhance the working bandwidth. In Figure 12(a) [29], conventional RIS (CRIS) 
consists of a periodic system of metallic patches (la × lb = 4.3 mm × 3.8 mm), 1‐mm‐thick F4B 
spacer, and a metallic ground plane. The upper substrate is introduced to support the patch 
radiator. In simulation, an infinite CRIS meta‐surface is illuminated by transverse electric 
and magnetic (TEM) plane wave with the propagation vector along the z‐direction and the 
electric field along the y‐direction. Therefore, perfect electric conductor (PEC) conditions are 
assigned in front and back boundaries, and perfect magnetic conductor (PMC) conditions 
in left and right boundaries, respectively. Under this circumstance, the CRIS element can be 
represented by a parallel resonant tank which consists of an inductor L and a capacitor C. The 

Figure 11. Topology of the proposed CP antenna based on HRIS and WCSRR slot [30]. (a) Perspective; (b) top and 
bottom view as well as the illustration of geometrical dimensions. The detailed geometrical parameters are listed as: P = 
Q = 21.5 mm, h1 = 1.5 mm, h2 = 1 mm, d6 = 2 mm, d7 = 0.6 mm and d8 = 4.1 mm.
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inductor L is mainly decided by the dielectric constant εr and the thickness h2. While the shunt 
capacitor C is determined by the edge coupling between the adjacent cells. A variation of the 
geometrical parameters (la, lb, pa, pb, and h2) induces a change of the lumped circuit elements, 
and thus the resonant frequency. We can increase the lumped inductor L by introducing com‐
pact structures in the periodic patch, corresponding to reduce the substrate thickness h2. For 
example, mushroom‐like RIS increases the inductor L by digging the metallic via holes which 
brings about considerable losses for the concentrating currents around the holes [22]. Here, 
we propose the concept fractal RIS to increase the inductor L. An additional inductor L1 is 
introduced to represent the EM response of the fractal structure. In fact, the fractal structure 
can be chosen arbitrary, e.g., the Sierpinski curve and Koch curve. Here, we adopt the Hilbert 
RIS, as the topology shown in Figure 12(b). The value of L1 is determined by the iteration 
orders (IO). Figure 13 shows three kinds of HRISs with IO = 0, 1, and 2, respectively. Different 
from the traditional Hilbert fractal curve, these curves are revised by extending the start and 
the end points with the length of a minimum fractal segment, and then connect the terminals.

Figure 13. The revised Hilbert curves with different IOs (a) IO = 0; (b) IO = 1; (c) IO = 2 [30]. The geometrical parameters 
are listed as: la = 4.3 mm, lb = 3.8 mm, c = 0.4 mm.

Figure 12. The topologies and equivalent circuit models of CRIS and HRIS [30]. The topologies of (a) CRIS and (b) HRIS; 
relative circuit model for (c) CRIS and (d) HRIS. The geometrical parameters are list as: h1 = 1.5 mm, h2 = 1 mm, la = 4.3 
mm, lb = 3.8 mm, pa = 5 mm, pb = 4.5 mm.
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To evaluate the EM response of the HRIS, Figure 14(a) depicts the reflection phases of HRIS 
with different IOs. Note that the fair comparison is made with the geometrical parameters 
consistent except the IOs of the HRISs. At the resonant frequency, the reflection phase is about 
zero [27]. As seen from Figure 14(a), the operating frequency changes from 9.1 to 7.41 GHz 
as IO increases from 0 to 2. The second HRIS cell occupies a dimension of λ0/8.1 × λ0/9 × 
λ0/16.2, which is much smaller than the working wavelength. With a larger IO of the HRIS, 
stronger space‐filling property of the structure is obtained, which induces a smaller resonant 
frequency. Here, IO = 2 is selected from the tradeoff of an easy fabrication and an electrically 
smaller structures. Figure 14(b) illustrates the dependence of reflection phase for RISs on the 
substrate thickness h2. The resonant frequencies decrease as h2 increases. It is worth noting 
that the HRIS with h2 = 1 mm has an almost same resonant frequency with that of the CRIS 
with h2 = 2 mm, which means a reduction of substrate thickness for the HRIS. Compared with 
the conventional RIS, fractal RIS has huge advantages in smaller size, lower thickness, and 
also easier working frequency control. Since more circuit parameters are inserted by the frac‐
tal structure, more freedom is provided to tune the working frequency.

3.2. Working principle of compact fractal resonator

With a unique EM property and a planar structure, split ring resonator (SRR), and its comple‐
mentary part, CSRR have been utilized in designing microwave devices and enhancing their 
performances. However, it is still a great challenge to excite CP wave by integrating the fractal 
strategy with the CSRR structure. We combine the Wunderlich‐shaped fractal structure and 
the CSRR (WCSRR) to achieve not only antenna miniaturization but also good CP radiation. 
To demonstrate the advantage of WCSRR over the traditional CSRR, the EM response of three 
kinds of CSRRs is compared. Figure 15 presents the basic topologies of different SRRs, such 
as conventional SRR, meander‐line‐loaded SRR (MSRR), and WSRR. Based on the Babinet 
principle, we etched the CSRR, MCSRR, and WCSRR structures in the patch radiator. The 
reflection coefficients and axial ratio (AR) for antennas with different slots are provided in 
Figure 16. Good impedance matching property for all cases can be observed clearly by the 

Figure 14. Numerically simulated reflection phase [30]. (a) The dependence of reflection phase on IOs; (b) the dependence 
of reflection phase on h2.
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resonant dips, as shown in Figure 16(a). The conventional antenna without CSRR loading 
operates at about 3.8 GHz, whereas the center frequency reduces significantly to 3.75, 3.65, 
and 3.5 GHz for the CSRR‐, MCSRR‐, and WCSRR‐loaded antennas, respectively. The extend‐
ing of the current path caused by the fractal curve induces the considerable reduction of oper‐
ating frequency, which is equivalent to realize antenna miniaturization working at the same 
frequency. Figure 16(b) shows the effects of CSRRs on the AR performances. Note that the 
slots have a significant effect on the antenna AR. An obvious linearly polarized antenna is 
obtained without loading CSRRs. The values of AR reduce significantly by loading CSRRs. 
The best performance of the CP antenna is observed by loading WCSRR, which achieves a 
lower operating frequency and a smaller AR value. Therefore, we can use the Wunderlich‐
shaped fractal slot to improve CP antenna performances.

3.3. Numerical results of a CP antenna

The feeding position as well as the slot position is very important in determining both 
input impedance and AR value. Antenna performances are simulated by HFSS via tuning 
the feeding position. The parameter d6 increases from 0 to 3 mm in steps of 0.5 mm, the 

Figure 16. Simulated reflection coefficients and ARs against frequency [30]. (a) The dependence of reflection coefficients 
on different CSRR structures; (b) the dependence of ARs on different CSRR structures.

Figure 15. Schematic of the proposed revised SRRs [30]. Topology of (a) SRR, (b) MSRR and (c) WSRR as well as the 
illustration geometrical dimensions. The final geometrical parameters are listed as: d1 = d2=0.4 mm, d3 = 1.1 mm, d4 = 1.2 
mm, d5 = 0.9 mm, b1 = 9 mm, b2 = 7.6 mm, and b3 = 6.4 mm.
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 corresponding reflection coefficients and AR values are shown in Figure 17. The operating 
frequencies keep almost consistent when d6 increases from 0 to 2 mm, while the impedance 
matching property deteriorates slightly. A slight red shift of the working frequency appears 
as d6 varies from 2.5 to 3 mm. The AR has been significantly improved as d6 increases, while 
the AR valleys decrease continuously from 3.52 to 3.48 GHz. As d6 = 2 mm, both the dip 
of the reflection coefficient and the AR valley appear at 3.5 GHz, which is interesting and 
should be highlighted. Figure 17(c) and (d) shows the comparison of the magnitude ratio 
Ey/Ex and phase difference δx‐δy as d6 varies. Note that Ey/Ex decreases as d6 increases, so as 
the δx‐δy. As d6 = 2 mm, the best performance with a flattest curve of the Ey/Ex and an exact 
90° δx‐δy is obtained at frequency of 3.5 GHz. Therefore, d6 = 2 mm is selected for the final 
CP antenna design.

Then, we study the electric field distribution of the CP wave at 3.5 GHz, as the results 
shown in Figure 18. The electric field is mainly concentrates on the radiation patch and 
the WCSRR slot. Left‐handed CP wave is observed clearly with a clockwise‐rotated electric 
field. The variation of the field on the WCSRR indicates that the slot plays an essential role 
in exciting the CP wave. Right‐handed CP wave can be excited by changing the position of 
the slot.

Figure 17. Simulated reflection coefficients, ARs, magnitude ratio as well as phase difference with different feeding 
positions [30]. The dependence of (a) reflection coefficients, (b) ARs, (c) magnitude ratio, and (d) phase difference on d6.
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3.4. Fabrication and experimental results

For experimental demonstration, the finally double‐layered CP antenna is fabricated based on 
a standard printed‐circuit‐board (PCB) technology, with the fabricated sample for the upper 
layer and the lower layer shown in Figure 19. The two layers with the same footprints are 
boned tightly together by an adhesive. Then we experimentally evaluate the performances of 
the CP antenna.

Figure 18. Electric‐field distribution in the patch at 3.5 GHz in time‐domain [30].

Figure 19. Photograph of the fabricated proposed antenna. (a) Top view; (b) bottom view [30].
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First, we examine the impedance matching property of the antenna. The reflection coefficient 
of the sample is measured by a vector network analyzer (ME7808A). Figure 20(a) depicts a 
comparison of the simulated and measured reflection coefficients. We can see clearly that 
there is an excellent agreement between the numerical and experimental results. A slight fre‐
quency shift upward about 20 MHz in the experiment is mainly attributed to the fabrication 
errors which is inherent and the introduction of the adhesive in the assembly process. The 
simulated (measured) reflection coefficient has a resonant dip of ‐22 dB (‐18 dB) at about 3.5 
GHz (3.52 GHz), respectively. The working bandwidth, characterized by the 10 dB return 
loss, is about 132 and 127 MHz for the simulation and measurement, respectively. The relative 
BW is calculated of 3.77% and 3.61%.

Then, we evaluate the AR ratio of the designed CP antenna. In the experiment, the AR 
is measured by the intensity ratio between Ey and Ex, which is obtained in an anechoic 
chamber through the far‐field measurement system. As seen from Figure 20(b), the 3‐dB 
AR bandwidth for the simulated and measured results is 55 and 65 MHz, corresponding 
to 1.58 and 1.86%, respectively. And the minimum values of the AR are 0.41 and 0.75 for 
the simulated and measured results. Note that 3‐dB AR BW is completely within the 10‐dB 
impedance BW.

Finally, we measure the far‐field radiation patterns in xoz and yoz planes, as the results shown 
in Figure 21. There is a good agreement between the simulation and measured results. The 

Figure 20. Simulated and measured (a) reflection coefficients and (b) ARs of the proposed CP antenna [30].

Figure 21. Simulated and measured far‐field radiation patterns of the proposed CP antenna at CF in (a) x‐z plane and 
(b) y‐z plane [30].
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CP wave is detected as expected. We can see clearly that the direction of the peak radia‐
tion is around the boresight direction. A pure CP wave is demonstrated for that the cross‐
polarization is better than 18.5 dB in both simulated and measured results, which should be 
highlighted. The front‐to‐back ratio (F/B) is larger than 15 dB in the experimental result. The 
radiation gain is about 6.3 dBic for both numerical and experimental results. The designed 
CP antenna realizes 91.5% antenna efficiency. Good radiation performances, such as good AR 
property and comparable antenna gain, indicate that the antenna has a potential value in the 
recent wireless communication system.

In summary, we have proposed a new strategy to design CP antenna by combining a fractal 
RIS and a fractal slot. For proof of the strategy, a CP antenna by loading HRIS structure and 
the WCSRR slot is designed, assembled, and measured. The experimental result coincides 
well with the simulated case. The antenna advances in many aspects such as a compact size 
(40 mm × 45 mm × 2.5 mm), good AR property (0.75 dB), and comparable radiation gain (6.3 
dBic). In addition, the antenna is fabricated based on the PCB technology, free of via holes and 
without using the complex feeding network.

4. Ultra‐thin polarization beam splitter using TGMS

Meta‐surfaces, as a 2D planar inhomogeneous metamaterials, are composed of carefully 
selected elements with specific EM responses, have attracted much attention recently due to 
their strong abilities to manipulate the wavefront of transmitted and reflected EM waves. Very 
recently, scientists and engineers have designed functional devices by using meta‐surfaces. 
One of the most important applications is to realize the polarization beam splitter (PBS). PBS 
is a typical device to manipulate the differently polarized waves independently, which has 
been found essential in photonics. Conventional PBSs, achieving by natural crystal birefrin‐
gence [30] and 2D photonic crystals [31, 32], suffer from low efficiencies and limited splitter 
angle. The PBS performances have been enhanced by using the semiconductor meta‐surface 
[33], photonic‐integrated circuits [34], and 2D metamaterials [35–37]. However, these devices 
are electrically large and complex in fabrication. In this subsection, we propose a novel PBS 
based on the 2D transmissive phase gradient meta‐surface (TPGM) [38]. The proposed PBS 
is designed based on the generalized Snell's laws, which has a low‐profile about 0.1 λ0, high 
transmission efficiency, and also convenient wave control.

4.1. Polarization‐controlled mechanism of local element

According to the geometrical optics, the EM wave would be reflected or refracted when pass‐
ing through the interface of two media. When the EM wave propagates in a uniform medium, 
the wave vector can be written as
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where kxi represents the wave‐vector along the x‐direction and k0 is the propagation constant.
The generalized laws of reflection and refraction, derived from the Fermat's principle, indi‐
cate that the anomalous reflection or refraction phenomenon can be observed at the interface 
when the phase discontinuity exists [39]. At the same time, the EM response of the GMS is 
independent when excited with differently polarized waves. Illuminated by a normally inci‐
dent EM wave along the z‐direction with the electric field along the i‐direction (x‐ or y‐direc‐
tion), the wave vector of the transmission can be calculated as
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_________________

   k  0        2  −  ( k  (x,r)  (  î  )   )   
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where the superscript i denotes the incident polarization    E 
→

   / /   x →    or    E 
→

   / /   y →    (horizontal and ver‐
tical polarizations, E// or E^). ξx

(i) represents that the gradient along the x‐direction while the 
incident polarization is along the i‐direction.

For the practical GMS, the phase gradient can be calculated as
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According to Eq. (7), two points should be highlighted. First, the phase distribution ϕ at the 
position (x, y) can be controlled by both the geometrical structuring and the polarization of 
the incident EM wave. Second, the phase gradient ξ is determined by the phase distribution 
ϕ(x,y) at different directions. The phase distribution ϕ(x,y) and the phase gradient ξ provide 
a powerful freedom to manipulate the EM wave, simultaneously.

Based on Eq. (7), a transmissive PBS can be realized by controlling the parameters   ξ  
x
  (x )  and   

ξ  
y
  (y )  independently. In other words, we can manipulate the transmission phase ϕx(x, y) 

and ϕy(x, y) to achieve desirable gradients (dϕx/dx and dϕy/dy) along the x‐ and y‐directions, 
respectively. According to the generalized Snell's law, the refraction angles to horizontal and 
vertical polarizations can be calculated as
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To make the principle of the PBS clear, Figure 22 provides the schematics of anomalous 
refractive phenomena in four different conditions. 2D TPGMs, positioned at the xoy plane 
with different phase distributions, are shined by hybrid EM waves along the z‐direction, 
respectively. As seen from Figure 22(a), TPGM1 has no phase gradient along the x‐ and 
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y‐directions (dϕx/dx = dϕy/dy = 0). Based on the Fermat's principle, the transmitted wave 
propagates along the z‐direction, and the hybrid EM waves cannot be separated. For the 
TPGM2 with a phase gradient in the x‐direction (dϕx/ dx≠0) and consistent phase distribution 
along the y‐direction (dϕy/dy = 0), the horizontally polarized wave deflected to an angle θ1, 
while the vertical polarization wave propagates along the z‐direction. The vertical polariza‐
tion wave can be deflected to angle θ2 for the TPGM3 with phase gradient existing only 
along the y‐direction (dϕx/ dx = 0, dϕy/dy≠0), as shown in Figure 22(c). As expected, hybrid 
EM waves can be deflected to angles θ1 and θ2 when passing through the TPGM4 with phase 
gradients along the x‐ and y‐directions (dϕx/ dx ≠ 0, dϕy/dy ≠ 0). Here, θ1 and θ2 are determined 
by Eq. (8). Therefore, we can realize an arbitrary splitting angle by carefully optimizing the 
phase distributions on TPGM.

4.2. High‐efficiency transparent principle of the transmissive element

For the first step, we should find a transparent element not only with a high transmission 
coefficient but also a changeable transmission phase. In general, a complete phase shift range 

Figure 22. Anomalous refractive effects when 2D TPGMs with different phase distributions are illuminated by the 
hybrid EM waves [38]. Schematics of the hybrid EM waves passing through (a) the TPGM1 with dϕx/dx = dϕy/dy = 0, (b) 
the TPGM2 with dϕx/dx ≠ 0 and dϕy/dy = 0, (c) the TPGM3 with dϕx/dx = 0 and dϕy/dy ≠ 0, and (d) the PGM4 with dϕx/dx 
≠ 0 and dϕy/dy ≠ 0.
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≠ 0 and dϕy/dy ≠ 0.
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over 360° is required to guarantee a free wavefront control. Note that EM coupling among the 
cascaded layers can enlarge the transmission variation range and improve the transmission 
coefficient [40–44]. Here, three‐layer cascaded element is chosen as the basic element, as the 
topology shown in Figure 23(a). The basic element consists of three identical metallic layers 
and two intermediate dielectric layers. The commonly F4B substrate is used with a thickness 
h = 1.5mm, dielectric constant εr = 2.65, and the loss tangent tanδ = 0.001. We note that although 
the metallic mesh is not an absolutely necessary element in designing our basic element, its 
presence can significantly reduce the mutual couplings between adjacent subunit cells, which 
make our design robust and reliable. The cell has a lattice of Px × Py = 11 mm × 11 mm. We can 
tune the length dx and dy of the inner patch to manipulate the transmission spectra along the x‐ 
and y‐directions, respectively. We adopt the commercial FDTD solver CST Microwave Studio 
to obtain the EM property of our element. In simulation, the perfect electric conductor (PEC) 
boundary conditions are assigned along the x‐ or y‐directions for the horizontally polarized 
wave or vertically polarized wave, respectively. The absorbing boundary condition is applied 
along the z‐direction, as the simulation setup shown in Figure 23(b).

To obtain the transmission spectra of the basic element, we chose a typical element with dx = dy 
= 8.28 mm. Illuminated by a horizontally polarized plane wave, the transmission magnitude 
and phase of the element are presented in Figure 24(a). There exists a relatively wide trans‐
parency window between 5.4 and 10.35 GHz, and the transmission phase changes smoothly 
from ‐131 to ‐623° within the transparency window. To realize beam deflection for differ‐
ently polarized waves, different phase gradients along the x‐ and y‐directions should be satis‐
fied. Here, the phase gradients along the x‐ and y‐directions are arranged as  ξ = 0.45  k  0    and  
ξ = − 0.45  k  0   , respectively, corresponding to 60° phase increment at the x‐axis and a 60° phase 
reduction at the y‐axis. By carefully tuning dx and dy, the spectra of the chosen elements are 
shown in Figure 24(b). The transmission coefficients for each chosen element are higher than 
0.8, which guarantees a high efficiency of the elements. The polarization‐independent prop‐
erty of the element is essential in determining the working efficiency of the device. We verify 
the polarization‐independent property by scanning the parameter dx from 3 to 8 mm in steps 
of 1 mm under excitation of different polarizations. As seen from Figure 25(a), the range of 
about 330° phase variation is obtained as dx changes for the horizontal polarization, while it is 

Figure 23. The topology and simulation setup for the proposed tri‐player cascaded sub‐unit cell [38]. (a) The top view of 
the subunit cell as well as the geometrical parameters; (b) simulation setup for differently polarized waves.
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about 20° for the vertically polarized transmitted wave. In addition, the transmission ampli‐
tude remains better than 0.8 for all cases. We can conclude that the designed element is polar‐
ization‐independent based on the phase responses to different polarizations with changeable 
dx. The good performance of the element provides us possibilities to design PBS with high effi‐
ciency. More importantly, with an independent control of different polarizations, bifunctional 
meta‐surface can be designed with very high performances, which shown great advantages 
over the conventional meta‐surfaces.

4.3. Design and analysis of 2D TGMS

With a well‐designed element in hand, we can design the TPGM by carefully chosen the 
elements satisfying the phases both for horizontal and vertical polarizations. A systematical 
study on the TPGM can provide a guideline for the upcoming PBS design. We derive a four‐

Figure 25. The spectra of transmission phase as functions of frequency and the parameter d
x
 under excitation of 

differently‐polarized incident waves [38]. The transmission phase response under (a) horizontally polarized and (b) 
vertically polarized waves.

Figure 24. FDTD calculated transmission amplitude and phase for the proposed tri‐layer sub‐unit cell [38]. (a) 
Transmission amplitude and phase for the element with Px = Py = 11 mm, dx = dy = 8.28 mm; (b) transmission spectra for 
the elements with 60° phase increment along the x‐direction and 60° phase reduction along the y‐direction.
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step design procedure for the general TPGM. For the first step, a transmissive element with a 
high transmission coefficient and changeable transmission phase should be obtained. Second, 
the phase distributions at the position (x, y) should be calculated based on the achieving func‐
tionalities. Then, the proper subunit cells should be chosen according to the phase distribu‐
tions. Finally, the EM response of the TPGM should be evaluated by the EM simulator.

Based on derived design procedure, four kinds of TPGM are designed based on the phase 
distributions, as shown in Figure 22. Figure 26 provides the electric fields distributions of E// 
and E^ at the working frequency of 10 GHz under excitation of a hybrid EM waves. As shown 
in Figure 26(a),a conventional meta‐surface (TPGM1) without phase gradient is launched 
by a horn antenna. The transmitted wave of both E// and E^ propagate along the z‐axis, as 
shown in Figure 26(b) and (c). We can conclude that the TPGM1 is impossible to separate 
the hybrid polarized waves. As dϕx/dx = ‐60° and dϕy/dy = 0 for the TPGM2, horizontally 
polarized wave is deflected to the angle with θ1 = ‐27°, which coincides well with the theoreti‐
cal value obtained by Eq. (8). However, vertically polarized wave is not deflected. Similarly, 
horizontally polarized wave propagates along the z‐direction while vertical polarization is 
deflected to the y‐direction with θ2 = 27.1° for the TPGM3 with the phase distributions dϕy/dy 
= 60° and dϕx/dx = 0. For the TPGM4 shown in Figure 26(j) with phase gradients along the x‐ 
and y‐directions (dϕy/dy = 60° and dϕx/dx = ‐60°), both deflections of θ1 = ‐27° and θ2 = 27° are 
observed by illuminating with differently polarized waves.

Figure 26. The well‐designed four kinds of TPGMs and the results of near‐field distributions [38]. The schematics of 
(a) TPGM1 without phase gradient (dϕx/dx = dϕy/dy = 0), (d) TPGM2 with dϕx/dx = –60° and dϕy/dy = 0, (g) TPGM3 with 
dϕx/dx = 0 and dϕy/dy = 60° and (j) TPGM4 with dϕx/dx = –60° and dϕy/dy = 60°; the electric distributions E// for (b) TPGM1, 
(e) TPGM2, (h) TPGM3 and (k) TPGM4; the near electric distributions E^ for (c) TPGM1, (f) TPGM2, (i) TPGM3 and (l) 
TPGM4.
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4.4. Fabrication and evaluation of PBS

With a well‐designed TPGM4, we can further optimize its performance and build a novel PBS 
by launching the meta‐surface by a horn antenna working at the X band. Figure 27 shows the 
photograph of the fabricated sample. We can see that 24 × 24 unit cells are adopted for the 
final PBS, which occupies a total volume of 256 × 256 × 3 mm3, corresponding to 6.6 λ0 × 6.6 
λ0 × 0.1 λ0. It is worth noting that the thickness of the PBS is much smaller than the reported 
cases. Moreover, the PBS has no complex structures and is fabricated based on the simple 
print circuit board (PCB) technology. The PBS consists of 4 × 4 super unit cells, as the top and 
side views of the super unit cell are shown in Figure 27(a) and (b). Compared with the work‐
ing mechanism of the previous PBSs, the designed one is intuitionistic and simple. We can 
control the differently polarized waves independently due to the different phase gradients at 
x‐ and y‐axis, respectively. More importantly, the polarization‐independent property of the 
designed element guarantees the low coupling of different polarizations, which induces a 
high polarization splitting ratio.

The impedance matching property of the PBS plays an essential role in determining the work‐
ing efficiency. We evaluate the reflection coefficients of the PBS by launching with different 
polarizations. First, we assemble the fabricated sample. We used a 20‐mm‐thick foam plate 
to support the TPGM and ensure the length l1 = 20 mm between the TPGM and the horn 
antenna. The foam has a permittivity near 1 which will not affect the performances of the PBS 
system. The reflection coefficients are measured by an ME7808A vector network analyzer, 
and the polarizations of the horn antenna are controlled by the angle θ. The measurement 
process is shown in Figure 28(a). To obtain a systematical performance of the PBS system, 
three cases with horizontal, vertical, and hybrid polarizations are considered and measured. 
Under illuminating of a horizontal polarization with θ = 0°, Figure 28(b) provides the simu‐
lated and measured reflection coefficients as a function of frequency. There is a good agree‐

Figure 27. The topology of the unit cell and photograph of the fabricated sample [38]. (a) The top view and (b) the side 
view of the super unit cell; (c) the photograph of the fabricated sample.
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ment between the numerical and measured results. The working bandwidth, ordered by the 
10 dB return loss, is about 1.57 GHz (from 8.76 to 10.33 GHz) for the simulation, whereas it is 
1.77 GHz (from 8.62 to 10.39 GHz) in measurement. The bandwidth of the PBS is affected by 
the intersection of the transparency windows of the selected elements. As can be seen from 
Figure 28(c), the PBS is illuminated by the vertically polarized plane wave with θ = 90°. The 
slight nonuniformity between the numerical result and measured result is mainly attributed 
to the fabrication errors. The impedance bandwidth varies from 8.62 to 10.22 GHz and 8.6 to 
10.22 GHz for the simulated and measured results, respectively, with the relative bandwidth 
corresponding to 16.99 and 17.20%. Finally, we rotate the horn antenna by θ = 45° to obtain a 
hybrid EM wave. The results are shown in Figure 28(d). The 10‐dB impedance bandwidth can 
be observed clearly as 18.81 and 18.66% for the simulated and measured results, respectively. 
We can conclude that the designed PBS is insensitive to the polarization of the incident waves, 
and the PBS has a relatively wide bandwidth.

Then, we examine the 3D far‐field patterns of the novel PBS at its working frequency of 
10 GHz under excitation of differently polarized waves. Without the TGMS, the horn antenna 
radiates a narrow beam along the z‐direction, which can be demonstrated in Figure 29(a). 
Shining the TGMS with an x‐polarized incident wave, the transmitted beam is deflected to 
an angle with θ1 = ‐26.7°, which is consistent with the theoretical prediction, as shown in 
Figure 29(b). One point should be highlighted that the side lobe level has not been dete‐
riorated due to the precise design of the PBS. Shining the TGMS with a y‐polarized incident 
wave, the radiation beam propagates along θ2 = 27°, which shows good agreement with the 
theoretical value based on Eq. (8) for a second time. Finally, the hybrid polarizations are used 

Figure 28. The measurement process of the designed PBS and simulated and measured reflection coefficients for 
differently polarized incident waves [38]. (a) The measurement process of the designed PBS; the simulated and measured 
reflection coefficients under illumination of the (b) horizontal, (c) vertical, and (d) hybrid polarizations.
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to excite the PBS. Figure 29(d) shows two separated beams along the x‐ and y‐directions. 
Here, two points should be highlighted. First, the two deflected beams have consistent radia‐
tion angles with the theoretical values, which demonstrate the reasonable of the PBS design. 
Second, the radiation dip between the two main lobes is 30 dB lower than that of the radiation 
peaks, which indicates an excellent polarization splitting performance. To summarize, the 
well‐designed PBC is able to split the orthogonally polarized wave successfully.

Next, we evaluate the 2D radiation patterns of the novel PBS through the far‐field measure‐
ment system in an anechoic chamber. Here, three excitation polarizations are considered to 
investigate the far field performances of the designed PBS, as the simulated and measured 
results shown in Figure 30. The measured results coincide well with the simulation except the 
radiation pattern in the xoy plane as shown in Figure 30(c). The measured beam radiates along 
θ1 = ‐30°, which is slightly departed from the simulated result with θ1 = ‐27°. The difference 
comes from the inherent errors in measurement. In all simulated cases, the levels of the sidelobe 
are at least 12 dB lower than that of the mainlobe, while it is better than 10 dB for the measured 
case. Moreover, the front‐to‐back ratio is about 16 (13) dB for the simulation (measurement). 
The cross‐polarization levels for all cases remain less than 15 dB. The good performances of the 
designed PBS provide potential applications in wireless communication systems.

The polarization splitting ratio, defined as the radiation gain between two separated radia‐
tion beams, is a very important factor for the PBS. We simulate and measure the radiation 

Figure 29. The simulated 3D far‐field radiation pattern operating at 10 GHz [38]. (a) The radiation pattern of the bare 
horn antenna; the 3D patterns of the PBS excited by the (b) horizontally polarized, (c) vertically polarized, and (d) the 
hybrid polarized waves.
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patterns at the conical surface θ = ‐27° to evaluate the polarization splitting ratio. As shown in 
Figure 31, the dip between two radiation peaks is about 30 (18) dB for the numerical (experi‐
mental) result, which can evaluate the beam separation degree clearly. Finally, we measure 
the working bandwidth of the designed PBS by examining the radiation patterns under dif‐
ferent polarizations, as the results shown in Figure 32. We can see obviously that similar 

Figure 30. The simulated and measured 2D radiation patterns operating at 10 GHz [38]. The 2D radiation patterns of the 
PBS excited by the (a) horizontally polarized wave, (b) vertically polarized wave, and (c, d) the hybrid polarized wave.

Figure 31. The simulated and measured polarization separation ratios operating at 10 GHz [38].
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radiation patterns are detected between 9.6 and 10.2 GHz for both horizontal polarization and 
vertical polarization, respectively. The half‐power beam width (HPBW) is evaluated as about 
16° in all cases. The radiation direction of the measured deflected beams varies ‐26.5° at 9.6 
GHz to ‐28° at 10.2 GHz for the horizontal polarization, while it changes from 27° at 9.6 GHz 
to 29° at 10.2 GHz for the vertical polarization. The working bandwidth is obtained of about 
600 MHz, corresponding to 6%.

In summary, we propose a new strategy to design the PBS aiming at reducing the structure 
thickness, realizing good polarization splitting ratio, and also high efficiency. A TPGM is pro‐
posed based on a carefully designed element, which realizes a high transmission coefficient 
of more than 0.8, a wide phase variation range over 330° and also a polarization‐independent 
property. The TPGM achieves good beam separation performances as excited by different 
polarizations. Launched by a wideband horn antenna with a suitable length, an ultra‐thin PBS 
is designed, fabricated, assembled, and measured. Numerical and experimental results show 
that the PBS can deflect incident waves with different polarizations to different directions 
with high polarization splitting ratio.

5. Conclusions

In this chapter, we have reviewed our recent efforts in utilizing electrically small meta‐sur‐
face elements to improve antenna performances and design functional devices, among which 
three most important aspects have been investigated in depth. First, the constitutive mate‐
rial parameters are controlled by the proposed MED‐WG‐MS elements, achieving a compact 
microstrip antenna with enhanced bandwidth. Second, fractal meta‐surface and fractal reso‐
nator are combined to achieve a CP antenna with a low profile. Third, a high‐performance 
PBS has been proposed based on the TGMS, which shows advances in many aspects such as 
separating and controlling the orthogonally polarized waves with a polarized splitting ratio 
better than 18 dB, obtaining a comparable bandwidth of more than 600 MHz, and also gaining 

Figure 32. The measured 2D far‐field radiation patterns at frequencies changing from 9.6 to 10.2 GHz [38]. The radiation 
patterns under illumination of (a) TE polarized wave and (b) TM polarized wave.
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high transmission efficiency. Our results pave a new avenue for both engineers and scientists 
to realize their devices or demonstrate their findings.
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Abstract

In this chapter, a simple spiral/loop antenna radiating circular polarization is intro‐
duced. Circularly polarized antennas are complex structures in general because they
are constituted by two or more antennas in multilayer structures or employ phase‐
shifting circuits. For this reason, the circularly polarized antennas are too complex to be
applied to mobile communication devices such as radiofrequency identifier (RFID) and
global  positioning  system  (GPS)  handy  terminals.  Simpler  and  easier  circularly
polarized antennas are necessary for these devices. The presented circularly polarized
antenna is so simple that it is printable, and it has only one port that can be fed through
a coaxial cable directly. In the first section, the necessity of the circularly polarized
antennas for modern antenna systems is explained. Then, the historical conventional
antennas are introduced by referring to important publications. In the second section,
the novel simple circularly polarized antenna invented by the author will be presented.
The basic structure of the presented antenna and its principle will be explained. In the
third section, a feeding mechanism to feed the presented antenna through a coaxial cable
will be presented. In conclusion, detailed characteristics of the presented antennas will
be summarized.

Keywords: circularly polarized antennas, spiral antennas, loop antennas, planar an‐
tennas, wire‐printed antennas, coaxial cable feedings, RFID, GNSS

1. Introduction

The popularity of circularly polarized (CP) antennas is increasing because the use of CP waves
is thought of as a good way to eliminate the null angle of radiofrequency (RF) transmission
signals. In particular, the necessity of small and simple CP antennas is increasing by the year

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

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



as mobile communication devices are being equipped with radiofrequency identifier (RFID)
systems and global navigation satellite systems (GNSSs). The recent technological evolution,
such as wireless power transmission and wireless links between electric appliances, equips us
with the motivation to develop compact and high‐performance CP antennas.

Figure 1. The turnstile antenna invented by Brown, which is recently called the crossed dipole.

Figure 2. The crossed dipole being spaced by a quarter wavelength instead of using a phase shifter.

The crossed‐dipole antenna is the most well‐known circularly polarized antenna, which was
invented in 1936 by Brown [1–3] as “the turnstile antenna.” Brown’s idea is that two half
wavelength dipoles crossed and fed with 90° phase differences, as shown in Figure 1, are the
simplest way to make good circularly polarized (CP) waves. Recently, we call this turnstile
antenna as the “crossed dipole.” In addition, being spaced by a quarter wavelength as shown
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in Figure 2, the crossed‐dipole antenna no longer needs to be fed with a 90° phase‐shifting circuit.
Although the crossed‐dipole antenna has become a basic structure of many CP antennas, its
beamwidths of CP waves are generally narrow.

Radiating CP waves with wide beamwidths is also a necessary requirement for CP antennas.
The Lindenblad antenna [4] is famous as an omnidirectional CP antenna, which is constituted
by radially placing two or more sets of crossed dipoles tilted slightly from the transmitting
direction, as shown in Figures 3 and 4, for omnidirectional CP radiation. In addition, consti‐
tuted by folded antennas instead of dipoles [5], as shown in Figure 5, the Lindenblad antenna
radiates with higher gain because its impedance becomes higher. Although the crossed‐dipole
antenna and the Lindenblad antenna are basic arrangements of CP antennas, it is difficult to
make them so compact that they can be installed inside mobile communication devices.

Figure 3. An outline structure of the Lindenblad antenna.

Figure 4. The side view of the Lindenblad antenna shown in Figure 3.
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Figure 5. The crossed dipoles or the Lindenblad antenna which is constituted by folded antennas instead of dipoles.

Microstrip patch antennas are a good structure to make thin antennas. Many structures of
microstrip patch antennas radiating CP waves were proposed [6]. However, their impedance
bandwidths and beamwidths are narrow. Moreover, they need wide enough ground planes.
For these reasons, microstrip patch antennas are not suitable for making a printable planar
antenna on a one‐layer film, which is considered a desirable structure as a built‐in antenna for
mobile communication devices. Therefore, a new idea for antenna structures is needed for
making a compact printable omnidirectional CP antenna.

Based on the previous discussions, the author chose loop antennas as a basic structure for
developing a new CP antenna because loop antennas are generally thought of as being thin
and capable of being miniaturized easily, having wide impedance bandwidths, wide beam‐
widths, and high impedance. First, a loop antenna was arranged like a cross shape for radiating
CP waves. Second, the cross‐shaped loop antenna (CSA) was fed by a dipole antenna for
achieving wide beamwidths, multipolarization, and stable feedings. In the next section, the
development procedure and principle of these new antennas are explained.

2. Cross-shaped loop antenna

The basic structure of the CP antenna invented by the author is introduced. As mentioned
before, the author invented a CP antenna based on loop antennas [7]. The antenna is constituted
by a loop antenna arranged like a cross shape; therefore, the antenna is called the “cross‐shaped
loop antenna (CSA)”. Its outline structure is shown in Figure 6. The principle of this CSA is
based on the crossed‐dipole antenna. This means that the antenna is constituted by two crossed
elements being fed with a 90° phase difference. Although making a cross‐shaped element is
easy, feeding it with different phases is a difficult problem.

First, let us think about CSA’s structure. As already mentioned, CSA is constituted by ar‐
ranging a single‐turned loop like the cross shape. This means that CSA is completed by
turning an electric wire along the outer side of the cross. As a result, CSA is formed by a
horizontal element and a vertical element like the crossed‐dipole antenna. There are two
main differences between CSA and the crossed‐dipole antenna: (1) folded antennas are used
instead of dipole antennas and (2) CSA is made by connecting folded antennas in series,
while the crossed‐dipole is made by connecting dipole antennas in parallel.
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Figure 6. The outline structure of CSA.

Second, let us think about the feeding port of the CSA. To make a compact printable antenna,
the horizontal element needs to share its port and plane with the vertical element. The author
thought that Bolster’s idea [8] would solve this problem. Bolster said that a crossed‐dipole
antenna can be constituted on the same plane that shares the same port, if the admittance of
the horizontal element and that of the vertical element is set to the same conductance, and the
arguments have a 90° difference. From this, the author had the idea that CSA could be
considered because two‐folded antennas are connected in a series as sharing one feeding port,
if the feeding port was put in the joint between the upper element and the right element.
Figure 7 shows the equivalent circuit of CSA.

Figure 7. The equivalent circuit of CSA.
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According to Bolster’s idea, CSA will radiate good CP waves, if the impedances of the
horizontal element and vertical element are set as to be close and the arguments are set to a
180° difference. Then, the length of the horizontal folded antenna and that of vertical folded
antenna are chosen by Figure 8, which shows moduli and arguments of a folded antenna’s
impedance with various lengths L. For example, the horizontal length should be Lx marked in
Figure 8, if the vertical length is chosen as Ly. Their impedance moduli |Zx| and |Zy| are close,
and impedance arguments arg|Zx| and arg|Zy| are in almost 180° difference.

Figure 8. Moduli and arguments of a folded antenna’s impedance with various lengths L.

Note that the wavelength λ is defined as the following equation (1):

r
cλ .e=
f (1)

f is a frequency, c is the light velocity, and εr is a relative permittivity of a dielectric substrate
on which antennas are constituted. The results in Figure 8 were calculated when the thickness
and relative permittivity of the dielectric substrate were defined as 1.6 mm and 4, respectively.
All simulation results shown in the chapter are calculated by Sonnet 16.52.

The characteristics of CSA whose measurements are set based on this procedure are as follows:
Figure 9(a) shows S11 characteristics and Figure 9(b) shows radiation patterns. Note that the
detailed measurements of CSA are shown in Table 1, and λ is the wavelength of the center
frequency f0. CSA radiates right‐handed CP waves around the frequencies in which S11 is lower
than −10 dB.
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Lx Ly s d

0.448 λ 0.561λ 0.8 mm 1.0 mm 0.2 mm

Table 1. The detailed measurements of the CSA, when εr = 4.0 and thickness t = 1.6 mm of the dielectric substrate.

Figure 9. Characteristics of CSA whose measurements are set as shown in Table 1: (a) S11 characteristics, and (b) radia‐
tion patterns at f = f0 and φ = 0°.

Figure 10. Two optional structures of CSA.
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In fact, there are some more possible combinations of the horizontal length and vertical length.
Figure 10 shows two additional combinations of those lengths, and Figure 11 shows charac‐
teristics of these CSAs. This means that you can choose the CSA from two optional structures
depending on the space: a rectangle or a square space, assigned to the CSA. Moreover, if the
horizontal length is shorter than the vertical length, the CSA will radiate right‐hand CP (RHCP)
waves. On the other hand, if the horizontal length is longer than the vertical length, CSA will
radiate left‐hand CP (LHCP) waves.

Figure 11. Characteristics of the two optional structures of CSA as shown in Figure 10: (a) S11 characteristics, and ( b)
radiation patterns at f = f0 and φ = 0°.

Let us arrange the CSA prototype using a printed circuit board (PCB). Wavelengths shorten
when the CSA is formed on a PCB and the feeding port cannot be put at the symmetrical center
of the CSA. For these reasons, the prototype CSA has to be tuned in the exact frequency by
adjusting its measurements. As a result, you get the final structure of a CSA as shown in Figure
12 and Table 2. Note that PCB is used whose εr is 4.4, tanδ is 0.016, and thickness is 1.6 mm.
S11 characteristics and radiation patterns of this CSA prototype are shown in Figures 13(a) and
(b), respectively. In Figures 13(a) and (b), simulation results are compared with measurement
results.

Lx Ly Ly1 Ly2 sx (mm) sy (mm) 1 (mm) 2 (mm) sb (mm) L3 d (mm)

0.244 λ 0.628 λ 0.305 λ 0.281 λ 3.0 1.0 1.4 1.0 0.6 0.105λ 2.2

Table 2. The detailed measurements of the CSA prototype when the dielectric substrate is used whose εr is 4.4, tanδ is
0.016, and thickness is 1.6 mm.

These results show that CSA radiates CP waves at f0 in which S11 reached −10 dB: the 3‐dB axial
ratio beamwidth is 100° and the 10‐dB impedance bandwidth is 3%. There are some differences
between the simulation and measurement results. These differences occur because the
simulation results are calculated by feeding CSA through an ideal balanced port. On the other
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hand, measurement data are obtained by feeding CSA through a coaxial cable. These results
show that the balance of the feeding port is important for CSA. Therefore, CSA is a simple CP
antenna for application using balanced ports such as RFID tags.

Figure 12. The structure of the CSA prototype.

Figure 13. Characteristics of the CSA prototype as shown in Figure. 12: (a) S11 characteristics, and ( b) radiation pat‐
terns at f = f0 and φ = 0°.
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As a matter of fact, there are many applications in which coaxial cables are thought of as a
useful feeding way. However, CSA needs to be fed through balanced ports. Measurement
data in Figure 13(b) show that CSA no longer radiates CP waves, if it is fed through a coaxial
cable without any treatments. In the next section, the feeding mechanism, which makes it
possible to feed CSA through a coaxial cable, will be suggested. The feeding mechanism should
be simple but helps CSA to radiate CP waves even if it is fed through a coaxial cable.

3. Dipole-fed cross-shaped spiral antenna

A simple way to feed CSA through a coaxial cable is discussed in this section. As mentioned
before, the balance of the port is extremely important for CSA. For this reason, baluns,
balanced‐unbalanced transformers, are needed in general to feed CSA through a coaxial cable.
However, baluns tend to need wider spaces than antennas. If the size of a balun becomes the
same size as CSA, the usefulness of CSA’s simple structure will be lost. Therefore, the feeding
mechanism, which is as simple as possible, can be incorporated into CSA as its elements should
be invented.

Figure 14. The structure of DFCSA.
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Feeding loop antenna indirectly by using monopole elements suggested by Nakano is famous
[9]. This is a feeding mechanism where a monopole element connected to a coaxial cable is put
close to a loop antenna. Although this method could be used for CSA, it would need thick
substrates and a ground plane. To keep CSA as a thin structure, the author tries to feed CSA
by using a dipole antenna. The author also thought that a dipole antenna will work not only
as a feeder but also as a radiator, if used for CSA.

In fact, putting a dipole antenna close to a loop antenna is difficult because they interfere with
each other. This means that they no longer behave as they should. To solve this problem, gaps
are made in CSA. Figure 14 shows a representative structure of CSA fed with a dipole feeder.
This antenna is named the dipole‐fed cross‐shaped spiral antenna (DFCSA). A dipole feeder
is located in the center of CSA. The dipole feeder has a feeding port. CSA is turned around the
dipole feeder in a cross shape. CSA does not have any feeding ports.

Next, two gaps are made at the CSA’s joint between the upper element and the right element
and between the lower element and the left element to avoid interference between the dipole
antenna and CSA. S11 characteristics of DFCSA are shown in Figure 15 when its measurements
are set as shown in Table 3. S11 characteristics show that DFCSA has three resonant frequencies.
Radiation patterns of each resonant frequency are shown in Figure 16. These results show that
DFCSA radiates linear polarized (LP) waves at the lowest and highest frequencies and radiates
CP waves at the middle frequency.

Figure 15. S11 characteristics of DFCSA.
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Lx Ly Ld sx (mm) sy (mm) w (mm) s4 (mm) L4 (mm)

0.668 λ 0.657λ 0.577λ 3.0 2.0 1.0 0.3 5.0

Table 3. The detailed measurements of the DFCSA when εr = 4.4, tanδ = 0.016, and thickness t = 1.6 mm of the dielectric
substrate.

Figure 16. Radiation patterns at three resonant frequencies.

To validate the effectiveness of the dipole feeder, the measurement results are compared with
the simulation results in Figure 15 and 16. In S11 results, there are some differences around the
highest resonant frequency. This is because the dipole feeder works as a radiator around this
frequency. Measurement radiation patterns show that DFCSA radiates CP waves at the middle
resonant frequency and LP waves at the lowest and highest frequencies. For these reasons, the
dipole feeder works well not only as a feeder for a coaxial cable but also as a radiator for LP
waves.

To conclude, the mechanism of the dipole feeder is discussed. According to the structure of
DFCSA, the dipole feeder seems to work like a microstrip balun constituted by the quarter‐
wavelength coupler of a dipole and CSA [10]. However, the reason why a dipole feeder helps
feed CSA through a coaxial cable is simpler [11]. The measurement data in Figure 16 show that
radiation patterns of RHCP waves tilt by a few degrees. This is because CSA’s right element is

Modern Antenna Systems140



Lx Ly Ld sx (mm) sy (mm) w (mm) s4 (mm) L4 (mm)

0.668 λ 0.657λ 0.577λ 3.0 2.0 1.0 0.3 5.0

Table 3. The detailed measurements of the DFCSA when εr = 4.4, tanδ = 0.016, and thickness t = 1.6 mm of the dielectric
substrate.

Figure 16. Radiation patterns at three resonant frequencies.

To validate the effectiveness of the dipole feeder, the measurement results are compared with
the simulation results in Figure 15 and 16. In S11 results, there are some differences around the
highest resonant frequency. This is because the dipole feeder works as a radiator around this
frequency. Measurement radiation patterns show that DFCSA radiates CP waves at the middle
resonant frequency and LP waves at the lowest and highest frequencies. For these reasons, the
dipole feeder works well not only as a feeder for a coaxial cable but also as a radiator for LP
waves.

To conclude, the mechanism of the dipole feeder is discussed. According to the structure of
DFCSA, the dipole feeder seems to work like a microstrip balun constituted by the quarter‐
wavelength coupler of a dipole and CSA [10]. However, the reason why a dipole feeder helps
feed CSA through a coaxial cable is simpler [11]. The measurement data in Figure 16 show that
radiation patterns of RHCP waves tilt by a few degrees. This is because CSA’s right element is

Modern Antenna Systems140

fed indirectly through the dipole’s right element, which is connected to the outer conductor of
the coaxial cable. In the same manner, CSA’s left element is fed indirectly through the dipole’s
left element, which is connected to the center line of the coaxial cable. Although the current
amplitude of the dipole’s right element is different from that of the dipole’s left element, there
is no difference between the current phase of the right’s dipole and that of the left’s dipole. For
this reason, the radiation directivity rotates some angles toward the direction of the right dipole
element. This rotation angle is about 5°. The dipole feeder helps to reduce the effect of an
unbalanced feed.

4. Concluding remarks

The simple CP antenna (CSA) and its principle were introduced. The fact that CSA was a
printable antenna, which can be constituted on a single side of a circuit board without ground
plane, was shown. When CSA was applied to antenna systems using balanced ports, it radiated
good CP waves; the 3‐dB axial ratio bandwidth was 1.5%, the 3‐dB beamwidth was 100°, and
the 10‐dB impedance bandwidth was 3%. The maximum radiation gain and efficiency at the
center frequency were, respectively, 0.96 dBi and 85% when the size of the antenna was about
the square of the quarter wavelength.

An applied structure of CSA, which can be fed through a coaxial cable, was presented. The
applied CSA was achieved by incorporating the dipole feeder into CSA. For this reason, the
antenna was named the dipole‐fed CSA (DFCSA). DFCSA radiated good CP waves without
deterioration of S11 characteristics, even when it was fed through a coaxial cable. The merit of
using the dipole feeder was that CSA developed into a multipolarization antenna. DFCSA had
three resonant frequencies in S11 characteristics and radiated CP waves at one of them and LP
waves at the others. The detailed characteristics of DFCSA are shown in Table 4.

Frequency f/f0 1 0.7 1.146

Polarization CP LP LP

Gain −3 dBi 0 dBi 1.7 dBi

Efficiency 48% 76% 87%

Bandwidth Axial ratio <3 dB 0.6% – –

S11 < −10 dB 1.3% 2% 12%

Beamwidth 95° Omnidirectional 100°

Table 4. Characteristics of DFCSA.

To my knowledge, CSA is the simplest CP antenna. It has multiple advantages: (1) it can be
fed through not only balanced ports but also unbalanced ports, (2) it can radiate CP waves
with a wide beamwidth, and (3) it can be developed into multiband and multipolarization
antennas. It also has the large possibility of being flexibly modified to any structures and to be
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made electrically small in structure in future studies. The representative structures of CSA and
DF‐CSA are only some examples, which have not been miniaturized yet. They can be minia‐
turized by using shortening methods of dipole elements. Miniaturized structures, which can
be called as electrically small ones, are going to be suggested in the author’s next publications.
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Abstract

A novel omnidirectional circularly polarized (CP) slot array antenna with high gain is 
proposed, which is based on the coaxial cylinder structure, and the orthogonal slots radi‐
ated the circular polarization wave around the cylinder. Further, the improved dual cir‐
cularly polarized (CP) omnidirectional antenna based on slot array in coaxial cylinder 
structure is presented too, and two ports are assigned in its two side as left hand circu‐
larly polarized (LHCP) port and right hand circularly polarized (RHCP) port, respec‐
tively. The simulation and experiment results show their novelty and good performance 
of omnidirectional circular polarization with about 5 dBi gain in 5.2–5.9 GHz.

Keywords: omnidirectional circularly polarized (CP) antenna, slot array

1. Introduction

Omnidirectional circularly polarized (CP) antenna is a very good choice for wireless transmis‐
sion and fast networking in wireless communication, which provides omnidirectional cover‐
age, and is insensitive to the orientations of the waves. In addition, the circularly polarization 
will suppress the multipath interference in the complex environment [1].

In recent years, many kinds of omnidirectional CP antennas are investigated for the develop‐
ment of communication technology. In references [2–4], some planar microstrip omnidirec‐
tional CP antennas with dual‐band are proposed, which are small, but the work bands are 
narrow. In references [5, 6], the omnidirectional CP dielectric resonator antennas (DRAs) are 
proposed, whose size is very small for the high permittivity, and their available impedance 
bandwidth can reach to 20% while the CP bandwidth is only 3–8% for the 3‐dB axial‐ratio 

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



(AR). In reference [7], a CP antenna is designed which combines monopole and loop radia‐
tors to realize omnidirectional CP property, and the impedance bandwidth is about 15%. In 
reference [8], a compact size omnidirectional CP antenna is studied, in which four bended 
monopoles are simultaneously excited by feeding network. A broadband omnidirectional CP 
antenna is proposed in [9], of which the impedance bandwidth reaches to 45%, but its gain is 
not stable and high in the available bandwidth.

In another side, for a RF receiver which needs to receive electromagnetic signals with any 
polarizations mode and from any directions on the ground, the dual CP omnidirectional 
antenna is also very significant and valuable. The dual CP omnidirectional antenna is widely 
used, such as in wireless communications, radio broadcasting, and navigation radar [1, 
11, 12]. In recent years, there are many researches about omnidirectional antenna and CP 
antenna. In reference [3], a miniaturization of omnidirectional CP antenna relies on folding 
the antennas patch underneath itself, decreasing overall footprint, which is small, but with a 
narrow bandwidth of only 0.6% (2.392–2.407 GHz) and the axial ratio in some directions of 
the omnidirectional plane is higher than 3 dB. For the antenna proposed in reference [13], by 
introducing several inclined slits to the diagonal and sidewalls of the rectangular dielectric 
resonator (RDR) and also deducting a rectangular part of the top wall of the linearly polarized 
(LP) rectangular dielectric resonator antenna (RDRA), degeneracy modes are excited to gener‐
ate the circularly polarized (CP) fields, while the bandwidth is narrow and the gain fluctua‐
tion in the omnidirectional plane is higher than 5 dB from the results of the radiation patterns, 
so it does not perform well in the omnidirectional character. Literature [14] reports a dual CP 
antenna which is excited at the second‐order mode to generate the conical radiation pattern 
and is fed by a hybrid coupler to obtain the dual CP operation, but it realizes a conical beam 
instead of an omnidirectional coverage radiation pattern. There are only a few researches 
about omnidirectional dual CP antenna. In literature [15], an omnidirectional dual‐band 
dual circularly polarized microstrip antenna is proposed, while the dual circularly polariza‐
tion means that the antenna provides different single RHCP and LHCP in its two different 
bandwidths, respectively, so it is single circularly polarized antenna in the specific frequency 
bandwidth actually. In reference [16], a dual‐CP omnidirectional antenna is proposed, which 
consists of four tilted dipoles with parasitic elements for each sense of circular polarization.

To achieve compact omnidirectional CP antenna and to overcome the shortcomings of previ‐
ous antenna listed above, here we design two kinds of omnidirectional circularly polarized 
slot array antenna, one is single CP polarized antenna, and the other one is the dual CP omni‐
directional antenna. So in this chapter, the antenna design includes two parts:

1. An omnidirectional circularly polarized slot array antenna with high gain in a wide 
bandwidth.

2. Dual circularly polarized omnidirectional antenna with slot array on coaxial cylinder.

In the first part of this chapter, we propose our idea of omnidirectional circularly polarized 
slot array antenna, continually, introduce the design principle of this CP antenna, and the 
method to design the omnidirectional CP antenna. Later, an example is given, and the experi‐
mental results show its novelty and good performance.
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In the second part of this chapter, we introduce the antenna with two ports in its two sides to 
realize dual circular polarization, and these two ports are assigned in its two side as left hand 
circularly polarized (LHCP) port and right hand circularly polarized (RHCP) port, respec‐
tively. The design principle is much the same with the first antenna presented but much more 
simple and symmetric. And detailed mathematical derivation is presented to prove the anten‐
na's circular polarization property. Same as the first part of this chapter, results and discus‐
sion are presented in the final of the section to show its novel performance.

2. An omnidirectional circularly polarized slot array antenna with high 
gain in a wide bandwidth

In this section, a novel omnidirectional CP antenna based on the coaxial cylinder waveguide 
with slots array around the cylindrical conductor shell is designed. The CP wave is radiated 
by the four orthogonal slots pairs with a wavelength interval around the cylinder shell, and 
combined the omnidirectional CP wave. Four ring slot pairs along the axis construct a slot 
array around the cylinder shell that achieves the stable high gain. Furthermore, it is conve‐
nient to increase or reduce the number of the basic slot array elements along the axis to adjust 
the antenna gain for wider application.

2.1. Antenna structure

The structure of the proposed omnidirectional CP antenna is shown in Figure 1. It is based 
on the slots array in the coaxial cylinder, and the interval of the inner and outer conductors 
is filled by Teflon. The thickness of the outer cylinder conductor is t = 1.5 mm. The antenna 
includes three parts: radiation slot array, impedance matching part, and feeding part.

The orthogonal slot pairs are the basic radiation elements that are symmetrically distributed 
around the cylinder conductor shell, as shown in Figure 1. These elements will radiate the 
omnidirectional CP wave. Four of the basic radiation elements group along the axis constructs 
the slot array.

Figure 1. Geometry of the omnidirectional CP antenna. (a) Side view. (b) A‐A section view. (c) B‐B section view.
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In Figure 1(b), three coaxial cylinders L1, L2, and L3 form the impedance matching part. In 
order to install the small SMA adaptors with a characteristic impedance of 50 Ω to the large‐
size radiation part with an input impedance varying with the frequency, the coaxial cylinders 
L1, L2, and L3 with optimized characteristic impedance and electrical length are designed 
based on the theory of transmission line.

The feeding part L4 is a coaxial tapered line with stable characteristic impedance by keeping 
a constant ratio of outer and inner radius, which will connect the small‐size SMA adaptor to 
the large‐size matching part.

2.2. Design principle

The geometry structure of the slot pairs are shown in Figure 2. One slot tilts at 45°, while the 
other tilts at ‐45°. Moreover, they are placed with interval   λ  g   / 4  (  λ  g    is the medium wavelength) 
distance along the axis, and the waves radiated from the slot pairs are orthogonal to each 
other with 90° phase difference, so that they achieve the RHCP property [10]. In another side, 
the slot is equivalent to a magnetic current source like a dipole tilted at an angle of 45°, the slot 
is designed with length   L  s   = 2  λ  g   / 2 .

Four of the slot pairs uniformly distributed around the cylinder conductor shell can be 
regarded as the basic omnidirectional CP element which is shown in Figure 1(c). For 
high‐gain, four rounds of the basic elements along the axis construct the slot array in 
Figure 1(b).

The four rounds of elements are placed at an interval distance   W  g   =  λ  g   , so that the waves 
radiated from every element of the slot array keep the same phases. The filled substrate is 
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λ  0    (  λ  0    is the space wavelength). While the slot element close to the end is unique as shown 
in Figure 2(b), it is cut at a length as shown in Figure 2(a). The end element is practically 
like a matched load to radiate electromagnetic wave and relieves the reflected wave in the 
shortened terminal of the coaxial cylinder, which ensures the traveling wave running in this 
structure and improves radiation efficiency of the antenna. So, the antenna performs stable 
high gain in a wide CP and impedance bandwidth.

2.3. Simulate verification

The omnidirectional CP antenna is simulated and optimized using CST Microwave Studio 
software based on the finite integration technique (FIT). The optimized geometric parameters 
are summarized in Table 1.

Figure 3 shows the magnetic field distribution of the antenna at t = 0, T/4, T/2, 3T/4. In order 
to clearly explain the working principle of the antenna, the magnetic fields on the A‐A section 
and B‐B section of the antenna are shown in Figure 3. The magnetic fields on the B‐B section 
of the antenna in turn at t = 0, T/4, T/2, 3T/4 display how the omnidirectional CP waves are 
formed by the basic omnidirectional CP elements in a whole period time (T). The magnetic 
fields on the A‐A section of the antenna detailed shows that the radiated waves always keep 
the same phase in every slot element. Therefore, the cylindrical slot array antenna performs a 
stable high gain in the available bandwidth.

  D  
o
   32 mm D4 10 mm

  D  
i
   6 mm L1 6.1 mm

L 161.1 mm L2 15.8 mm

  W  
g
   1 39.59 mm L3 13.2 mm

  W  
g
   2 42.27 mm L4 40 mm

  W  
g
   3 35.77 mm Ls 23.7 mm

Hg 14 mm Ws 4.5 mm

D1 4.2 mm H 11.8 mm

D2 8.7 mm Dg 3.6 mm

D3 7.6 mm ds 1.65 mm

 β 45°

Table 1. Optimized geometric parameters of the omnidirectional CP antenna.
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At t = 0, the magnetic fields are strongest and outward in each slot close to the feeding port, while 
the fields in the end slot is very weak, as shown in Figure 3(a). At this time, every slot radiates a 
45° linear polarized wave. At t = T/4, the magnetic fields are the strongest and in outward direction 
in every slot close to the terminal, while the fields in the slot near the feeding port is very weak as 
shown in Figure 3(b). At this time, every slot radiates a ‐45° linear polarized wave. At t = T/2 and t 
= 3T/4, the magnetic fields vary in the opposite direction as shown in Figure 3(c) and (d), respec‐
tively. Thus, there is always a 90° phase difference between the 45° linear polarized wave and the 
‐45° linear polarized wave in all of the slot pairs around the coaxial cylinder.

2.4. Results and discussion

Simulated and measured results of the proposed antenna are presented in this section. 
Figure 4 shows the test scenario of the omnidirectional CP antenna.

Figure 3. Magnetic fields distribution in (right) A‐A section and (left) B‐B section of the antenna. (a) t = 0. (b) t = T/4. (c) 
t = T/2. (d) t = 3T/4.
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Figure 5. Measured and simulated of the omnidirectional CP antenna.

Figure 4. Photograph of the omnidirectional CP antenna being tested in the anechoic chamber.
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The simulated and experiment measured return loss are shown in Figure 5. It can be 
observed that the measured impedance bandwidth of   S  11   < − 10  dB is 16.4% ranging from 
5.05 to 5.95 GHz. The measured result shows the same trend with the simulated result, but 
slightly deflected to the high frequency. It may be because the medium of Teflon is impure, 
and the real permittivity value of   ε  r    is smaller than the simulated value of   ε  r   = 2.1 . The 
simulation and experiment average axial ratio and gain in the horizontal plane (xy‐plane) 
is drawn in Figure 6. The experiment measured gain varies from 5 to 7 dBic in 5.1–5.9 GHz, 
and the average ARs below 3 dB is in 5.1–5.9 GHz. Note that the gains of the experiment 
are 0.8 dB smaller than simulated near the center frequency, and the average ARs are some 
worse than the simulated results. Besides the imprecise dialectical constant and the experi‐
ment error, the reason for these differences between measured and simulated results is 
mainly attributed to the manufacturing error because the performance of the antenna is 
sensitive to the slots size. Generally, the proposed antenna achieves the stable high gain 
within the available bandwidth. Figure 7(a)–(c) shows the simulated RHCP and left‐hand 
CP (LHCP) normalized radiation patterns in the omnidirectional plane (xy‐plane), E‐plane 
(yz‐plane), and normalized experimental radiation patterns at 5.2, 5.5, and 5.8 GHz, respec‐
tively. In Figure 7, the cross‐polarization in the omnidirectional plane is lower by 16 dB than 
the copolarization, and the radiation efficiency is 94% in the operating band 5.1–5.9 GHz. 
The measured and simulated results are very consistent, and the variation in the omnidi‐
rectional plane is very small, which means that the proposed antenna has good omnidirec‐
tional characteristics.

Figure 6. Measured and simulated gain and average axial‐ratio results of the omnidirectional CP antenna.
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Figure 7. Simulated RHCP and LHCP normalized radiation patterns and measured normalized radiation pattern in the 
E‐plane (yz‐plane on the left) and the omnidirectional plane (xy‐plane on the right). (a) 5.2 GHz. (b) 5.5 GHz. (c) 5.8 GHz.
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3. Dual circularly polarized omnidirectional antenna with slot array on 
coaxial cylinder

Further, we introduce the dual circularly polarized omnidirectional antenna which has two 
ports in its two sides to realize dual circularly polarized property. The two ports are assigned 
in its two sides as left hand circularly polarized (LHCP) port and right hand circularly polar‐
ized (RHCP) port, respectively. The proposed antenna achieves a bandwidth of 16.4% ranging 
from 5.05 to 5.95 GHz with an isolation higher than 15 dB between the two CP ports, and the 
return loss (RL) is lower than ‐10 dB within the bandwidth in both of the two ports. From the 
measured results, the average axial ratio (AR) of the proposed antenna in omnidirectional 
plane is lower than 1.5 dB.

3.1. Antenna structure

As shown in Figure 8, the proposed dual omnidirectional CP antenna is based on the single 
CP omnidirectional antenna represented in literature [17] constructed with coaxial cylinder 
structure. Two ports are assigned in the two sides of the coaxial cylinder as left hand circularly 
polarized (LHCP) port and right hand circularly polarized (RHCP) port, respectively. The 
characteristic impedance of the coaxial cylinder is designed as 50 Ω in this section, which is 
the same as the characteristic impedance of the two SMA adaptor ports. The coaxial tapered 
line is in both of the two sides between the slot arrays and the two SMA adaptor ports, and it 
achieves the goal of port match.

The basic radiation elements are slots in the out conductor of the coaxial cylinder. There are four 
circles of slots along the axis of the coaxial cylinder. Each circle of the slots includes 8 slots which 
are perpendicular to each other and symmetrically arranged around the coaxial cylinder axis in the 
out conductor. Every circle of the slots can be seen as four perpendicular slot pairs around the axis.

Figure 8. Geometry of the omnidirectional dual circularly polarized (CP) antenna. (a) Side view. (b) A‐A section view. 
(c) Geometry of the slot pairs.
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The structure of the perpendicular slot pairs is shown in Figure 9. Each of the slots leans at 
an angle of 45° with the axis of the coaxial cylinder and the interval of the two perpendicular 
slots is   λ  g   / 4  (  λ  g    is the medium wavelength) along the feed direction. In that case, the electric 
fields radiated from the slot pairs are vertical with each other and have a 90° phase differ‐
ence, so the circularly polarized wave is generated. For the distance of the   λ  g   / 4  between the 
adjacent pairs of slots, the reflection power from radiation slots back to the feeding point 
is cancelled. As a slot antenna, the slot in the out conductor of the coaxial cylinder can be 
equivalent as magnetic dipole with a length of   λ  g   / 2  in the vertical direction with the axis. 
Four of the slot pairs symmetrically surrounding the coaxial cylinder axis achieve the omni‐
directional coverage character. Four circles of the slot pairs, which are identical with each 
other, are arranged along the axis to constitute the slot array which will provide a higher 
gain. To achieve the omnidirectional pattern, the electromagnetic wave radiated from every 
circle of slots should be of the same phases, so the four circles of the slot are arranged with a 
distance of   λ  g   .

It is a symmetrical structure antenna. The thickness of the out conductor of the coaxial cyl‐
inder is t = 1.3 mm, and the space between the out conductor and the inner conductor of the 
coaxial cylinder is filled with Teflon medium with a permittivity of   ε  r   = 2.1 . The proposed 
antenna is simulated and optimized by CST and the optimized geometric parameters are 
summarized in Table 2.

Figure 9. The adjacent perpendicular slot pairs.
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3.2. Design principle

Figure 9 shows two adjacent slots from all the slots in the out conductor, which are perpen‐
dicular to each other. The reference coordinate system is created with the slot pairs, whose 
y‐ and x‐axes are of the same direction with the polarization of the electric fields radiated 
by the two slots, respectively, and the +z‐axis is the same direction with the propagation 
direction of the electric fields [10, 18]. It is assumed that the total electric fields are    E ⇀      and the 
fields radiated from the first slot and the second slot are    ⇀  E  1     and     ⇀  E  2      , respectively. Then their 
relation is

    E ⇀   =   ⇀  E  1    +   ⇀  E  2    =  E  x    ⇀  a  x    +  E  y    ⇀  a  y     (1)

For the distance of the two slots, it is supposed that the amplitude of the   E  x    and   E  y    is   E  x0    and   E  y0    
(  E  x0    > 0,   E  y0    > 0), and compared to   E  x   ,   E  y    is laggard in phase with a difference of  φ . Then Eq. (1) 
can be changed as

    E ⇀    (  z, t )    =  E  x0   cos  (  wt − kz )     ⇀  a  x    +  E  y0   cos  (  wt − kz − φ )     ⇀  a  y     (2)

where

   
 E  x    (  z, t )    =  E  x0   cos  (  wt − kz )     ⇀  a  x   

    
 E  y    (  z, t )    =  E  y0   cos  (  wt − kz − φ )     ⇀  a  y   

   (3)

The relation between   E  x    (  z, t )     and   E  y    (  z, t )     can be concluded from Eq. (3):

    [     E  x    (  z, t )   
 ______  E  x0  

   ]     2  +   [     E  y    (  z, t )   
 ______  E  y0  

   ]     2  −   
2  E  x    (  z, t )    E  y    (  z, t )   

  ___________  E  x0    E  y0  
   cosφ =  sin   2  φ  (4)

Since the distance of the two slots in the feed direction is   λ  g   / 4 , the phase difference is  φ  = ±90° . 
It is supposed that the amplitude of electric fields is   E  x0   =  E  y0   =  E  0   , then from Eq. (4):

   E  x  2   (  z, t )    +  E  y  2   (  z, t )    =  E  0  2   (5)

It can be seen from Eq. (3) that the amplitude of    E ⇀    (  z, t )     will not change with time t, and the 
angles between the polarization direction of    E ⇀    (  z, t )     and +x‐axis direction are

  α =  tan   −1    
 E  0   cos   (  wt − kz ±   π _ 2   )   

  _____________   E  0   cos   (  wt − kz )      =  tan   −1   [  ±tan  (  wt − kz )    ]    = ∓   (  wt − kz )     (6)

L 153.5 mm Wg 40 mm

Di 7.6 mm Do 28 mm

Ls 24.4 mm Ws 4.3 mm

Ds 11.8 mm Lf 18 mm

Table 2. Optimized geometric parameters of the omnidirectional CP antenna.
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In any positions, z is a constant, and the polarized vector direction of the field    E ⇀    (  z, t )     is rotary 
with a constant angular frequency  ω  by the increasing of  t . As shown in Figure 11, when 
excited as fed direction 1, the phase of   E  y    is laggard compared to the phase of   E  x   , so  φ  = 90°  
and  α = ωt . The electric fields vector direction is anticlockwise, so it is right hand circularly 
polarized (RHCP) wave. When excited as fed direction 2, the phase of   E  y    exceeds the phase 
of   E  x   , so  φ  = − 90°  and  α = −ωt . The electric fields vector direction is clockwise, so it is left 
hand circularly polarized (LHCP) wave. Comparing Figure 11 with the slots distribution in 
Figure 11, the RHCP port and LHCP port are corresponding with fed direction 1 and fed 
direction 2, respectively.

For the different distances of the two slots relative to the fed port, the electric fields amplitude 
of the two slots is unequal    (   E  x      0   ≠  E  y0      )    . This is an influence factor of the axial ratio and their 
relation is reflected by the axial ratio character of the antenna.

3.3. Results and discussion

Simulated and measured results of the proposed antenna are presented in this section. To 
measure the LHCP property and RHCP property of the antenna, there are two steps. When 
port 1 (LHCP port) is excited and port 2 (RHCP port) is terminated with a 50 Ω load, the 
antenna generates the LHCP radiation and we get LHCP results, whereas when port 2 is 
excited and port 1 is terminated with a 50 Ω load, the antenna generates the RHCP radiation 
and we get RHCP measurement results. Figure 10 shows the antenna structure and the test 
scenario of the omnidirectional dual CP antenna.

Figure 10. Photograph of the omnidirectional dual CP antenna being tested in the anechoic chamber.
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The measured S‐parameters results are shown in Figure 11. The proposed antenna achieves a 
bandwidth of 16.4% at 5.05–5.95 GHz, during which the bandwidth isolation between the two 
ports is higher than 15 dB, and both of the measured    |   S11 |      and    |   S22 |      values are lower than 
‐10 dB. The reflection of the two ports is small and the isolation between the two ports is high, 
which reflects that the antenna works well with two polarizations.

Figure 12 shows the simulated and measured normalized copolarization and cross‐polarization 
radiation patterns when excited RHCP port and LHCP port, respectively, are in the xy‐plane 
(omnidirectional plane) and xz‐plane at 5.1, 5.5, and 5.9 GHz. From the measured radiation pat‐
tern results of the xy‐plane, the proposed antenna performs a good omnidirectional character.

It is noted that the measured radiation patterns have the same trend with the simulated radia‐
tion patterns, but there are still a few discrepancies between measured results and simulated 
results. The reasons for this difference are mainly because of the machine error and the impre‐
cision of the medium. It can be also seen from cross‐polarization results that the cross‐polar‐
ization is more than 15 dB lower than the copolarization in both xy‐plane and xz‐plane. The 
measured axial ratio patterns that only excited LHCP port in xy‐plane and xz‐plane at 5.1, 5.5, 
and 5.9 GHz are shown in Figure 13. It can be seen that the axial ratio is below 3 dB in the 
omnidirectional plane within the operation bandwidth. Comparing the radiation patterns and 

Figure 11. Measured S‐parameters results.
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ization is more than 15 dB lower than the copolarization in both xy‐plane and xz‐plane. The 
measured axial ratio patterns that only excited LHCP port in xy‐plane and xz‐plane at 5.1, 5.5, 
and 5.9 GHz are shown in Figure 13. It can be seen that the axial ratio is below 3 dB in the 
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Figure 11. Measured S‐parameters results.
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axial ratio patterns results, the axial ratio is lower than 3 dB during the half power beam width. 
When only excited the RHCP port, the axial ratio is below 3 dB in the omnidirectional plane 
which is similar as show Figure 13. It can be noted that the axial ratio patterns in the xy‐plane 
are small ripples. From the generation principle of the dual CP wave as analyzed in Section 

Figure 12. Simulated and measured LHCP (in left) and RHCP (in right) normalized copolarization and cross‐polarization 
radiation patterns in the xy‐plane (omnidirectional plane) and xz‐plane. (a) 5.1 GHz, (b) 5.5 GHz, and (c) 5.9 GHz.
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2.2, the axial ratio in the vertical direction with the slot pairs will be the best and the value will 
be the minimum, while in the other nonvertical direction with the slot pairs the axial ratio will 
deteriorate. Because four slot pairs are arranged around the axis of coaxial cylinder in the out 
conductor, the slot pairs are noncoplanar. When rotated around the axis of the antenna, the 
axial ratio pattern in the xy‐plane will be small rippled almost regularly as the symmetrical 
antenna structure in different  φ  directions.

The measured gain and average axial ratio in the omnidirectional plane results are shown in 
Figure 14. It can be seen that the gain is from 4 to 6 dBic within 5.0–6.0 GHz, and the average 
axial ratio in xy‐plane is below 1.5 dB within the bandwidth. Figure 15 shows the simulated 
total efficiency of the proposed antenna. It can be noted from the efficiency results that the 
total efficiency of the antenna from 5.1 to 5.9 GHz is from 86.9 to 93.5%, so the antenna works 
with very high efficiency within its operation bandwidth.

Figure 13. Measured axial ratio patterns in xy‐plane and xz‐plane. (a) 5.1 GHz, (b) 5.5 GHz, and (c) 5.9 GHz.
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4. Compare with others

Here, we compare the proposed omnidirectional CP antenna with others’ work in Table 3. 
Our proposed antenna impedance bandwidth, the CP bandwidth is the widest and the gain 
is largest, although it is the longest.

Figure 14. Measured gain and average axial ratio in the omnidirectional plane.

Figure 15. The total efficiency results of the proposed antenna.
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5. Conclusion

The omnidirectional CP antenna with slot array on coaxial cylinder with stable high gain in 
a wide bandwidth was studied, and the results between measurement and simulation are 
almost congruent. The improved omnidirectional dual CP antenna is presented too, which 
achieves the omnidirectional dual CP property by arranging perpendicular slot pairs around 
and along the coaxial cylinder axis in the out conductor. These antennas have perfectly sym‐
metric structure, so they are easy to change the working frequency band by changing the size 
of the antenna. For the omnidirectional coverage property and dual CP property, the anten‐
nas are valuable in the RF receiver.
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Antenna type Ref. Size Band width 3 dB AR band 
width

Gain

Omnidirectional  
CP antenna

[19] 3.175 × 56 × 56 mm3 0.539% (1.481–1.489 
GHz)

AR = 2.03 dB 
(1.481–1.489 GHz)

LHCP:
‐0.73 to ‐0.14 dBi
RHCP:
‐21.02 to ‐17.66 dBi

Dual band 
omnidirectional  
CP antenna

[2] 3.175 × 33 × 33 mm3 0.5% (low freq)
1.1% (high freq)

1.57 dB/low freq
0.86 dB/high freq

Low freq: ‐0.59 to 
1 dBi
High freq: ‐0.94 to 
‐0.2 dBi

Omnidirectional  
CP antenna

[8] 0.22λ0 × 0.22λ0 × 
0.07λ0

3.56% 3.56% 1.5 dBi

Omnidirectional  
CP antenna

[7, 20] 15 × 90 × 90 mm3 14% RHCP: 1.35–1.6 
GHz
LHCP: 1.35–1.65 
GHz

RHCP: 0.8 dBi
LHCP: 0.1 dBi

DRA 
omnidirectional  
CP antenna

[5, 6] Small 7% 12.3% (2.21–2.5 
GHz)

<2 dBi

omnidirectional 
dual CP antenna

Proposed 190 × 30 × 30 mm3 16.4% (5.05–5.95 
GHz)

14.5% (5.1–5.9 
GHz)

7 dBi

Table 3. Compare the proposed antenna with others’ research results.
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Abstract

Dual‐polarized antenna radiating element is a critical component in the Multi‐function 
Phased Array Radar (MPAR). This paper studies the dual‐polarized radiating element 
based on the EM dipole concept. Two different geometries, i.e., loop approximated as 
magnetic dipole and a printed electric dipole, are used to form a single dual‐polarized 
radiating element. Radiation patterns based on Ansoft HFSS (High Frequency Structural 
Simulator) simulation software and measurements carried out in anechoic chambers are 
presented. Initial array design based on these elements will also be discussed.

Keywords: MPAR, dual‐polarized elements, cross pol, E&M dipole array, loop antenna, 
electric dipole

1. Introduction

Multi‐function Phased Array Radars (MPARs) are being considered for fulfilling the need 
of FAA, NOAA/NWS, and possibly Homeland security [1]. One of the specific goals of 
 deploying MPAR systems is to replace the current Weather Surveillance Radar (WSR‐88D 
radar) and other air‐traffic control radars as upgrade [2]. In many radar applications and 
weather radar polarimetry, the physical symmetry of the target and weather scan moments 
can be detected by phased array antennas which require suppression of antenna cross 
 polarization (X‐pol) especially during the main beam shift or scanning off‐broadside  direction 
[3, 4].  Dual‐ polarized antenna radiating element plays a key role in such systems. The cur‐
rent state‐of‐the‐art parabolic reflector antennas which are used for weather surveillance are 
required to scan mechanically and lack the ability to scan the beam electronically in contrast 

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



to phased array radars. The cross polarization (X‐pol) isolation of phased array radar can be 
improved effectively if the cross polarization levels of individual antenna radiating elements 
are minimized.

Orthogonally signals can be transmitted or received without extra bandwidth require‐
ment or physical separation between antennas through a dual‐polarized radiating ele‐
ment, which enables observing backscattering from targets (precipitation, clutter, etc.) 
from horizontally and vertically polarized electromagnetic waves. For instance, vertical 
tree trunks and structures can be tracked by HH polarization. VV polarization can provide 
water and soil scattering information [5]. However, for accurate polar metric measure‐
ments, it is required for the antenna to have high cross polarization suppression. The cross 
polarization isolation as required by many weather polarimetry applications is less than 
20 dB for alternate transmission and less than 40 dB for simultaneous transmission and 
reception [2, 6].

There are many other forms of antennas in the form of microstrip patches which are used 
widely in Multi‐Functional Phased Array Radars (MPARs) [4, 7, 8]. Although better than 
‐30 dB cross pol levels are achieved in most of the rectangular patch‐based MPAR subarray 
prototypes, however, there are certain challenges which arise when steered‐beam calibra‐
tions are needed for precise dual‐pol measurements. The main challenge arises when scan‐
ning the beam off‐broadside direction, and the relationship between co‐pol and cross pol 
electric fields is not consistent for different pointing angles of an antenna [8]. An ideal radiat‐
ing element should be able to radiate electric fields which are orthogonal to each other for 
two different polarizations [2, 9]. To achieve this, two types of dual polarization elements are 
considered. The first one is a pair of cross dipole or orthogonal dipole element configuration 
in which the electric fields are orthogonal only in principal planes which is under investiga‐
tion by many researchers [10–12]. The other type of radiator is a pair of magnetic dipole and 
electric dipole for which the electric fields are orthogonal in all spatial directions. The latter 
configuration is investigated and proposed in this book chapter as the dual‐polarized radiat‐
ing element.

If these types of elements which have orthogonal electric fields are used, especially for cylin‐
drical phased array radars (CPARs), the problems of surface and traveling waves can be effec‐
tively avoided [8]. Presently, the main disadvantages of using the dipole elements are higher 
costs for fabrication and potential requirements of three‐dimensional structures. However, 
these disadvantages outweigh the potential benefits of using such a configuration especially 
for polarimetric phased array radars which have strict constraint of maintaining orthogonal‐
ity between two different polarizations.

This chapter/proposal studies different antenna geometries such as loop and planar 
dipoles. The characteristics of these radiating element designs are evaluated with HFSS 
simulations. The simulations show that these structures result in unidirectional circular 
current distribution; improvement at all aspects of the antenna characteristics including 
radiation pattern, return loss, and cross polarization isolations at single element level will 
be discussed. The far‐field radiation patterns for the radiating elements will be displayed as 
measured in anechoic chambers at Radar Innovations Lab, University of Oklahoma.
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2. Background

This section describes the basic theory on the electromagnetic fields, antenna coordinate sys‐
tem, and basic definitions used in this chapter.

2.1. Electromagnetic field regions around an antenna

The antenna radiates waves in the form of electromagnetic radiation. Hence, defining the 
field regions around an antenna is lucrative to know, and this will be used for the later in the 
chapter while discussing results and radiation patterns. The space surrounding any antenna 
is divided into three regions based on the distance from the antenna under test (AUT). These 
regions are based on equations as described Table 1 [9].

Table 1 shows three different regions around an antenna based on the distance. These are 
calculated based on the equations where r is the distance from the source or AUT, D is the 
maximum dimension of the AUT, and λ is the wavelength of the radiation. The field region of 
antenna will be helpful to study and analyze the antenna radiation patterns discussed later in 
the chapter. Most of the times, the targets are placed or objects are measured in the far‐field or 
Fraunhofer region. These regions are also illustrated in Figure 1.

2.2. Antenna coordinate system

The radiation characteristics of an antenna are analyzed using a coordinate system. There 
are different types like cylindrical, planar, and spherical. However since the antenna for the 
phased array is to be used in the far field, the spherical coordinate system is optimal as shown 
in Figure 2. In this system the antenna is placed at the origin and r is the distance or radius 
from the AUT to the observation point. The radiation characteristics of an AUT are deter‐
mined by varying the elevation or zenith angle θ and azimuth angle φ, and field vectors   E  θ  ,  
E  φ    are calculated. This spherical coordinate system is used in this chapter for simulation and 
carrying out measurements in the anechoic chambers.

Region Distance

Near‐field or reactive near‐field region
 0 < r < 0.62  √ 

___

   
 D   3 

 
___

 
λ

     

Reactive near‐field or Fresnel region
 0.62  √ 

___

   
 D   3 

 
___

 
λ

     ≤ r ≤ 2   
 D   2 

 
___

 
λ

   

Far‐field or Fraunhofer region  2   
 D   2 

 
___

 
λ

   ≤ r 

Table 1. Field regions around an antenna.

Investigating EM Dipole Radiating Element for Dual Polarized Phased Array Weather Radars
http://dx.doi.org/10.5772/66502

167



2.3. Antenna polarizations

The polarization of the radiated electric fields produced by an antenna in a given direction is 
referred as polarization of an antenna. The polarizations of antenna depend on the way the 
antenna radiates waves and can be studied in open literature [9].

Figure 1. Field regions around an antenna.

Figure 2. Spherical coordinate system used for antenna analysis [9].

Modern Antenna Systems168



2.3. Antenna polarizations

The polarization of the radiated electric fields produced by an antenna in a given direction is 
referred as polarization of an antenna. The polarizations of antenna depend on the way the 
antenna radiates waves and can be studied in open literature [9].

Figure 1. Field regions around an antenna.

Figure 2. Spherical coordinate system used for antenna analysis [9].

Modern Antenna Systems168

In weather radar polarimetry, there are two important polarization definitions: copolarization 
(often called as co‐pol) and cross polarization (often called as cross pol or X‐pol) of a radiat‐
ing element. The term copolarization is the desired polarization component of the radiation 
pattern, and cross polarization is the unwanted component of radiation pattern. For instance, 
if the transmitting antenna is meant to transmit horizontally polarized waves and the receiv‐
ing antenna on the other end is receiving horizontally polarized waves, it is said to receive 
co‐pol radiation or desired radiation. On the contrary if the receiving antenna was supposed 
to receive vertically polarized waves, it is receiving cross polarization or unwanted radiation.

There are three most widely used definitions for cross pol and co‐pol as given by Ludwig [13]. 
For weather radars, the second definition of Ludwig (L2) is widely accepted to define the co‐ 
and cross polarizations (Figure 3).

According to Ludwig's second definition [13], we have

   î  ref   =   
sinφcosθ   î  θ   + cosφ  î  φ    ________________  

 √ 
_____________

  1 − si  n   2  θsi  n   2  φ  
    (1)

   î  cross   =   
cosφ  î  θ   − cosθsinφ  î  φ    _______________  

 √ 
_____________

  1 − si  n   2  θsi  n   2  φ  
    (2)

where   î  
ref

    and   î  
cross

    are the projections of electric field vectors onto spherical unit vectors given 
by Ludwig [13] such that,

 E .  î  
ref

    = the reference polarization (co‐pol) component of E

 E .  î  
cross

    = the cross polarization (cross pol) component of E

The spherical coordinate system used for the weather radar polarimetry and most of the stan‐
dard antenna measurements is as depicted in Figure 2, in which the polar axis is along z‐axis 
and antenna axis is aligned along z‐axis. After this the Ludwig's II definition (transformation) 
is applied to obtain the co‐polar and cross polar patterns. Hence, all the measurements shown 
in this chapter will be as per L2 definition of cross polarization.

Figure 3. Ludwig II coordinate system [13], (a) direction of reference polarization and (b) direction of cross polarization.
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3. Loop as a magnetic dipole

Loop antennas are one of the simple, versatile, and inexpensive forms of microstrip antenna. 
In this section, the basic condition for a loop to exhibit magnetic dipole characteristics is dis‐
cussed. The different implementations of loop antennas in order to achieve its requirements 
are tested. It will be shown that a loop antenna with capacitive loading has uniform current 
distributions and its simulation results are discussed.

3.1. Magnetic fields due to constant current loop

The loop antenna can behave as magnetic dipole when it has constant current along its cir‐
cumference. To illustrate this, consider a loop with constant current i, radius r, and an obser‐
vation point at a far‐field distance R as shown in Figure 4. At far‐field distance where ( R ≫ r ), 
the loop can be treated as a small circular loop with constant current, and the calculation of 
magnetic field depends on the current i, R, and θ, i.e., the angle form the z‐axis. The magnetic 
field equations are given by [14]

  B =   
{

   
 B  r   = 2  |  μ |    μ  0     

cosθ _ 4π  R   3      
 B  θ   =   |  μ |    μ  0     

sinθ _ 4π  R   3   
     (3)

Where  μ = iA  is the magnetic dipole moment of the loop and A is the area of the loop. These 
magnetic fields produced by the loop are equivalent to the fields produced by a small mag‐
netic dipole. The magnetic dipole moment as stated above is a vector pointing out normal to 
the plane of the loop, and its magnitude is equal to the product of current and area of the loop.

3.2. Design and simulation results of loop based on capacitive loading

As aforementioned in Section 3.1, the loop antenna can have the same characteristics like 
a magnetic dipole if constant unidirectional current is maintained along its circumference. 

Figure 4. Illustration of magnetic fields around a loop.
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This is generally difficult to achieve for smaller loop antennas because of high reactance and 
small radiation resistance which leads to improper matching [9, 15]. To combat this problem, 
Foster [16] derived the idea of driving the loop currents in segments which also explains the 
analytical solution for radiation resistance and directivity for these types of loops. Later Li et 
al. [17] proved that by adding a capacitive reactance on the loop at every 45°, a uniform travel‐
ing wave current distribution can be obtained. A similar concept was used by Wei et al. [18] 
for designing a horizontally polarized loop antenna. The loop antenna shown in Figure 5 is 
reproduced using the original design by Wei et al. [18] with different substrate material and 
different operating frequencies.

This proposed loop shown in Figure 5 has periodic capacitive loading at every 45° and con‐
sists of strip‐line sections which are similar to unit cell described by Park et al. [19]. This 
unit cell which is periodically placed helps to maintain uniform in‐phase surface current dis‐
tribution on the surface of the loop as seen in Figure 5(b) by creating a series capacitance. 
Therefore, this antenna can meet the condition of behaving as a magnetic dipole in far field.

Figure 5. Loop with capacitive loading: (a) design in HFSS, (b) illustration of surface current, (c) dimensions of the unit 
cell, and (d) fabricated prototype.
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The loop is designed on Rogers 4725JXR substrate (  ε  
r
    = 2.64) with 0.787 mm thickness with 1 

oz. copper. The loop has inner radius (R2) = 20.5 mm and outer radius (R1) = 23.5 mm. Each 
unit cell of strip line has the following dimensions as depicted in Figure 5(c) as A1 = 11° or 
4 mm, A2 = 1° or 0.35 mm, w2 = 1 mm, and w3 = 0.6 mm. The periodic unit strip‐line sections 
(unit cells) are placed at every 45°. The number of unit cells for capacitive loading are related 
by relation   A  

1
   +  A  

2
   =   360 ___ N   , where N being the number of unit cells. Another advantage of using 

the periodic capacitive loading is to achieve a wide impedance bandwidth [18]. The antenna 
is fed by using a parallel strip‐line which is a balanced structure and also plays a role of a 
balun and helps in maintaining impedance matching. Each strip line has a length (l) = 13 mm, 

Figure 6. Comparison of measured and simulated pattern: (a) return loss (S11) in dB, (b) total 3D radiation pattern, (c) XY 
plane cut of the radiation pattern, (d) YZ plane cut of the radiation pattern, and (e) XZ plane cut of the radiation pattern.
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width (w1) = 0.5 mm, and gap = 0.8 mm as seen in Figure 5(a). The structure was simulated in 
Ansoft HFSS simulation software. The absorbing boundary conditions (ABCs) were used in 
the simulation environment, and the antenna is excited by using lumped port excitation. The 
ABC boundaries are placed at a distance more than    λ __ 4    from the antenna.

The SMP connector at the feeding point for the fabricated prototype is shown in Figure 5(d). 
The return loss (S11) is measured using the PNA and can be seen in Figure 6(a). The antenna 
is designed to operate over 2.3–3.1 GHz in simulation. However the measured results show 
that antenna has good return loss over 2.5–3.0 GHz which gives us at least about 500 MHz of 
bandwidth.

The antenna was simulated at 2.8 GHz and the simulation and measurement results for prin‐
cipal planes are shown in Figure 6. As the loop is horizontally polarized, it radiates hori‐
zontally polarized fields (Eφ, i.e., co‐polar radiation for this case). There are also vertically 
polarized fields (Eθ, i.e., the cross polar radiation for this case) which are unwanted electric 
fields (orthogonal to desired direction) from the loop. These vertically polarized fields usu‐
ally exist in the real world due to feeding point variations and material imperfections. It can 
be observed that the radiation fields of the loop are close to an ideal magnetic dipole as it 
exhibits a pattern similar to that of a doughnut shape with a null along its axis (in elevation 
plane) and has maximum radiation along the plane of the loop (XY plane). Ideally, the radia‐
tion in XZ plane and YZ plane should be similar for a magnetic dipole; however, because 
of the feed line design of this loop, there is some electric field radiation from this feed line 
(two parallel strip lines). This adds up to the cross polar fields and constitutes stronger Eθ 
in YZ plane.

4. Printed electric dipole

An electric dipole antenna is widely used for many applications and is considered as one 
of the simplest form of linear wire antennas [20]. The design of a regular linear wire dipole 
is simple. It consists of a conductor (wire) which is split in the middle to allow the feeder to 
transmit or receive power.

As shown in Figure 7, a dipole consists of two poles; the length of each pole is quarter 
wavelength (   λ __ 4   ), thereby making overall dipole as half‐wavelength (   λ __ 2   ). The dipole radiates 
equal power in all azimuthal directions perpendicular to the axis of the antenna. Section 4.1 
describes the design and simulation of the dipole used in for this research.

4.1. Design and simulation results of a printed electric dipole

Several types of dipoles are available such as wire dipole, folded dipole, printed dipole, cage 
dipole, and bow tie and batwing antenna [20]. These are specific to the type of application and 
decisions of design. In this chapter, the printed dipole is chosen among different variations of 
dipole antennas, because it is easy to design and does not involve 3D structures. The advan‐
tage of light weight, small size, and planar form of dipole can be realized when it is aligned 
with loop which will be discussed in the next section.

Investigating EM Dipole Radiating Element for Dual Polarized Phased Array Weather Radars
http://dx.doi.org/10.5772/66502

173



The proposed design is a very simple planar printed electric dipole. This microstrip dipole 
antenna has two arms or poles as shown in Figure 8. Each of the arms has length L and width 
W and is separated by a gap Gap.

The microstrip printed dipole is designed on Rogers 4725JXR (  ε  
r
    = 2.64) with 0.787 mm thick‐

ness and 1 oz. copper. The design is based on the equations given below [21]:

   ε  e   =   
 ε  r   + 1

 ____ 2   +   
 ε  r   − 1

 ____ 2    [    1 _ 
 √ 
_

 1 + 12d / W  
   ]     (4)

where   ε  
r
     = dielectric constant;   ε  

e 
   = effective dielectric constant; d = substrate thickness; W = width 

of microstrip line.

Figure 7. A simple linear wire dipole antenna.

Figure 8. A printed dipole: (a) design and HFSS model and (b) fabricated prototype.
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The length L of the printed dipole is approximated to quarter wavelength (   λ __ 4   ) and the entire 
dipole constitutes half wavelengths (   λ __ 2   ). The value “λ” is given by

  λ =   c ___ f  √ 
__

  ε  e    
    (5)

where λ = wavelength; c = velocity of light; f = frequency.

These values are tuned and approximated by using the parametric setup in HFSS simulation 
software. The values used for the above fabricated prototype are L = 17 mm, W = 2.5 mm, and 
Gap = 7 mm. The antenna is excited by lumped port excitation in HFSS and absorbing bound‐
ary conditions (ABCs) was used in the simulation environment. The ABC boundaries are 
placed at a distance more than    λ __ 4    from the antenna.

The microstrip electric dipole is operating over 400 MHz bandwidth ranging from 2.7 to 3.1 GHz.

Figure 9. HFSS simulated return loss and radiation patterns of the proposed electric dipole antenna: (a) return loss (S11) 
in dB, (b) total 3D radiation pattern, (c) XY plane cut of the radiation pattern, (d) XZ plane cut of radiation pattern, and 
(e) YZ plane cut of radiation pattern..
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It is seen in Figure 9(a) that there is a slight shift in frequency in measured results as compared 
to simulation. This might be due to the effect of use of SMP connector as shown in Figure 8(b) 
practically, versus an ideal 50 Ω matched lumped port in simulation. The  simulation results 
show the radiation patterns at 2.8 GHz (selected for the convenience of comparing them 
with measurement results of electric dipole and loop) for principal planes seen in Figure 9. 
Although the electric dipole is designed to radiate vertically polarized fields (Eθ, i.e., the 
co‐polar radiation for this case), it is observed that there are also horizontally polarized fields 
(Eφ, i.e., the cross polar radiation) radiated from the antenna. This cross polar radiation might 
be due to the factors like antenna aperture, radiation of electric field in unwanted direction 
(orthogonal to desired direction), material imperfections, and radiation from the feed point. 
The simulation results show that the plane of maximum radiation is in XY plane, and there is 
a null along z‐axis which is part of the doughnut shape as seen in Figure 9(b).

5. Dual‐polarized radiating element

By discussing the design of loop antenna in the previous section, it is clear that the loop 
antenna has capability to radiated fields which are similar to that of a magnetic dipole. The 
proposed design of the loop as in Section 3 is an electrically large loop as the circumference 
of loop is greater than one‐tenth of wavelength (λ/10). But at a far‐field distance from the 
source ( R ≫ r ), where R is the observation point and r is the radius of the loop, the loop can 
be considered as an electrically small loop. This electrically small loop antenna acts as a dual 
antenna to a short dipole antenna. The far‐field electric and magnetic fields of magnetic dipole 
(loop) are identical to the far‐field magnetic and electric field of electric dipole, respectively 
[22]. This can be illustrated in Figure 10 [22].

Consider a loop having a uniform current   I  
0
   ’ and area  ∆ S ’. The far‐field vector potential for 

electrically small loop is given by [9, 22] as

  A ≈ j   
kμ  I  0   ∆ S

 _______ 4πr    e   −jkr  sinθ   a  φ    (6)

where ∆S = ∆  l   2  , i.e., the area of the loop and   a  
φ
    is the spherical coordinated vector given by   

a  
φ
   = (− sinφ  a  

x
   + cosφ  a  

y
   ) .

Figure 10. Illustration of collocated loop and electric dipole arrangement [22].
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The corresponding far‐field components for electrically small loops can be calculated using 
Eq. (6) as [9, 22]

   E  φ   ≈   − jω  A  φ   ≈   
η  k   2   I  0   ∆ S

 _______ 4πr    e   −jkr  sinθ  (7)

   H  θ   ≈ j   ω __ η    A  φ   ≈ −   
 k   2   I  0   ∆ S

 ______ 4πr    e   −jkr  sinθ  (8)

If carefully observed, these components are similar to the fields those radiated by an infinitesi‐
mal electric dipole [9, 22]. Table 2 shows the comparison between these two antennas:

These equations in Table 2 show that they share the same mathematical form, and a pair of 
equivalent and dual source can be found out by changing the symbols. This is known as dual‐
ity theorem [9]. By duality theorem we have dual quantities of electric and magnetic current 
sources as shown in Table 3.

Now by applying the above dual quantities, the far‐field components of the magnetic sources 
can be determined and are shown in Table 4.

Therefore, if an electrically small magnetic loop and an electric dipole are designed such that
   I  o   ∆ l = jηk  I  om   ∆ S = jωμ  I  om   ∆ S  (9)

then due to this equivalence condition, the far fields radiated by the electrically small magnetic 
loop and electric dipole are equivalent dual sources. Since these antennas act as dual to each 
other, the power radiated by both should be the same when currents and dimensions are appro‐
priately designed.

Infinitesimal electric dipole Electrically small loop

  E  
θ
   ≈ j   

ηk  I  
0
   ∆ l
 

______
 

4πr
    e   −jkr  sinθ   E  

φ
   ≈   

η  k   2   I  
0
   ∆ S
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4πr
    e   −jkr  sinθ 

  H  
φ
   ≈ j   

k  I  
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4πr
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θ
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 k   2   I  
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Table 2. Comparison of far‐field elements generated by small electric dipoles and loops.

Electric source Magnetic source
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Table 3. Dual quantities for electric and magnetic current sources.
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5.1. Antenna arrangement and polarization

From the above discussion, it is lucrative to determine the antenna configuration/alignment 
which will be useful to form a dual‐polarized antenna unit. In theory, an electric dipole and 
electrically small loop (magnetic dipole) are dual antennas to each other; their far fields are 
orthogonal to each other if these antennas are aligned as shown in Figure 11. A combination 
of E&M dipoles is oriented such that the electric field of electric dipole (  E  θ   ) is orthogonal 
to the electric field of the loop (  E  φ   ) everywhere. In other words it can be said as electric 
dipole should be vertically polarized and loop should be horizontally polarized as shown in 
Figure 11(a). This can also be illustrated by considering a sphere consisting of latitudes and 
longitudes. The directions of the fields generated by a loop (magnetic dipole) can be approxi‐
mated by latitude lines, whereas the direction of the fields generated by electric dipole can be 
approximated by longitude lines (Figure 11(b)). The plane of maximum radiation for the loop 
and the electric dipole is XY plane. The electric dipole generates quasi vertically polarized 
waves (i.e., Eθ), and the horizontally polarized loop generates quasi horizontally polarized 
waves (i.e., Eφ).

Infinitesimal magnetic dipole Electrically small loop (magnetic)
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Table 4. Far‐field components of corresponding magnetic sources.

Figure 11. E&M dipole configuration: (a) collocated arrangement and (b) electric field lines due to collinear arrangement 
of E&M dipoles.
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Figure 12. Measurement results when the E dipole antenna and loop antenna are excited simultaneously: (a) measured 
S‐parameters (dB), (b) XY plane cut of the radiation pattern, (c) XZ plane cut of the radiation pattern, and (d) YZ plane 
cut of the radiation pattern.
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This arrangement of electric dipole and loop antenna as discussed above is studied in HFSS 
simulation, and a fabricated prototype is built as seen in Figure 11(a) to measure them in 
anechoic chambers. The measured S‐parameters seen in Figure 12(a) show that both elec‐
tric and magnetic dipoles resonate at 2.8 GHz and have good isolation of about 40 dB in the 
impedance bandwidth. The measured radiation pattern is illustrated in Figure 12 for princi‐
pal planes when both E&M dipoles are excited simultaneously (i.e., H and V simultaneous 
transmission). The results show that the radiation patterns of both the antennas match very 
well and these are dual antenna to themselves. The loop generates horizontally polarized 
waves, and electric dipole generates vertically polarized waves which are orthogonal to each 
other, thereby serving to be a good candidate for phased array antenna element.

6. E&M dipole array

An array can be built based on the proposed collocated E&M dipole units to emulate a linear 
subarray for future Multi‐functional Phased Array Radar (MPAR). An array can be formed by 
placing each E&M dipole unit about half wavelengths (   λ __ 2   ) from center to center. An investigation 
of using these elements in a linear form of array is being carried out. The following Figure 13 
shows a simple arrangement of such eight collocated E&M dipole units.

Figure 13. An eight‐element E&M dipole array: (a) simulation using HFSS and (b) fabricated prototype and its 
measurement setup in anechoic chambers.
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waves, and electric dipole generates vertically polarized waves which are orthogonal to each 
other, thereby serving to be a good candidate for phased array antenna element.

6. E&M dipole array

An array can be built based on the proposed collocated E&M dipole units to emulate a linear 
subarray for future Multi‐functional Phased Array Radar (MPAR). An array can be formed by 
placing each E&M dipole unit about half wavelengths (   λ __ 2   ) from center to center. An investigation 
of using these elements in a linear form of array is being carried out. The following Figure 13 
shows a simple arrangement of such eight collocated E&M dipole units.

Figure 13. An eight‐element E&M dipole array: (a) simulation using HFSS and (b) fabricated prototype and its 
measurement setup in anechoic chambers.
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Figure 14. Illustration of co‐polar and cross polar fields (amplitudes in dB) for simulation and measurement when 
(a) both E&M elements are excited in the array, (b) only magnetic loops are excited, and (c) only E dipoles are 
excited.
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If each of these eight collocated units (16 elements) are excited with equal phase and equal 
amplitude, then it can be seen in Figure 14(a) that copolar H and V fields match exactly to 
each other which meets the requirement for weather applications (proves to be effective in 
extracting more hydrological parameters) and gives better resolution of the target [2]. On the 
other hand, if only magnetic loop is transmitting and E dipole is receiving or vice versa, the 
cross polar radiation is observed to be more than 70 dB lower than the peak co‐polar field. 
These results are illustrated in Figure 14.

The simulation results shown above in Figures 13 and 14 are based on the ideal environment 
which might differ in the case of practical construction of an array structure. The practical 
structure of array has feed lines, large backplane (aluminum), support structure for electron‐
ics, and other practical factors which might affect the array performance. This can actually 
have an adverse effect on the cross polarization levels of the array, and it is because of this 
we see that the simulation and measurement results of the array differ. Due to this reason, 
we see that the measurement results shown in Figure 14 differ slightly from simulation. The 
measurement process involves extensive measures taken to achieve the best possible results, 
but the interferences from the feed lines and mounting structures are evident. The measure‐
ment results shown in Figure 14 are for uncalibrated array without using any type of phase 
shifters for beam forming. In addition, the limitations such as availability of ideal probes 
which have purer linear polarization than AUT make the suppression of cross polarization 
more difficult.

Figure 15. CPPAR with a pair of dipoles for each array element [8].
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The concept of E&M dipole cannot only be implemented in linear arrays, but also extended 
for a cylindrical polarimetric phased array radar (CPPAR) as demonstrated in Figure 15. The 
use of CPPAR has its own advantages like scan invariant polarization basis and low sensitiv‐
ity loss [8]. In addition to this, the use of the dipole elements can avoid surface waves and 
creeping waves. However, this is at the cost of more complex and expensive fabrication pro‐
cess. As aforementioned, this study is a step toward designing a new type of dual‐polarized 
array elements based on EM dipole concept on which future research can be conducted. Initial 
array fabrication and testing are to be performed in a larger array test‐bed called Configurable 
Phased Array Demonstrator (CPAD) at the Radar Innovations Laboratory (RIL), University of 
Oklahoma.

7. Conclusion

A dual‐polarized radiating element for MPAR is proposed by using two simple types of 
microstrip radiating elements. As aforementioned, this work is a step toward designing and 
realizing a dual‐polarized array element based on electromagnetic dipole concept. The inten‐
tion of this chapter is to demonstrate a possible new design and build a foundation on which 
future research can be conducted.

This chapter shows the investigation for two different types of elements which can be collo‐
cated to form a dual‐polarized element for phased array radars. The array element is a funda‐
mental building block for an array antenna, and it is required that these elements have high 
cross polarization suppression capacity. The electric dipole takes the form of printed dipole. 
The magnetic dipole is realized by a simple loop with capacitive loading which maintains 
uniform surface current. An ideal electric dipole should produce only vertically polarized 
waves (i.e., Eθ), whereas an ideal magnetic dipole should generate only horizontally polarized 
waves (i.e., Eφ) which is free of any cross polar radiation. Nevertheless, these elements when 
realized practically have secondary cross polar fields due to practical factors in design and 
assembly and radiation from feed lines. For weather polarimetry it is expected that the ele‐
ments maintain cross polarization factor of about 40 dB for simultaneous transmit/receive and 
20 dB for alternate transmit/receive [6]. However, these numbers are for the array level design, 
but we expect that if the cross polarization isolation is minimized at the element level, then it 
is expected that with array level implementation, one can achieve this goal.

The measurement process involves extensive measures taken to achieve the best possible 
results, but the interferences from the feed lines and mounting structures are evident. The 
measurements performed in the anechoic chambers show the cross polarization of these ele‐
ments to be about 20 dB lower than peak co‐polar field. In addition, the limitations such as 
availability of ideal probes which have purer linear polarization than AUT make the suppres‐
sion of cross polarization more difficult.

There are few aspects in which the current design of the elements can be improved. One sig‐
nificant improvement can be a design of a proper feed line using techniques such as proximity 
feed, aperture coupled feed, etc. This feeding design can be carried forward and improved by 
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also considering the mechanical design and ease of feeding these elements when assembled 
into an array. It would be lucrative to see a linear array constructed using these elements such 
that the cross polar fields are further reduced.
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Abstract

This chapter reports the design and optimization algorithm of metal-contact RF micro-
switch. Various important evolutionary optimization techniques that can be used to 
optimize non-linear and even non-differentiable types of radio frequency (RF) circuit’s 
problems are also reviewed. The transient response of the proposed switch shows dis-
placement time (i.e., squeezed-film damping effect) of 5.0 μs and pull-in voltage vary-
ing from 9.0 to 9.25 V. Primarily, the switch exhibits insertion loss of 0.15 to 0.51 dB in 
on-position and isolation of 75.96 to 35.83 dB in off-position at 0.1–10 GHz. Also, the 
proposed RF switch equivalent circuit and layout are validated in ADS software which 
was earlier simulated in HFSS. A pattern search (PS) algorithm is used to optimize 
RF characteristics of the proposed switch after a brief review of the different optimi-
zation techniques. After optimization, the switch shows decrement in insertion loss 
and increment in isolation at 0.1–10 GHz. Further, two such optimized switches are 
introduced on the defected ground structure (DGS) antenna to make it reconfigurable 
in terms of frequency. Reconfigurable antenna (RA) is simulated using HFSS software 
and simulation results are verified by showing the mark of agreement with the fabri-
cation results. The novelty in the proposed design is due to dual-band behavior and 
better resonance performance than antennas available in the literature. Attractions of 
proposed RA are its miniaturization and its utility in IEEE US S-(2.0–4.0 GHz) and 
C-(4.0–8.0 GHz) band.

Keywords: design optimization, microstrip antennas, RF microswitches, reconfigurable 
antenna, vehicular and wireless technologies
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1. Introduction

There are various kinds of RF switches available that can be used along with microstrip antenna 
to achieve the reconfigurability. An RF MEMS metal-contact switch is an emerging technology 
that has replaced the semiconductor field-effect transistors (such as GaAs FETs), PIN diode 
switches/Schottky diodes and electromagnetic relays [1, 2]. The metal-contact MEMS switches 
are not only used in reconfigurable antenna structures but also in switching networks, satellite 
systems, filters and automated test equipments from 0.1 to 40 GHz applications [3].

MEMS RF switches demonstrate exceptional performance in upper range of frequency as 
compared to the traditional semiconductor RF switching microelectronics technology. The 
advantages of MEMS RF switches over semiconductor switches are batch fabrication (that 
involves lithography-based micromachining, fabricated on either quartz or automated mark 
high-resistivity Si or GaAs wafers), low insertion loss (around 0.2 dB), high isolation (around 
70 dB), small off-state capacitances (2–4 femto Farads), high linearity and low power consump-
tion (almost zero power). Also, metal semiconductor (MES)-FET switching in the cold-FET 
mode requires almost no control power. Some commercial cold-FETs can switch at 2.3 V [4–7].

Performance comparison of the various commercially available RF switches is shown in Table 1.

Despite all of the advantages discussed, MEMS switches also have some problems associated 
with them. The main issues at present are relatively low speed (around 3–40 μs), moderate 
voltage or high current initiative (electrostatic actuated switches require 5–80 V for consistent 
operation, whereas magnetic/thermal switches can be activated with 2–6 V but require 9–105 
mA of current supply), reliability (0.2–4 billion cycles), high packaging cost and low power 
handling (<200 mW) and therefore, they are rarely commercially available [4, 7].

Optimization of MEMS switches had played a major impact in RF circuits [10–12]. The 
microstrip patch antennas (MSA) are preferred for wireless applications due to their low-profile 

Parameter of switch 
characteristics

MEMS GaAs/metal semiconductor 
(MES)—field-effect 
transistor (FET)

PIN-diode Electromechanical 
relay (EMR)

Voltage (V) 10–75 3–5; 2.3 (commercial 
cold-FETs)

±2.5–5 3–2

Current (mA) Almost zero Almost zero 0–20 15–150

Power consumption (mW) 0.05–0.1 (negligible 
power consumption)

0.05–0.1; no power 
consumption in commercial 
cold-FETs

5–95 <380

Switching time 1–400 μs 1–120 ns 10–120 ns >1 ms

Isolation in OFF condition 
(1–10 GHz) (in dB)

>45 15–25 >35 >40

Insertion loss in ON 
condition (1–10 GHz) (in dB)

0.05–0.2 0.4–2.5 0.3–1.2 <0.3

Table 1. Comparison of various electrostatic RF switches [4, 8, 9].
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structure, easy to manufacture structure, wide and multiband behavior [13, 14]. Different 
techniques have been used to achieve multi-band operation for MSA. Some of the techniques 
employed variation in physical dimensions of feed line, modification of the effective length 
of antenna using slot, implementation of defected ground structure and use of the switching 
device within the antennas [15–17].

Further, the fabrication process of the RA is a difficult multi-layered task and an effective 
integration needs cautious planning for every single stage in the direction not to fade the 
proposed antenna’s performance. Among those stages, the utmost critical procedures [4, 13] 
can be summarized in:

• Release and fabrication procedure of the RF switch membrane. Proper care must be required 
for this step; otherwise, stiction complications, membrane deformations and infatuation of 
sacrificial layer occur.

• Patterning of DC bias transmission line. It requires very well contact by means of the DC pad; 
otherwise, there are chances of leakage of RF energy through transmission line.

• Patterning and the deposition of the thin film of dielectric material designed for the RF MEMS 
switches. Imprecision all through this stage may cause either the major dielectric charge 
issues or the small break down voltage of the designing switches.

All the aforementioned issues can be avoided if the procedure is well organized; otherwise, it 
will affect the electromagnetic characteristics as well as input impedance of the antenna [4, 13].

The motivation of this research work is a great effort put in emerging RF-switch-based-
reconfigurable antenna designs and procedures capable of facing specific challenges such as 
low power consumption, simplicity, robustness as well as small size. The scope of this work 
describes a two-way application: (a) design of an electrostatic actuated metal-contact cantile-
ver beam switch and (b) development of a grid-based numerical optimization method based 
on pattern search (PS) technique. Further, some important nature-inspired-optimization algo-
rithms and numerical-based-optimization algorithms are also studied that can be helpful 
to improve complex RF circuits like switches and antennas. The design of cantilever beam 
microswitch is identified for applications in microwave multiband reconfigurable antennas. 
A novel approach of PS optimization method is used here to optimize the isolation, inser-
tion and return loss of metal-contact microswitch. Finally, all the above-mentioned proce-
dure is combined together that creates a slot-dual frequency band reconfigurable antenna 
configuration.

2. Review of some important optimization techniques

Optimization refers to maximizing or minimizing the objective function or fitness function. In 
today’s scenario, the evolutionary optimization techniques that can be used to optimize even 
non-differentiable and non-linear types of problems are most commonly used. These tech-
niques are based on intensifying the search (w.r.t. neighborhood) and diversifying the range 
(of solutions). Some of these significant algorithms will be discussed in this section:
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Particle Swarm Optimization (PSO): PSO [18, 19] is a population-based and swarm-intel-
ligence-based evolutionary optimization technique motivated by the flocking of the birds 
and the schooling of the fishes. The solution of the problem is represented as a particle and 
the parameters of the solution are represented as ‘position, velocity, local best position and 
global best position’ of the particle. All the positions achieved are evaluated by a kind of fit-
ness function to represent how well the design criterion (e.g., switch design or antenna design 
criterion) is satisfied. The process terminates after a pre-specified number of iterations. This 
technique is very simple and fast because of being based on intelligence and learning. But the 
quality of results may not be so good because of being based upon a random process.

Genetic Algorithm (GA): GA [19] is a population-based evolutionary optimization technique 
motivated by the natural evolution process. The solution of the problem is represented as a 
chromosome and the parameters of the solution are represented as genes. The problem is 
initialized by the population of chromosomes. The best chromosomes are selected (that act 
as parents) using an appropriate fitness function (for example, in switch design, the solution 
parameter may be the insertion loss or isolation as in our case). These parents then generate 
the offspring using ‘crossover’ and ‘mutation’. Last step is elitist replacement scheme that com-
pares all the individuals in the population and the offspring. The program terminates after a 
designated number of iterations. It can be applied to a wide range of simple as well as complex 
problems. But it may be time-consuming sometimes to find an optimum solution.

Ant Colony Optimization (ACO): ACO [20] is another population-based and swarm-intelli-
gence-based evolutionary optimization technique motivated by the foraging behavior of the 
social ants. The solution of the problem is represented as a pheromone deposited by the ants 
in going toward and back from the food source and the parameters of the solutions are repre-
sented as the concentration of the pheromone. The other ants follow the route at which phero-
mone concentration is higher. The food may be called as the desired condition, for example, in 
switch optimization using ACO, some particular range of the insertion loss or isolation may 
be the desired conditions. This technique is very fast and efficient because of being based on 
intelligence and learning. But sometimes it yields the local optimum solution because this 
technique updates the pheromone according to the current best path.

Firefly Algorithm (FA): FA [21, 22] is one more population-based and swarm-intelligence-
based evolutionary optimization technique motivated by the short and rhythmic flashing pat-
terns of the swarming fireflies. Fireflies are the glowworms that can produce the natural light 
(with its intensity proportional to its hunger) to attract victim. For example, in switch design 
context, this technique may be used to compute the optimum weights and positions of the 
switches for the optimum design. This technique converges very fast and it is based on intel-
ligence and learning. But there is no provision of the memory to memorize the situation that 
remained better than the present.

Cuckoo Search (CS): CS [21, 23] is another population-based and swarm-intelligence-based 
evolutionary optimization technique motivated by the hatching behavior of cuckoo species. 
The female cuckoo chooses a nest to lay the eggs where the host has just laid its own eggs. In 
this technique, each egg in the nest corresponds to a solution while each cuckoo egg corre-
sponds to a new solution. Keeping the best nest corresponds to the best objective. This quality 
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optimization technique may be used to optimize many of the parameters in switch design. It 
is a simple, robust and easy to converge method. But the parameters of this approach cannot 
be changed that results into less efficiency.

Bat Algorithm (BA): BA [21, 24] is one more population-based and swarm-intelligence-
based evolutionary optimization technique inspired by the echolocation nature of the 
microbats. They use echolocation to detect their prey even in the whole darkness, that is, 
they transmit a sound pulse and listen to the echo bouncing back from the surrounding 
objects. For example, locations of the switches in a reconfigurable antenna may be opti-
mized using this technique. This technique becomes more optimum with the increase in 
population size and it is based on intelligence and learning. But it has somewhat low con-
vergence accuracy.

Artificial Bee Colony Optimization (ABC Optimization): ABC algorithm [25] is another 
popular population-based and swarm-intelligence-based evolutionary optimization tech-
nique inspired by the behavior of honeybee in food foraging. In this technique, solution to 
the optimization problem is indicated by the position of a food source while the solution 
quality (or fitness) is indicated by the food source. Each employed bee corresponds to one 
food source (i.e., one solution). An onlooker bee selects source of food depending on the 
probability value associated with the food source. If a food source (i.e., solution) cannot be 
improved further, the scout bee helps to generate new solutions randomly. For example, this 
algorithm may be effectively used to tag the switch design problems. It provides the clarity 
and errors in case of optimal solutions, but it has not been so widely used for solving the 
real-life problems.

Galaxy-based Search Algorithm (GbSA): GbSA [26] is a new evolutionary algorithm that 
has come into existence only a few years back. In this technique, the movement of solution is 
spiral from randomly generated initial solution (initial solution is commonly assumed to be 
at the core of galaxy) and the arm of galaxy moves spirally to search the surrounding until it 
finds a better solution. The algorithm is very optimal, but it needs to be used for many of the 
applications in the future.

Harmony Search (HS): HS [27, 28] is a population-based evolutionary optimization algo-
rithm (mainly used for solving the reliability problems) motivated by the nature of music. 
This method may convert the harmony of music into optimization. Just like music in which 
a particular note is played to have the pleasing harmony, a particular value is created in each 
decision variable to have the best possible optimum value. Like the judgement of quality of 
music by the pitch function, judgement of the quality of the decision variable is done by the 
fitness function. This technique does not need any initial value for the optimization, but it 
performs well only for a single objective function.

Biogeography-Based Optimization (BBO): BBO [29] is a population-based evolutionary algo-
rithm working on migration and mutation. The algorithm is based on the principles of emi-
gration and immigration between the habitats. A habitat with high value of habitat  suitability 
index (HSI) has high emigration rate and low immigration rate and vice versa. In this tech-
nique, each habitat corresponds to a solution, that is, high value HSI habitat  corresponds to 
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a good quality solution and vice versa. As an example, BBO technique may be used for the 
optimization of post-parameters in antenna design or switch design. This method is fast and 
free from any assumptions. Moreover, good solutions are retained. But the system using only 
migration and mutation may not converge to the global optimum.

Differential Evolution (DE): DE [30] is another population-based evolutionary computational 
algorithm for the optimization. It uses a differential operator to create a new solution. This 
algorithm has been widely used in the design and synthesis of antenna as well as switches. 
The main difference between DE and GA is the use of same operators but in the different 
ways. In this method, the selection step is implemented after the mutation and crossover steps 
and involves both the parents as well as offspring. This method is good in diversification, but 
it has somewhat less accuracy.

Simulated Annealing (SE): SE [31] is an evolutionary probabilistic optimization technique 
motivated by the annealing process in solids. It is a technique without any memory. This 
algorithm is based on the trajectory of the search path. In this technique, a material is heated 
above melting point and then is cooled gradually to the ambient temperature to generate a 
larger crystalline solid with minimum energy probability distribution and minimum metal-
lic defects. Most of the times, this is done in a lot of iterations. This technique can efficiently 
be used for the global optimization of the different parameters in switch design. It is good 
even for quite unordered data and it has very good global optimality. But there is a trade-off 
between the computational speed and quality of the solution.

Invasive Weed Optimization (IWO): IWO [32] is an evolutionary optimization technique 
inspired by the colonization of the invasive weeds. Each invading weed grows to a flowering 
weed and generates new weeds. These new weeds again grow to the flowering weeds and this 
process goes on and on and at last, maximum number of weeds is spread over the field. Now, 
only those weeds having good fitness can survive to generate new weeds. Each individual (i.e., 
a set having a value of each optimizing variable) is represented by a seed while any individual 
after evaluating its fitness is represented by a plant. As an example, this technique can be applied 
easily for the reconfigurable antennas by the positions of the switches. This technique shows 
a very high stability, but there is a further scope of improvement in the rate of success of this 
technique.

Pattern Search (PSearch or PS) Optimization: PSearch (or PS) Optimization [10, 33] is a 
very efficient, non-random and direct (i.e., does not require any information about the gra-
dient of the fitness or objective function) optimization tool (especially with regard to multi-
objective optimization in antenna design or microswitch design) for searching the minima 
of a function which is not necessarily differentiable or even continuous. This optimization 
strategy is comparatively faster than the other discussed algorithms. The algorithm searches 
a  collection of points (called mesh having some specified pattern and constant size) surround-
ing the current point until a point is found in that mesh where the fitness or objective func-
tion value is less than its value (in case of minimization) at the current point. Thereafter, this 
new point acts as current point and once again starts searching the neighborhood points to 
obtain a new optimized point in the next iteration of the algorithm. If there is no point on 
mesh where the objective function value is lower than its value at the current point, then this 
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algorithm will reduce the size of mesh so as to search around the current point with more per-
sistence and hence to find the minimum with more accuracy.

A very brief comparison of these optimization techniques has been discussed in Table 2 (more 
experiments need to be done for GbSA as it has not been used in so many cases).

A very brief review of the advantages and disadvantages of the different optimization 
techniques discussed above can be shown in Table 3.

In this research work, PSearch algorithm will be used for the synthesis and optimization of the 
switch because of its speed, reliability and accuracy. Although PSearch is a much faster method 
of reaching the acceptable results, but it can be improved more by selecting the different search 
directions depending upon the objective function to be minimized.

Feature  
technique 

Inspired by Time for convergence/
optimization

Accuracy Suitability

Particle swarm optimization 
[18, 34]

Flocking behavior of birds Little bit more time (because 
of overhead)

Average Even for complex 
problems

Genetic algorithm [19, 34] Natural evolution Little bit more time (because 
of overhead)

Good Even for complex 
problems

Ant colony optimization [20] Behavior of social ants Less time Average Even for complex 
problems

Firefly algorithm [21, 22] Flashing behavior of the 
fireflies

Less time Good Even for complex 
problems

Cuckoo search [21, 23] Hatching behavior of cuckoo Quite less time Good Even for complex 
problems

Bat algorithm [21, 24] Echo behavior of bats Little bit more time (because 
of being fallen into local 
optimization sometimes)

Average Even for complex 
problems

Artificial Bee colony 
optimization [25, 35]

Behavior of honeybee in 
food foraging

Less time Good Even for complex 
problems

Harmony search [27, 28] Nature of music Less time Average For simple 
problems

Biogeography-based 
optimization [29, 36]

Distribution of plants and 
animals in habitats

Less time Good Even for complex 
problems

Differential evolution [30, 37] Natural laws concerned 
with the evolution of the 
individuals

Less time Average Even for complex 
problems

Simulated annealing [31, 38] Annealing process in solids Higher time Good Even for complex 
problems

Invasive weed optimization 
[32, 39]

Colonization of the invasive 
weeds

Little high Low Even for complex 
problems

Pattern search optimization 
[10, 33]

Searching around mesh Less time Good Even for complex 
problems

Table 2. Comparison of important optimization techniques.
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Optimization technique Advantages Disadvantages

Particle swarm optimization [18, 40] 1. Particles preserve the good solutions 
(memory characteristic)

2. Each member is involved in the 
exploitation of the solution space

1. Quality of results may not be too good 
as the guided random process is the 
basis

2. Very sensitive to the tuning of 
parameters

Genetic algorithm [38] 1. Very useful for the large or/and 
unknown search space

2. Solution becomes more and more 
optimal with passage of time

1. Solution is prone to fall in local optimum 
if the fitness (cost) function is not 
properly defined

2. Not a very good technique for the 
constraint-based optimization

Ant colony optimization [38] 1. Adaptable to real time changes
2. Has property of distributed 

computing

1. Convergence is difficult to prove in 
many cases

2. Solution may fall into local optimum in 
a few cases

Firefly algorithm [22] 1. High speed and performs good even 
at high levels of noise

2. Performs better with the increase in 
population size

1. Unable to get rid of local optima while 
doing local search (in a very few 
situations)

2. Unable to preserve the good solution (no 
memory)

Cuckoo search [23, 41] 1. Tendency to be trapped in local 
optimum is very very less and hence 
faster than the other methods

2. Easier to implement as it depends 
upon population and probability 
only

1. Little less efficiency because of inability 
to change parameters

2. Number of iterations required may be 
quite large

Bat algorithm [24, 42] 1. Very efficient even for the multi-
constraint problems

2. Can be used to derive many 
algorithms by changing some of its 
parameters

1. Little less convergence accuracy
2. Not so good for the multi-dimensional 

problems because of fast initial 
convergence

Artificial Bee colony optimization [35] 1. Can intensify and diversify the 
search quite effectively

2. Gives optimum results in reasonable 
time

1. Is yet to prove its worth in so many real-
life applications

2. Some mathematical justifications are yet 
to be done in this technique

Harmony search [43, 44] 1. Does not need any initial value 
resulting in convergence to a global 
optimum in a much better way

2. Parameters need not to be fine tuned

1. Mainly useful only for a single objective 
function

2. Very poor in case of local search

Biogeography-based optimization [45] 1. Has high diversity resulting in a 
good solution

2. Preserves the good solutions 
(memory characteristic)

1. Less efficient in exploitation of the 
solution

2. Sensitive to the tuning of some 
parameters

Differential evolution [30, 37] 1. Efficient memory utilization
2. Can easily be implemented in 

parallel

1. Large computation needed to reach the 
optimal solution

2. Less accurate

Simulated annealing [38] 1. Ability to approach the global 
optimal solution in most of the cases

2. Simple to code even for the 
complicated and unordered data/
problems

1. Very much time-consuming because the 
fitness function needs more computation

2. Parameters have to be very much 
fine-tuned

Modern Antenna Systems196



Optimization technique Advantages Disadvantages

Particle swarm optimization [18, 40] 1. Particles preserve the good solutions 
(memory characteristic)

2. Each member is involved in the 
exploitation of the solution space

1. Quality of results may not be too good 
as the guided random process is the 
basis

2. Very sensitive to the tuning of 
parameters

Genetic algorithm [38] 1. Very useful for the large or/and 
unknown search space

2. Solution becomes more and more 
optimal with passage of time

1. Solution is prone to fall in local optimum 
if the fitness (cost) function is not 
properly defined

2. Not a very good technique for the 
constraint-based optimization

Ant colony optimization [38] 1. Adaptable to real time changes
2. Has property of distributed 

computing

1. Convergence is difficult to prove in 
many cases

2. Solution may fall into local optimum in 
a few cases

Firefly algorithm [22] 1. High speed and performs good even 
at high levels of noise

2. Performs better with the increase in 
population size

1. Unable to get rid of local optima while 
doing local search (in a very few 
situations)

2. Unable to preserve the good solution (no 
memory)

Cuckoo search [23, 41] 1. Tendency to be trapped in local 
optimum is very very less and hence 
faster than the other methods

2. Easier to implement as it depends 
upon population and probability 
only

1. Little less efficiency because of inability 
to change parameters

2. Number of iterations required may be 
quite large

Bat algorithm [24, 42] 1. Very efficient even for the multi-
constraint problems

2. Can be used to derive many 
algorithms by changing some of its 
parameters

1. Little less convergence accuracy
2. Not so good for the multi-dimensional 

problems because of fast initial 
convergence

Artificial Bee colony optimization [35] 1. Can intensify and diversify the 
search quite effectively

2. Gives optimum results in reasonable 
time

1. Is yet to prove its worth in so many real-
life applications

2. Some mathematical justifications are yet 
to be done in this technique

Harmony search [43, 44] 1. Does not need any initial value 
resulting in convergence to a global 
optimum in a much better way

2. Parameters need not to be fine tuned

1. Mainly useful only for a single objective 
function

2. Very poor in case of local search

Biogeography-based optimization [45] 1. Has high diversity resulting in a 
good solution

2. Preserves the good solutions 
(memory characteristic)

1. Less efficient in exploitation of the 
solution

2. Sensitive to the tuning of some 
parameters

Differential evolution [30, 37] 1. Efficient memory utilization
2. Can easily be implemented in 

parallel

1. Large computation needed to reach the 
optimal solution

2. Less accurate

Simulated annealing [38] 1. Ability to approach the global 
optimal solution in most of the cases

2. Simple to code even for the 
complicated and unordered data/
problems

1. Very much time-consuming because the 
fitness function needs more computation

2. Parameters have to be very much 
fine-tuned

Modern Antenna Systems196

3. Switch design and analysis

Initially, metal MEMS switch is analyzed with the help of software coventorware. RF MEMS 
switches in terms of multi-Physics properties have been studied, designed and simulated 
for RA design. The multi-Physics characteristics for MEMS switches generally include the 
squeeze film damping effect/displacement time, activation/pull-in voltage, electrostatic force 
and on-off capacitance ratio.

The lumped/equivalent circuits of aforementioned MEMS switch are generated by using 
Advanced Design System (ADS) software with the help of Hspice model. After generation of 
lumped elements, the mathematical analysis and verification of post-processing simulation 
results of switches are performed. Further, the ANSYS high frequency structure simulator 
(HFSS) software is used to find out the electromagnetic (EM) characteristics of MEMS switch. 
In case of switch, the important EM post-parameters like insertion loss (IL), return loss (RL) 
and isolation are studied. This software provides the in-built optimization tools which are 
also considered to optimize the EM results.

Proposed MEMS switch here moves at one end in the downward direction and is fixed at other 
end of the beam. The cantilever beam makes a metal contact with the transmission line as it moves 
in down direction in response of electrostatic actuation. When beam metal part connects the two 
ports of transmission line, switch is called in ON position and when beam metal part disconnects 
the two ports of transmission line, the switch is called in OFF position [46]. The presented MEMS 
resistive switches are different according to their beam shapes and metal contact areas.

Figure 1 shows 3D view of the metal-contact RF microswitch implemented on silicon sub-
strate of area 272 × 118 μm2 and thickness 48 μm. The cantilever beam is made of gold and 
silicon nitrate of thickness 0.2 μm. A 0.5-μm-thick dimple is used to make metal to metal con-
tact and to separate the cantilever beam from actuation pad in down-position.

The equivalent R-L-C circuit of proposed switch in on-position and off-position are shown 
in Figure 2. The circuit model of metal-contact microswitch is used to extract the C, R and 
L equivalent parameters of the switch. There are a number of circuit elements which rep-
resent the physical part of the proposed microswitch [47]. Here in Figure 2a, R4 = 3.98 ohm 
represents a value of line resistor; L2 = 0.63 nH, a value of line inductor of the cantilever 

Optimization technique Advantages Disadvantages

Invasive weed optimization [32, 39] 1. Allows all plants to take part in 
reproduction

2. Shows high stability and good 
convergence

1. Little scope of improvement in the 
success rate of this algorithm

2. Is yet to prove its importance in many 
real-life situations

Pattern search optimization [10, 33] 1. Very fast and reliable method
2. Very accurate method as the mesh 

size may be reduced to search 
around the point with higher 
resolution

1. Wrong selection of starting point may 
result in sticking around local minima

Table 3. Advantages and disadvantages of important optimization techniques.

Micro-Switch Design and Its Optimization Using Pattern Search Algorithm for Application in Reconfigurable Antenna
http://dx.doi.org/10.5772/66127

197



beam. Further, R3 = 3.3 ohm, contact resistance value; L1 = 1.35 nH, contact inductance value; 
and C1 = C2 = 0.017 pF, the shunt coupling capacitance value. The rest of the shunt resistors 
(R1 = 5.54 ohm, R2 = 1e-005 ohm, R5 = 5.54 ohm and R6 = 1e-005 ohm) represents the losses 
effect due to the holes at higher frequencies. In off-state position of the switch (as shown in 
Figure 2b), C4 = 0.007 pF represents a series switch capacitance value.

After solving equivalent circuit, at a given solution frequency, the impedance in ON position is 
equal to Zeq = Rsw + iwLs = 3.98 + 2.52i (in ohm) and in OFF position, the capacitance value calcu-
lated is Cc = 2.74 femto-Farad. These values are useful to define the insertion loss and isolation. 
Except the characteristics impedance, other circuit values are permitted to vary the isolation 
and insertion loss results calculations [48]. Here the actual equivalent circuit of proposed struc-
ture was generated by using HSPICE model file. The HSPICE file from HFSS was exported in 

Figure 2. Equivalent R-L-C circuit of metal-contact MEMS switch in (a) on-position (b) off-position.

Figure 1. 3D layout of metal contact microswitch (in coventorware software).
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Advanced Design System (ADS) software to validate the results through equivalent circuit and 
layout approach. The generated lumped LCR model of switch in ADS was simulated again by 
setting 50 ohm impedance at input and output terminal for the verification of post-electromag-
netic parameters and further comparison shows similar results as generated by HFSS.

Figure 3. (a) Normalized gap height/displacement (in z-direction) versus applied voltage (pull-in voltage characteristics) 
and (b) transient response of switch.

Figure 4. (a) Simulated S-parameter (insertion loss and RL) of switch in on-state and (b) simulated S-parameter (isolation 
and RL) of switch in off-state (S11 and S21).
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The mechanical movement depends on spring constant of designed beam structure and lower 
spring constant is required for better switch operation [49]. At pull-in voltage (Vp = 9.1 V), 
an electrostatic force is generated between actuation and beam electrode. As a result, beam 
metal-part makes a contact with transmission line and RF signal passes through this path. 
The plots of Vp and squeezed-film damping effect in the form of displacement time (ts) are 
shown in Figure 3. The simulated S-parameters from 0.1 to 10 GHz are shown in Figure 4. 
In ON-position, the insertion and return losses (RL) are 0.15 to 0.51 dB and 34.94 to 13.10 dB, 
respectively. In OFF-position, the isolation is 75.96 to 35.83 dB.

4. Pattern search optimization method for RF switches

A PS method [33] searches set-points around the existing point, observing for unique where 
the experimental value of the cost function is lesser than the value at the existing point. The 
insertion, isolation and RL of presented microswitch in on-off condition are optimized using 
PS method. These parameters were improved by varying the physical dimensions (width and 
length) of transmission lines as shown in Figures 5 and 6. The substrate thickness and cantilever 
dimensions are already optimized during the designing process of the RF switch. Here, the prob-
lem statement and objective function are by varying structure dimensions of RF microswitch of 
transmission line to find the maximum transmission from Wave Port 1 to Wave Port 2 (S21 = >1), 
define the cost function to be –mag (S(WavePort2, WavePort1)) at some specific frequency. The 
physical dimensions for optimization purpose must be limited so as to avoid the overlarge size as 
compared with the substrate area, so the restricted limits are set as (20 μm ≤ (L = length) ≤ 45 μm) 
and (5 μm ≤ (W = width) ≤25 μm), respectively. During optimization analysis, the target is set to 
identify maximum condition to achieve aforementioned cost function in both on and off position.

Table 4 summarizes the optimized S-parameters of metal-contact switch at 5 GHz. The PS opti-
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fourth iteration in on position and sixth iteration in off position. The optimized value of length 
and width in on-position is 45 and 25 μm and in off-position of switch is 20 and 5 μm. It has 
been observed from optimized results that there is major improvement in isolation, reasonable 
return loss and minor improvement in insertion loss. This is because that PS algorithm follows 

S-parameters Without optimization (dB) With PS optimization (dB)

Insertion loss −0.32 −0.26

RL in down-state −17.89 −19.85

Isolation −41.95 −60.90

Table 4. S-Parameters of MEMS switch at 5 GHz.

Figure 7. Flow diagram of designing and optimization approach of RF switches.

Figure 6. Optimized results at off-position of switch: (a) isolation and (b) return loss.
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the designing equations for antenna analysis not includes the transmission line effect and con-
sequently, they are only useful for comparison with simulated data under restricted conditions.

The design approach of RF switches (as discussed in Section 3) with their optimization 
approach (as discussed in this section) may be shown in the form of flow sequence in Figure 7.

5. Defected ground slot reconfigurable antenna

Figure 8 shows the geometry of our proposed defected ground slot antenna which con-
sists of feed-line, patch element and two RF micrometal-contact switches. The antenna was 
designed on Rogers 4350 substrate of thickness 0.762 mm, relative permittivity εr = 3.66 and 
dielectric loss tangent 0.004. Table 5 shows all the dimensions of antenna. The positions of 
switches S1 and S2 on antenna were set in a way to operate antenna in dual band. To find the 
best location of switches on microstrip antenna, the parametric analysis was carried in HFSS 
software [11, 12].

The proposed RA fabrication and testing set-up broadly contain five different sections which 
include defected ground planar antenna, RF switches with biasing circuit and voltage regu-
lated power supply to on/off the desired RF switches, vector network analyzer (VNA) and 
anechoic chamber. The resistive RF microswitch selected for the antenna is same as designed 
and optimized in this article. For proof of concept, its equivalent RF switches (CSWA2-63DR+) 
having almost similar isolation and matching of 50 ohm was considered. Although small 
variation in results are noticed in ON-position of switches at antenna, as compared to simu-
lated results, this is just because of different insertion loss value of tested switch. It consumes 
very low power (in μW) and typical supply current range is 18 μA. Further, the RF switch 
used here has operating bandwidth lying from 0.5 to 6.5 GHz. A separate laminate sheet of 

Parameters Lf Wf Lg Wg Lp Wp1

10 1.8 9 22 11 4

Parameters Wp2 Wp3 Wp4 Ws1 Ws2 Ws3

4 4 4 2 2 2

Table 5. Antenna dimensions (in mm).

Figure 8. Dual band slot antenna with two metal-contact MEMS switches.
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Roger RO4350 with same substrate thickness (0.762 mm) as that of defected ground antenna 
was used for integration of RF switches.

The design approach of reconfigurable antenna (as discussed in this section) may be shown in 
the form of flow sequence in Figure 9.

Figure 10 shows the laminate sheet that consists of 10 RF switches and only two switches (S1-
S2) were used in this work. This PCB carries the DC bias lines and pads that were designed 
for further connection with antenna as well to the power supply. The gold-plated SMA con-
nector of 50 ohm was used at terminal RF1, RF2 and RF common which further connected to 
defected ground antenna through excellent quality thin copper wires having diameter 0.025 
mm. Each RF switching circuit consists of a RF switch and three equal valued capacitors (47 
pF) for blocking DC. The highly stable on-chip capacitor dielectrics C0G (NP0) ceramics was 

Figure 10. Prototype of RF switches PCB and regulated power supply circuit.

Figure 9. Flow diagram of designing approach of reconfigurable antenna.
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used for biasing circuit. A variable DC regulated power supply producing 1.3–4.92 V was 
designed to activate RF switches as shown in Figure 10.

The electronics switches were integrated on power supply PCB which activates the desired RF 
switches through 40 pin Atmel microcontroller. The measurements of RA electromagnetic char-
acteristics were done with the help of Agilent Technologies E5071C in an anechoic chamber. The 
two RF switches provide four possible switching states, that is, on-on, on-off, off-on and off-off. 
The testing result shows that in on-on state, antenna demonstrates best resonance performance 
as shown in Figure 11 and Table 6.

Switch-state Resonating freq. (GHz) RL (S11) in dB Bandwidth (MHz)

Simulated Measured Simulated Measured Simulated Measured

Antenna without 
switch

3.62 3.58 −23.29 −22.50 300 294

S1-ON 3.08 3.06 −32.54 −27.20 121 118

S2-ON 6.34 6.40 −30.25 −26.32 392 384

S1-ON 2.89 2.85 −13.58 −12.92 151 148

S2-OFF 6.13 6.08 −20.75 −21.10 392 386

S1-OFF 2.87 2.86 −11.98 −12.55 181 178

S2-ON 6.09 6.14 −15.37 −15.18 573 569

S1-OFF 3.17 3.20 −12.50 −13.10 90 88

S2-OFF 6.49 6.50 −18.12 −16.78 271 266

Table 6. Comparison of S-parameter results of antenna with and without RF switches.

Figure 11. Comparison of simulated and measured RL of proposed RA.
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Radiation pattern characteristics—The measured radiation pattern performances for the RA 
at different switching configuration plotted above are included next. Measured normalized 
relative power patterns, that is, YZ-, XZ- and XY- cut patterns are shown in Figure 12a–d at 
 solution frequency 4 GHz are obtained. The combined magnitude of the electric field com-
ponents in the desired polarization is shown next in Figure 12e–f. A figure-eight pattern in 
XY-plane (as shown in Figure 12b) signifies a dipole type of radiation pattern. Reconfigurable 
antenna as expected achieved fairly normalized omni-directional patterns. From 3D radiation 
pattern plot, it has been observed that the antenna behaves directional in the elevation plane 
and non-directional in the azimuth plane. Further, considering all four possible configura-
tions (on and off) of the switches on antenna, the RA was showing well-behaved linearly 
polarized characteristic as axial ratio (Ey/Ex) is above one at theta equal to zero.

6. Conclusions

In this chapter, initially a metal-contact microswitch for application of reconfigurable defected 
ground antenna has been presented, simulated and optimized. Further, the circuit model of 
RF switch has also been used to extract the capacitance, resistance and inductance parameters 
by using ADS to validate insertion loss and isolation results. For optimization of S-parameters, 
pattern search (PS) optimization algorithm has been used after reviewing many of the com-
monly used optimization techniques. After PS optimization, the RF switch shows significant 

Figure 12. Measured normalized co-polar, cross-polar and total gain radiation patterns in E-plane and H-plane for 
the reconfigurable antenna at different switching configuration (a) XZ-plane (phi = 0), (b) XY-plane (theta = 0), (c) 
YZ-plane(phi = 90), (d) gainPhi and gainTheta (theta = 90), (e) gain total (phi = 0, theta = 90) and (f) gain total (theta = 0, 
theta = 90).
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improvements in insertion loss and isolation at 0.1–10 GHz. Further, the proposed metal-contact 
microswitch when introduced on defected ground slot antenna and fabricated antenna showed 
dual-band characteristics as well as reduction in size. From wireless industrial application point 
of view, the proposed compact reconfigurable antenna with RF switches aiming towards the 
future wireless miniature devices is suitable for IEEE S- and C-bands. In other words, the pro-
posed reconfigurable antenna finds suitable applications in vehicular and wireless technologies.
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