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Chapter 1
Advances in Wideband, Multiband, and
Smart Antenna Systems for Wireless
Communication

Mohammad Abdul Matin

1.1 Introduction

Today, people like to enjoy their life in a fast lifestyle, and therefore, high speed
wireless communication has become essential for delivering content and knowledge
in the information age. This leads to a large demand for compact multiband or
wideband antennas to prop up wireless communication devices such as cell phones,
tablets, laptops, computers, and other related devices [1]. Compact design permits
more space to integrate other electronic components. In addition, a number of
other requirements exist such as antenna packaging, antennas on chip without
compromising its performance while integrating in wireless devices. Therefore,
designers propose different innovative approaches to reduce the complexities and
difficulties in the design of wireless device. The aim of this book is to showcase
latest R&D trends and novel methods in designing and analyzing broadband,
multiband, and reconfigurable antennas for 5G and B5G mobile and wireless
applications, as well as integrating in small volume wireless devices. This book
provides theoretical and experimental approaches to some extent which would be
useful to the researchers, scientist, engineers, and senior students in the field of
antenna engineering. This book also highlights unique design issues to help the
reader as well to understand more advanced research.
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1.2 Research Contribution

This book attempts to explore the cutting edge research developments in wideband,
multiband, and smart antenna systems and is organized into 13 chapters.

• Chapter “ Wideband Antennas” provides a brief overview of wideband antenna
techniques and the key aspects of the operating principles and design require-
ments associated with some of the most familiar wideband antennas. This chapter
includes discussion on some of the core fabrication and measurement challenges
associated with such antennas.

• Chapter “Printed UWB Antennas: Design and Principle” presents the recent
developments of printed UWB antennas. Different types of printed antennas with
UWB performances have been investigated. The results show that the printed
UWB antennas have a simple structure, a low fabrication cost, and a compact
size with high portability and mobility.

• Chapter “MIMO Antennas for 5G Enabled Devices” provides an overview of
5G MIMO technology and its significance followed by the evolution of MIMO
antennas—from 4G to 5G. As 5G poses several challenges from antenna design
point of view for both sub-6 GHz and mm-wave bands, it is crucial to investigate
the limitations and design considerations for such systems. This chapter features
MIMO antenna designs for base station (BS) as well as handheld devices for both
sub-6GHz and mm-wave bands.

• Chapter “High-Isolation Compact Wideband MIMO Antennas for 5G Wireless
Communication” focuses on mutual coupling reduction technique for wideband
multiple-input-multiple-output (MIMO) antennas in a parallel configuration and
presents a novel approach which is based on ground plane alterations. Rigorous
numerical optimization of all geometry parameters is carried out to ensure the
minimum size of the structures while satisfying two performance constraints.
The results are verified experimentally. The effects of the user’s hand on the
antenna performance are also investigated through full-wave EM analysis using
the standard human phantom.

• Chapter “Fixed and Scanned-Beam Antenna Arrays for 5G applications” high-
lights a variety of low profile and high gain antenna array designs, both for
fixed-beam as well as scan beam for 5G applications. This chapter also includes
two other topics, namely arrays with polarization diversity, and MIMO antennas
that are likely to play important roles in 5G applications, both in sub-six and
millimeter-wave designs.

• Chapter “Co-design of 4G LTE and Millimeter-Wave 5G Antennas for Future
Mobile Devices” delves the desired specifications for co-design of 4G and 5G
antenna modules along with design examples as Co-designing 4G LTE and
mmWave 5G antennas with optimal characteristics is the appropriate method to
achieve backward compatibility.

• Chapter “Application of the Whale Optimization Algorithm to Antenna Design
for mm-wave 5G Communications Systems” describes a new nature inspired
algorithm the Whale Optimization Algorithm (WOA) for antenna design and
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investigates the applicability and validity of the proposed design framework using
numerical analysis.

• Chapter “Reconfigurable Antenna: Analysis and Applications” provides a brief
history of reconfigurable antenna along with the techniques and properties for the
reconfiguration of an antenna. Some existing proposed reconfigurable antenna
designs, methods, and their constraints are also discussed. In addition, the
applications and the benefits of reconfigurable antennas are highlighted.

• Chapter “Smart antenna design: radiation pattern agility by Branch-Line Cou-
pler” presents a new approach for agility in the radiation pattern by using simple
transmission lines that make up a quadrupole called a Branch-Line Coupler
(BLC). The principle of this new approach modifies the configuration of the
antenna system radiation pattern by a simple or a combination of excitations
allowing to have good performances.

• Chapter “Time-Domain Approach Towards Smart Antenna Design” deals with
the feasibility of time-modulated linear arrays (TMLAs) for different applica-
tions by optimizing several parameters of the array. Pattern synthesis with or
without suppressing the Sideband Radiations (SRs) as well as exploiting the
sidebands are briefly described with several examples. Throughout this chapter,
16-element TMLAs are considered and a wavelet mutation-based differential
evolution (DEWM) is used for optimal solution. Few other well-known opti-
mization techniques for electromagnetic problems such as PSO and real-coded
GA (RGA) based results are also presented for comparison.

• Chapter “Wireless Power Transfer for Implantable and Wearable Medical
Devices” concentrates on common wireless power transfer (WPT) techniques for
implantable and wearable medical devices. WPT through Implantable antennas
can suffer from misalignment issues due to the curved surface of the anatomical
system and body movement during daily life. The main types of misalignment
due to patient movements were analyzed and provided solution for two case
studies.

1.3 Conclusion

This book covers current and emerging trends in research and development of wide-
band, multiband, and smart antenna systems for modern wireless communications
featuring a structured approach. Features include:

• Reviews existing designs as well as offers an in-depth treatment of wideband,
multiband, and smart antennas for modern wireless communications.

• Focuses on advanced design, synthesis, and computational methods for wide-
band, multiband, and smart antennas and attempts to make everything real world.

• Presents simulation and experimental results to illustrate concepts and develops
knowledge both in theory and practical skills.
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This book will help lot of research scholars, practicing engineers, and beginners
to understand principles applicable in designing wideband, multiband, and smart
antenna systems for modern wireless communications.
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Chapter 2
Wideband Antennas

Umair Naeem and Vincent Fusco

2.1 Introduction

In recent years the topic of wideband antennas or wideband antenna arrays has
gained significant attention with the advent of next-generation wireless technolo-
gies. In wireless communications, there is an unprecedented and ever-increasing
demand for higher and higher data rates. These requirements can be catered by
designing multiband and wideband systems. The antenna remains a critical and
highly challenging part of any wideband “high data rate” communications system.
Some of the driving factors for future generation wireless systems are; high data
rates, coexistence of multiple standards, and availability of wide bandwidth data
acquisition solutions.

Examples include: (1) Connected autonomous vehicles [1–4] (CAV) is one of the
future generation technologies that requires high-resolution sensors for the purpose
of gaining awareness of the operating environment, as well as high data rate and
low latency wireless connection among vehicles. (2) High-resolution microwave
imaging requires extremely wideband antennas [5] and is desired for medical, space,
security, and surveillance applications.

The chapter starts with a contextual background of the topic, this will be followed
by a review of some of the theoretical concepts used in the design of wideband
antennas that are necessary in order to provide a foundation for the design of
ultrawideband antennas. First, traveling wave theory will be explained in the context
of broadband antennas. The theory behind frequency independent antennas will
then be explained with the help of self-scaling and self-complementarity principles.
Wideband characteristics of large flat arrays comprising of closely spaced antennas
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are then described through the theory of the current sheet array extended for the
analysis of tightly coupled antennas.

Following that, a section on different wideband antenna types are discussed
with the emphasis on highlighting their performance metrics and geometrical
features. Frequently encountered structures are described and include traveling wave
antennas such as the Yagi-Uda Antenna, the Tapered Slot Antenna, and the Helical
Antenna. The family of frequency independent antennas such as Archimedean
Spiral, Equiangular Spiral Antennas, Log-Periodic Antennas, Sinuous Antenna, and
Tightly Coupled Antennas (TCA) are also discussed. Finally, Fractal and Dielectric
Resonator Antennas are briefly touched upon.

In the final sections of this chapter, some of the fabrication and measure-
ment challenges associated with wideband antennas will be discussed. Some key
applications of wideband antennas will also be discussed. These will include
communications, imaging, and material characterization. Lastly, a brief indication
of the future direction for research in the field of wideband antennas will be
presented and followed by concluding remarks.

2.2 Theoretical Concepts

In order to better understand the operating principles for wideband antennas, it
is important to become familiar with the key concepts essential for their design
and analysis. Although the relevant theory is touched upon in this section, readers
are encouraged to study the suggested references should they need a deeper
understanding of the topics introduced here.

2.2.1 Traveling Wave Theory

Consider the case where a long straight wire antenna is excited from one end, current
or voltage distributions will appear on the wire. Voltage and current waves at the
open ends of the antenna will be reflected. If we consider a case where the wire
is terminated at the end opposite to the driven end by a matched load (in order to
minimize the reflections), the standing waves associated with a resonant antenna
can be avoided making this type of antenna inherently wider in operation than
its resonant counterpart. If a length of straight wire terminated as above is placed
parallel to the ground at height h, since the antenna is nonresonant a broadband
behavior is observed. This configuration of the antenna is called the Beverage
antenna [6], Fig. 2.1. Other examples of traveling wave antennas [7] are Helical
antennas, dielectric rod antennas, aperture antennas, Yagi-Uda, log-periodic, and
slotted waveguides [8].

Traveling wave antennas can be classified either as slow wave or fast wave
structures based on the phase velocity of the propagating wave within the structure.
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Fig. 2.1 A long wire traveling wave antenna

2.2.1.1 Slow Wave: Surface Wave (νp ≤ c)

A slow wave antenna is defined when the phase velocity vp of the structure is equal
to or lower than the speed of light [7, 9]. By carefully exploiting the radiation from
discontinuities inside the antenna structure one can achieve a slow wave structure
which is also called as surface wave antenna [7, 9]. A surface wave antenna
interrupts the bound wave on the antenna surface through discontinuities designed
into the structure thereby allowing radiation, and hence achieving a net outflow of
radiated power.

2.2.1.2 Fast Wave: Leaky Wave (νp > c)

A traveling wave antenna is classified as fast wave structure when the phase velocity
of the traveling wave is greater than the speed of light [7, 9].

An example of fast wave structure is the leaky wave antenna which loses energy
progressively by radiation as the wave propagates through the structure becoming
less bound to it as it progresses. A useful account of leaky wave antennas is
presented in [9]. Some specific examples of leaky wave antennas are now given.

2.2.2 Frequency Independent Antennas Theory

Antennas whose radiation and impedance characteristics, above a certain frequency,
are both independent of frequency are classified as frequency independent antennas
[10]. The frequency independent antenna theory is explained in the literature by two
concepts: structures that can be specified by angles alone and structures that exhibit
self-complementary property.

2.2.2.1 Antennas Specified by Angles Alone

The radiation and impedance behavior of an antenna will remain the same with
respect to frequency of operation if its dimensions, expressed in terms of wave-
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Fig. 2.2 Example of an antenna defined by angle r = aϕ, where a determines the rate of wrapping
of the arms

length, are constrained to remain constant. Frequency independent antennas are
therefore based on the idea of self-scaling, wherein the physical size of the structure
is reduced in equal proportion to wavelength of operation and consequently they
exhibit broadband characteristics. One way to realize a self-scaling antenna is to
specify the entire structure only in terms of angle thereby removing the need for
length specification (Fig. 2.2).

The general formula defining an antenna specified by an angle is given by Eq.
(2.1),

r = ea(ϕ+ϕo)F(θ) (2.1)

where a and ϕo are constants, F(θ ) is function of θ in spherical coordinate system
defined by r, θ , and ϕ. A logarithmic scaling ensures smooth structure geometry
growth and consequently extension in impedance bandwidth.

An example of such a system is the equiangular spiral which can be defined by
only two parameters: the rate of expansion a, and the orientation ϕo in a spherical
coordinate system, the structure can be represented by Eq. (2.2),

ϕ + ϕo = ln r
1
a (2.2)

Following the design approach based on angle method, one can achieve nearly
constant input impedance with frequency. However, radiation characteristics do
not always remain constant since as frequency changes there is an equivalent
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“electrical” rotation of the structure. This can be mitigated by noting that the
radiation pattern at the new frequency f2 will be the same as at the previous
frequency f1 if the coordinate system is rotated about θ = 0◦ correspondingly.
Therefore, the pattern rotates about θ = 0◦ axis as the frequency is swept, this
rotation rate depends upon a, and the angle of rotation is given by Eq. (2.3).

Angle of rotation = 1

a
ln

f1

f2
(2.3)

2.2.2.2 Self-Complementary Structures

A breakthrough concept for wideband antenna design was introduced by Mushiake
in 1948 [11], who established the foundation of several useful antenna designs that
are still extremely popular in wideband applications. The input impedance of any
self-complementary antenna will always remain constant and it does not depend on
source frequency nor on its shape; consequently, there can be an infinite number of
shapes that can meet self-complementary criteria, see [11–13] for a more detailed
discussion and different self-complementary antenna examples.

Consider two structures that are mutually dual or “complementary” to one
another, as shown in Fig. 2.3. One of the structures consists of two conducting strips

Fig. 2.3 A planar strip antenna and its complementary slot antenna (the shaded part is metal)
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of an arbitrary shape and size while its dual consists of holes in a conducting sheet
which are of same shape and size as its dual counterpart. The conducting strips are
excited by an electric current Jo whereas its dual is excited by magnetic current Jom.
The electromagnetic fields are defined as E1 and H1 for the structure consisting of
conducting strips and as E2 and H2 for its dual. The two structures are thus said to be
complementary with respect to each other and their electromagnetic characteristics
are also dual of each other. The impedances of the two structures are related as,

Z1Z2 =
(

Zo

2

)2

(2.4)

where Zo is the intrinsic impedance of free space, Zo = 120π .
Since both structures are represented as two-sided planar sheets, the electric and

magnetic currents are defined on both sides of the sheets. The electric current source
Jo can be represented as two symmetric current sources defined on each side of the
sheet. Similarly, Jom can be viewed as two asymmetrical magnetic current sources.
Since the two structures are dual of each other, and by the extension of Babinet’s
Principle, [14], their associated electromagnetic fields can be defined by Eq. (2.5).

E2 = ∓H1

H2 = ±
(

1
Zo

)2
E1

(2.5)

where Zo is the free space impedance.

Z1 =
∫ a

b
E1 · dl

2
∫ d

c
H1 · dl

Z2 =
∫ d

c
E2 · dl

2
∫ b

a
H2 · dl

(2.6)

The input impedances for the two structures (Z1 and Z2) can be represented as
the ratios of the integrals as shown in Eq. (2.6). The product of these impedances is
given by Eq. (2.4).

For the case of a two terminal self-complementary antenna structure radiating in
free space (see Fig. 2.4), the input impedance is around 188 � as calculated using
Eq. (2.7).

Z = Z1 = Z2 = Zo

2
= 1

2

√
jωμ

(jωε + σ)
∼= 60π ∼= 188.5 � (2.7)

The input impedance of a four terminal self-complementary antenna structure
such as that shown in Fig. 2.5 is given by Eq. (2.8). From Eq. (2.8) a general-
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Fig. 2.4 Example of two
terminal self-complementary
antenna

Fig. 2.5 Example of four
terminal self-complementary
antenna

ized expression for input impedance Zmn can be derived. The generalized input
impedance is given by Eq. (2.9), where, n-terminal self-complementary antennae
are excited through an electric source with n-phases connected in star configuration
and m is the order of rotation when the opposite terminal sources are 180◦ out of
phase. References [11–13], give a more detailed discussion as well as some different
example antenna structures.

Z1 = Zo

2
√

2
∼= 30π

√
2 � (2.8)
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Zmn = Zo

4 sin (mπ/n)
� (2.9)

2.2.3 Current Sheet Array

Mutual coupling is generally considered to be an undesirable phenomenon in reso-
nant antenna arrays as it is associated as being a major cause of degradation in their
radiation pattern characteristics. Munk [15, 16] proposed the idea of exploiting the
mutual coupling in tightly coupled arrays. The strong coupling among the antenna
elements enables the realization of extremely large bandwidths. This phenomenon
can be understood by the concept of current sheet array (CSA) first proposed by
Wheeler in 1948 [17, 18]. Wheeler explained that a uniform current (J) flowing
on an infinite and planar sheet will produce radiation which will have identical
characteristics at all frequencies. Wheeler visualized the current sheet as an array
of closely spaced short dipole radiating elements, as shown in Fig. 2.6. He proposed
a theory where he subdivided infinite flat array of antennas into wave channels.
Each channel includes one element and extends in the direction perpendicular to the
plane containing the elements. These channels can then be analyzed as hypothetical
waveguides capable of supporting TEM wave propagation where the wavefront of
the propagating radiated wave is parallel to the plane containing the flat array. If we
consider the radiating element to be a dipole then its radiation resistance is given
with reference to Fig. 2.7, [17], as,

R = Rs
h2

ab
= 377

h2

ab
� (2.10)

where,

R = radiation resistance of the radiating element
Rs = wave resistance in free space
h = height of antenna in meters
a = rectangular cross-sectional width in meters
b = rectangular cross-sectional height in meters
l = radian length in free space = λ/2π in meters

The radiation impedance of each element in the array is primarily influenced
by the proximity of its neighboring elements. Consider a flat array where each
short dipole is allocated a half-wavelength square area, Fig. 2.8. In this case, each
dipole can be characterized by the radiation resistance given by Eq. (2.11). This
expression is very similar to the radiation resistance of small dipole in free space
except for a modification in the coefficient values. In this configuration, the antenna
will radiate in both directions perpendicular to the plane of a flat array of dipoles.
When a = b = λ/2, the radiation resistance of individual elements is given by,
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Fig. 2.6 Flat array of closely spaced dipoles with imaging waveguide unit cell shown in the top
right-hand corner

Fig. 2.7 Unit cell representing a dipole at the end of a hypothetical waveguide

R = 60

π

(
h

l

)2

= 19.1

(
h

l

)2

� (2.11)

In the abovementioned case, the antenna can radiate power anywhere into lower
and upper half-spaces. This is not desired in some cases and for such cases the
antenna array can be made more preferentially directive by placing a reflector on one
side of the array, Fig. 2.9, which forces the antenna to radiate in only one direction.
Consider now a case where half-wave dipoles are placed in a flat array configuration
and in front of a reflector. In this case, the radiation resistance of each antenna
element is around 153 �.
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Fig. 2.8 Flat array of dipoles radiating into both lower and upper half spaces

Fig. 2.9 Waveguide model for a planar array of dipoles backed by a perfect reflector

R = 480

π
= 152.8 � (2.12)

Flat wideband antenna arrays of closely spaced radiating elements can be
analyzed with good approximation with the help of this theory.

2.3 Wideband Antenna Types

Some different types of popular wideband antennas are summarized in this section.
These can be designed based on the theoretical concepts as discussed in the previous
section. Their geometrical and radiation characteristics will help the reader to
understand their dimensional constraints and critical performance metrics.
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Fig. 2.10 Yagi-Uda array

2.3.1 Traveling Wave Antennas

2.3.1.1 Yagi-Uda Array

The Yagi-Uda antenna [19] is a highly popular antenna for use in the HF, VHF,
and UHF frequency ranges. The basic construction of the Yagi-Uda array of linear
dipoles is illustrated in Fig. 2.10. The arrangement consists of several linear dipoles,
one of which called driven element is excited with the signal whereas the others
behave as parasitic elements with induced currents due to mutual coupling between
radiating elements. The parasitic elements placed in the main beam direction behave
as directors and that on the opposite side serves as a reflector. The lengths of the
directors are slightly smaller than the driven element which is smaller than the
reflector and the length of the driven element is slightly less than λ/2. The spacing
and length of the directors are not necessarily uniform.

The Yagi-Uda antenna has typically low input impedance which can be optimized
by varying the dimensions of the antenna. Typical values of input impedance range
from 12 to 62 � for a 15 element Yagi-Uda array for different values of reflector
spacing [7]. A typical six element antenna can have directivity from 10 to 14 dBi
[20] and a planar quasi-Yagi antenna can easily achieve impedance bandwidths of
up to 48% [21].

2.3.1.2 Tapered Slot Antennas/Vivaldi Antennas

The tapered slot antenna is another type of traveling wave antenna in which surface
waves are set up on a flared slotline on a conducting sheet [22]. A tapered slot
antenna is capable of radiating an end-fire pattern over a wide bandwidth. A simple
linear tapered slot antenna is shown in Fig. 2.11a. The antenna is excited from the
bottom narrow slotline region, and radiation is observed as the wave propagates



16 U. Naeem and V. Fusco

Fig. 2.11 (a) A linear tapered slot antenna and (b) Vivaldi antenna

across the tapered slot region towards the top of the structure. The antenna can be
fed through a microstrip or coaxial transmission line. For waveguide applications,
the tapered slot structure can be embedded inside the waveguide structure as a fin-
line [23, 24].

Different variations of the tapered slot antenna can be used, such as continuous
width slot antenna and exponentially tapered slot antenna, also called Vivaldi
antenna, which was first proposed by Gibson in 1979 [22]. The energy is coupled
to the narrow slot opening, where it is tightly bound to the surface. As the waves
travel along the curved path length and the separation increases the wave becomes
more coupled to the radiation fields and less to the surface. Theoretically, this type
of structure can achieve infinite bandwidth, but in practice is limited by the feed at
the narrow side, the slot opening at the wider side of the structure, maximum scan
angle, and cross-polarization ratio in the planes other than the principal planes [23].
The radiated field has end-fire pattern and is almost the same for both the E and H
planes.

2.3.1.3 Helical Antennas

Helical antennas are a type of traveling wave antennas and are realized by winding a
conducting wire in the form of helix. A ground plane, that typically has a minimum
diameter of ¾ wavelengths, is often used in most applications. In order to feed the
Helical antenna, the conducting wire of the antenna is connected directly to the
center conductor of the coaxial line while its outer conductor is connected to the
ground plane of the antenna, as illustrated in Fig. 2.12. The pitch angle α of the
antenna is defined by,
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Fig. 2.12 Structure of a
helical antenna with coaxial
feeding

α = tan−1
(

S

C

)
(2.13)

where S is the spacing between adjacent turns and C is the circumference of the
helix.

It can be observed that when α = 0◦ (and S = 0), the helix becomes a planar
multi-loop antenna, polarization will become linear and will be oriented along the
plane containing the loops. For α = 90◦ (and C = 0), the helix becomes a straight
wire and the polarization will be linear and oriented along the length of the wire,
which will be orthogonal to the previous case. The helical antenna formed when
0◦ < α < 90◦ will in general radiate with elliptical polarization but can be tuned for
circular or linear polarization as well. Other types of Helical antennas are Bifilar,
Quadrifilar, and Multifilar helix antennas [25].

Helical antennas exhibit two basic modes of operation, the Normal mode and the
Axial mode.

Normal Mode When the dimensions of the helix are small as compared to the
wavelength, the antenna radiates similarly as a linear dipole with a maximum of
its radiated field at the plane perpendicular to the axis of the helical structure, as
shown in Fig. 2.13a. When the length of the helix is �λ the helix can be analyzed
as a combination of series connected short dipoles and small loops as shown in
Fig. 2.13b. The current is therefore assumed to be uniform over the length of the
structure. The radiation pattern will not depend on the number of turns therefore
the radiation pattern can be derived by analyzing just a single turn. Polarization
is dependent on the diameter of the helix and spacing between the turns. The
bandwidth of operation in normal mode is very narrow and radiation efficiency is
low, which limits its use in practical applications.

Axial Mode When the circumference of the helix is comparable to a wavelength
first order transmission mode becomes significant, and if the dimensions of the



18 U. Naeem and V. Fusco

Fig. 2.13 (a) Radiation in normal mode and (b) its equivalent of connected short dipoles and small
loops

Fig. 2.14 Radiation in axial mode

helix are chosen properly the antenna will radiate in axial mode, as described in
Fig. 2.14. This mode has the maximum radiation intensity along the axis of the
helix. The antenna can be operated in circular polarization for a range of dimensions:
3λ/4 < C < 4λ/3, S ≈ λ/4, and 12◦ ≤ α ≤ 14◦ [7] and the ground plane should be
at least λ/2. In this mode of operation, the antenna has wider impedance bandwidth
and greater efficiency. The input impedance of the helical antenna is given by,

R 	 140

(
C

λ

)
(2.14)
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2.3.2 Frequency Independent Antennas

Frequency independent antennas can be realized by exploiting the idea of self-
scaling. These could be discrete, continuous, or log-periodically scaled structures.
Ideally, these structures should extend infinitely to realize ideal frequency indepen-
dent behavior; however, for practical applications a frequency independent structure
must be truncated thereby limiting its bandwidth. It is commonly reported in the
literature that it is possible to truncate the antenna with little impact on the radiation
pattern. Some often used examples are now discussed.

2.3.2.1 Archimedean Spiral

The Archimedean spiral antenna consists of even number of arms wrapped around
each other, as shown in Fig. 2.2. The structure is fed from the center which is the
high-frequency region. The wrap rate is high at the center and decreases as the
structure progresses outwards. The geometric structure of an Archimedean spiral
antenna can be defined by a general formula,

r = ro + aϕ (2.15)

where r is the radial distance defined for angle ϕ, ro is the initial radius, and a is
the rate of wrapping of the arms. The structure can be analyzed by the principle
of self-complementarity as explained in Sect. 2.2.2.2; therefore, theoretically a two
arm spiral antenna will have an input impedance of around 188.5 �. The structure
supports circular polarized radiation and the sense of polarization is decided by the
direction of rotation of the arms. The structure is fed from the center with a balanced
feed. The truncation or outer diameter decides the lower frequency limit whereas the
inner spacing or the initial radius decides the upper frequency limit.

2.3.2.2 Equiangular Spiral Antennas

Equiangular spiral antenna is another type of self-scaling antenna which is
completely defined by angles. Its structure is defined by (Fig. 2.15),

r = roeaϕ (2.16)

This antenna can have two different realizations. One with arms of conducting
sheets and the other with spiral slots. Theoretically, this structure will exhibit an
impedance of 188.5 �, but practical implementation which requires spacing for
feed and truncation at the outer extent will alter input impedance to around 164 �.

The antenna can be fed through a balanced transmission line and thus requires a
balun. The design of the balun structures for this class of antenna can be challenging
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Fig. 2.15 (a) Equiangular spiral antenna and (b) conical spiral antenna

due to size and bandwidth requirements, see, for example, [26]. The slot spiral is
more practical since it can be fed by an infinite balun which is implemented by an
unbalanced transmission line and shielded by the ground plane of the slot antenna,
as illustrated in Fig. 2.16. This is possible because of the rapid attenuation of the near
fields on the arms. The need for a wider ground plane near the center of the antenna
structure limits upper frequency limit. A dummy cable is often used on the opposite
arm of the spiral to counter the asymmetry caused by smaller ground plane at the
center, which if not used will cause a tilt in the radiation pattern. The outer radius
defines the lower frequency limit whereas the upper frequency limit is governed by
the feed spacing. The radiation patterns for planar spiral antennas are bidirectional.
Where half-space operation is required a reflector or absorber is placed on one side
of the structure [27]. The absorber preserves the wideband bandwidth operation
with stable radiation patterns but will compromise the radiation efficiency, whereas
the reflector ensures good radiation efficiency but a trade-off must be made on
bandwidth and stable radiation characteristics. However, with the use of a reflector
one can still achieve decent wideband performance by placing the radiating antenna
at a ramping distance from the ground plane, this can be achieved either by tilting
the antenna or the ground plane or by using stepped ground plane as proposed in
[28].

Conical Spiral The spiral antenna can also be realized on a nonplanar surface
to achieve unidirectional patterns without the constraint of using an absorber or
reflector. An equiangular spiral can be placed on a conical surface as shown in
Fig. 2.15b, in this case the maximum radiation occurs towards the vertex of the
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Fig. 2.16 Infinite balun

cone and along the axis of symmetry. Beamwidth can be optimized by varying the
wrap angle of the spiral arms. The theoretical input impedance of the conical spiral
antenna is lower than the planar spiral antennas. The input impedance decreases
slowly with the decreasing cone angle [29] and typically varies from 120 to 164 �

for cone angles from 10◦ to 90◦. The input impedance can also be controlled by the
arm width [30]. Self-scaling spiral antennas radiate circular polarization.

2.3.2.3 Log-Periodic Antennas

Planar Log-Periodic Antennas Log-periodic antennas are a class of self-scaling
antennas suitable for linearly polarized radiation that scales at discrete intervals of
wavelength [31]. The ripples in radiation characteristics and impedance caused by
these discrete intervals can be smoothed out, over a useable frequency band, by
using closely spaced scaling. A planar two arm log-periodic antenna is illustrated in
Fig. 2.4. The logarithmically periodic antenna can be considered as a modification
of an angular antenna. Logarithmically periodic structures can be obtained by using
the following transformation [31],

z = ln w (2.17)

if, w = ρejθ , and z = x + jy, then,
ρ = ex or x = ln ρ, θ = y.
With the help of this transformation, circles and radial lines are transformed into

vertical and horizontal lines, respectively from w to z plane.
Their radiation pattern is unidirectional and polarization is linear.
Log-periodic dipole antenna (LPDA) is an arrangement of dipoles connected

by a crisscross feeding line [32]. It is a sequence of side-by-side connected dipoles,
each oriented parallel to each other and logarithmically scaled in all dimensions.
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Fig. 2.17 Log-periodic
dipole antenna

The scaling factor is defined in terms of geometric ratio τ . Due to the crisscross
feeding arrangement, the antenna will radiate end-fire in the direction of the shorter
elements. The truncation at both ends will limit the true frequency independent
behavior however the LPDA can achieve significant large bandwidths.

The number of elements N is determined by,

N = 1 + ln (BS)

ln (1/τ)
(2.18)

where BS is the designed bandwidth and τ is the geometric ratio. The average
characteristic impedance Za of the nth element is given by,

Za = 120

[
ln

(
ln

dn

)
− 2.25

]
(2.19)

where ln/dn is the length to diameter ratio of the nth element. The center to center
spacing between the feed is given by (Fig. 2.17),

s = d cos h

(
Zo

120

)
(2.20)
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The Eleven Antenna The Eleven Antenna can realize decade-wide bandwidths
[33]. The antenna produces almost constant beamwidth and directivity over its
frequency band of operation. However, the reported return loss is around 5 dB over
the band. This antenna was proposed to be used as a feed for a large reflector
antenna. It consists of two parallel dipoles half a wavelength apart, Fig. 2.18,
yielding a directivity of 11 dB over decade bandwidth, and hence its name. The
structure is log-periodic with backfire radiation pattern, as opposed to the LPDA
which has end-fire pattern as previously discussed. The structure is differentially
fed and capable of radiating in both orthogonal polarizations.

2.3.2.4 Sinuous Antenna

Dual polarized sinuous antenna was first proposed by Du Hamel in 1987 [34]. The
sinuous antenna can be classified as a type of log-periodic antenna. The structure
of the sinuous antenna is defined only by angles, as illustrated in Fig. 2.19. The
antenna can be used for linear or circular polarized applications. The structure of the
sinuous antenna is self-scaling which means it has theoretically infinite bandwidth.
Truncation and feed spacing limit the bandwidth. The inner radius defines the upper
frequency limit whereas the outer radius defines the lower frequency limit. The
radiation pattern is bidirectional, in order to get a unidirectional pattern, the antenna
is backed by a reflector or an absorber [34, 35]. The beam width and phase center

Fig. 2.18 An illustration of the Eleven Antenna



24 U. Naeem and V. Fusco

Fig. 2.19 A four arm sinuous antenna

remain constant over a wide frequency band. The input impedance of the sinuous
structure in free space is given by,

Zm = 60π

sin Mπ
N

� (2.21)

where M is the mode number and N is the number of arms

2.3.2.5 Tightly Coupled Antennas (TCA)

Tightly Coupled Array of Dipoles The concept of connected linear arrays of
collinear radiating elements was first proposed by Baum [36] in 1970 and later
studied in detail by Hansen [37]. It was demonstrated that this arrangement improves
the wideband performance of the antenna system. The arrangement consists of a
long wire with multiple feeds, making linear connected dipoles. It was observed
that when the length of the dipoles are reduced from half-wavelength to about
0.1 wavelength the current along the array will become almost constant, thereby
approximating Wheeler’s current sheet [17]. With this arrangement, the impedance
mismatch is more acceptable as compared to an array of dipoles that are not
connected [38]. This type of antenna array requires differential feeding closely
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packed inside the unit cell. A tightly coupled dipole array with integrated balun
was proposed in [39]. The antenna system achieved a bandwidth of 7.35:1 and was
capable of radiating with dual polarization (Fig. 2.20).

Checkerboard Arrays Arrays of planar coupled elements can also be used in the
form of checkerboard arrays. The structure proposed in [40, 41] consists of three
layers sandwiched together. The top layer is a circuit board printed with pattern of
square patches on a thin dielectric sheet, the middle layer is foam and the bottom
layer is the ground plane. In Fig. 2.21, top view of a prototype of 5 × 4 element
checkerboard array is shown, impedance bandwidths of 3:1 can be achieved [40].

The Planar UltrawidebandModular Antenna (PUMA) Another type of antenna
based on Munk’s current sheet principle is the Planar Ultrawideband Antenna
(PUMA) [42, 43]. The antenna offers possibility of scanning at wide scan angles
and exhibiting low cross-polarization. This antenna has a unique feeding for tightly
coupled dipole antennas. This antenna array can be implemented as modular tiles
and does not require any external baluns, Fig. 2.22. The antenna can achieve dual
polarization with a bandwidth of operation of up to 5:1.

Fig. 2.20 Unit cell of a tightly coupled array of dipoles

Fig. 2.21 Checkerboard
array
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Fig. 2.22 The PUMA antenna [44]. (Source: S. S. Holland and M. N. Vouvakis, “The Planar
Ultrawideband Modular Antenna (PUMA) Array,” IEEE Transactions on Antennas and Propaga-
tion, vol. 60, no. 1, pp. 130–140, Jan. 2012)

2.3.3 Fractal Antennas

The geometry of the fractal antenna consists of multiple copies of its own unit
structure with scaled dimensions and growing in a recursive manner. These antennas
have advantage of achieving compact design and can address multiband or wideband
applications [45]. The Fractal structure has inspired numerous antenna studies was
introduced by Mandelbrot [46] and describes a family of shapes based on self-
similarity of their geometrical features.

An example fractal antenna structure can be designed by starting with an
equilateral triangle. Next a smaller rotated triangle, with its vertices on the midpoints
of the side of the original triangle, is removed from the structure. This process can
be continued as many times as desired. This resulting fractal structure is called
Sierpinski gasket fractal, as shown in Fig. 2.23. In [47] a detailed account of the
theory and design of fractal antennas has been presented.

2.3.4 Dielectric Resonator Antennas

By overlap tuning the resonant modes of the dielectric resonator antenna (DRA)
one can achieve wideband operation [48, 49]. Single mode DRAs do not exhibit
wide impedance bandwidth however they can be made wideband by employing
different techniques such as optimizing their shape, placing conducting strips,
combining with different radiators, and stacking multiple DRs of different shapes.
Wide bandwidths of up to 1.94:1 are reported in the literature [50, 51]. Bandwidth
as wide as 3:1 was achieved by using the hybrid DRA in [52].
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Fig. 2.23 Structure of
Sierpinski gasket fractal

2.3.5 Summary of Antenna Types

The performance metrics of different wideband antennas are summarized in Table
2.1. This provides a brief overview of different aspects of antenna performance,
which can help antenna designers to choose the best antenna type for their specific
applications.

2.4 Fabrication Issues

The choice of fabrication technique used to realize any given of the antenna
structures discussed has major implications for their practical performance char-
acteristics. With increase in frequency, wavelength decreases and so does the
dimensions of the structure. Antenna designs for frequencies up to microwave band
can be implemented using standard PCB techniques on low loss substrates, for
millimeter-wave antenna designs, thick film techniques using high-quality ceramic
substrates are suitable, [57, 58], and for THz and beyond applications, thin film
fabrication techniques [59, 60] are more reliable, fabrication of antennas based on
carbon nanotubes are also being researched [44].

The choice of materials is critical in the design of wideband antennas. The
intrinsic electrical material parameters from which they are constructed should not
vary over the required bandwidth of operation. Consequently, high-performance
dielectrics should be used as substrate materials, i.e., those with low loss tangent
and low dielectric dispersion. This usually leads to an increase in cost, particularly
if higher frequency operation is desired. Low temperature co-fired ceramics (LTCC)
are often used for multilayer structures for antennas operating at millimeter-wave
frequencies [61–63]. Glass substrates are also used especially for THz applications
[64, 65].
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Most of the frequency independent antennas have bidirectional radiation char-
acteristics, which are often not desired in practical applications. Conventional
wideband antenna designs suggest bulky and nonplanar structures, this limits their
use in certain environments particularly in volume critical applications. Wideband
antennas often require a reflector on one side of the radiating structure, or they
must be placed above a ground plane at some defined spacing. Different techniques
are suggested to address this problem [26, 34, 42, 66]. However, this comes with
a compromise in respect of the realizable impedance bandwidth and radiation
characteristics of the wideband antenna. Reducing the dimensions and making a
wideband antenna low profile is therefore a challenging task. Some antenna designs
include a cavity backing the main radiator. This cavity can either be reflective or can
be filled with absorbing material. Metamaterials can be used to reduce the profile of
wideband antennas, as an example, a wideband antenna is proposed in [67] which
is backed by a thin metamaterial absorber.

Differential feeding is another aspect, which is very common in wideband
antennas, that introduces integration problems for antenna designers. Usually, a
wideband balun is desired to connect antenna with the front-end electronics. The
performance of the balun can critically limit the performance of the antenna [39].
Also, the integration of the balun may make the antenna nonplanar and often
requires including the functionality of impedance transformation. Examples where
the balun is directly incorporated within the antenna design are given in [42, 43].

2.5 Measurement Issues

Wideband antennas can be characterized for their performance by using either far-
field or near-field techniques. Since the antenna is required to be measured over a
very wide range of frequencies, the electrical dimensions of the antenna under test
(AUT) can become impractical to be used in the same setup for all frequencies. The
minimum far-field distance is related by the dimensions of the AUT and frequency
of operation, as given by Eq. (2.22).

ro ≥ 2D2

λ
(2.22)

where D is the maximum dimension of the antenna aperture and λ is the free space
wavelength. Compact antenna test ranges (CATR) may address the requirement of
very large antenna test range [68]. Far-field (FF) characteristics can also be obtained
by acquiring near-field (NF) data from planar, cylindrical, or spherical scanning
and then performing NF to FF transformation [68, 69]. In this case, measurement
parameters over the wide frequency range are critical for data accuracy. The
instrumentation requires calibration of wideband transmitters and receivers over a
wide frequency of operation. A comprehensive account of antenna test procedures
is given in [68].
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Measuring gain over wide frequency is also very critical in analyzing the
performance of wideband antenna. This may require the availability of different
standard gain antennas. Measurement of polarization is also important as this may
not remain the same over the whole frequency band of operation. It is to be noted
that the wideband antennas show useful performance up to certain scan angles [39].
However, for some wideband antennas, with the change in frequency the main beam
rotates which can lead to a change in beamwidth about the azimuth axis. Having
knowledge of these effects prior to measurement activity and proper planning can
save precious time, sometimes this can often be acquired during the computer
simulation design phase for the antenna.

2.6 Applications

2.6.1 Communications

The exponential growth of interest in the Internet of Things (IoT) [70–75] and
associated systems infrastructure suggests that multiband and wideband wireless
systems will need to come to the fore. Such systems are likely only be possible with
efficient wideband antennas. Novel future generation communication technologies
require multi-standard Device to Device communications through wireless channels
for emerging applications such as Connected Autonomous Vehicles (CAV), Smart
Homes, Smart Cities, Industry 4.0, Virtual Reality (VR), and Augmented Reality
(AR). One candidate for such applications is ultrawideband (UWB) technology [76–
80] for short distance communications and precision location. UWB technology is
now being widely adopted by wireless industry as it provides precision ranging or
localization for portable indoor devices, and naturally requires wideband antenna
radiating elements.

2.6.2 Imaging

Microwave, Millimeter-wave, and Terahertz frequencies are used for electromag-
netic imaging applications [5, 81–83]. These can broadly be characterized into (1)
Passive and (2) Active imaging. In passive imaging, the detection process, by means
of a radiometer, relies on natural external illumination of the target, e.g., microwave
radiation scattered by the earth. Passive microwave imaging finds its applications in
remote sensing and security and surveillance. Radio telescopes are used for passive
imaging of celestial objects. Extremely wideband antennas are used to study Cosmic
Microwave Background [60, 84].

Active microwave imaging uses the principle of radar by transmitting the radio
signal and measuring the characteristics of the echo signal with respect to the
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transmitter reference. Coherent detection processes mean that aperture synthesis
techniques can be used to increase image resolution [85, 86]. Automotive radars,
synthetic aperture radars (SAR), ground penetrating radar (GPR), non-destructive
testing (NDT), and medical imaging devices use active imaging techniques and tend
to work best when multispectral imaging, using wideband antennas, is deployed
[83].

2.6.3 Electromagnetic Characterization of Materials

Microwaves can be used to measure the electrical properties of materials [87–
89]. These include solids, liquids, metals, composite materials, and engineered
metamaterials [90, 91]. Further applications include characterization of biological
tissue samples, analysis of food quality, and quality control [88, 89]. In all of these
applications, the ability to characterize over a wide frequency band is extremely
useful.

2.7 Future Directions

New generation wireless technologies such as 5G promises data rates in Gbps
range which is only possible with a sufficient wideband system [57]. For systems
applications deploying the IoT (Internet of Things) the use of smart and intelligent
sensors at scale which can operate across multiple standards will most likely require
wideband antennas within the broader system infrastructure [70–75]. Wideband
antenna arrays can be used within Large Intelligent Surfaces, [92–94], which is an
emergent enabling technology for 6G communications systems [92].

The fabrication of complex nonplanar wideband antennas will become more
practical with additive manufacturing technologies such as 3D printing [95]. Here
antennas can be directly formed through a 3D printing process using metal,
dielectric, or combination of both. Additive manufacturing will reduce the cost
significantly for low- and medium-volume production as compared to the conven-
tional fabrication processes. For higher frequency applications, Millimeter-wave
through Terahertz, the use of novel semiconductor materials and glass substrates
provide feasible substrate materials that can be directly printed using high precision
lithography [57].

2.8 Conclusion

This chapter provides a brief overview of the theoretical concepts required for
understanding some of the most common types of wideband antennas. Different
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types of traveling wave and frequency independent antennas were discussed and
key reference information provided to allow the reader to further determine their
feasibility for specific applications. This chapter also provided a short account of
fabrication and measurement challenges associated with wideband antenna systems.

With the introduction of new bandwidth intensive technologies, wideband
antenna systems will undoubtedly be in greater demand finding new applications
and requiring new form factors. Here technologies such as 3D printing will enable
antenna designers to realize complex antenna structure which was once unthinkable
to fabricate.
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Chapter 3
Printed UWB Antennas: Design
and Principle

Javad Nourinia, Changiz Ghobadi, and Bahman Mohammadi

3.1 Introduction

Ultra-wideband (UWB) communications are characterized by a bandwidth
of 7.5 GHz from 3.1 to 10.6 GHz with a low emission power level under
−41.3 dBm/MHz for propagation short pulse with minimum distortion [1].
Consequently, a suitable printed antenna with wide impedance bandwidth, compact
size, and desired radiation characteristics over the entire operating band plays a
critical role in UWB systems [2]. Various shapes of radiating printed elements, such
as elliptical, circular, hexagonal, square, and rectangular, have been developed to
provide wide impedance bandwidth [3]. Figure 3.1 shows four typical printed UWB
antennas with simple geometry, reasonable bandwidths, and compact size. One of
the conventional printed UWB antennas, shown in Fig. 3.1a, is a monopole antenna
with a microstrip feed line which yields good omnidirectional radiation patterns.
Printed antennas with coplanar waveguide (CPW) feed lines are more preferred
because of their easier integration with surface components, lower radiation loss,
and less sensitivity to thickness of substrate [4]. Recently, printed UWB slot
antennas include a wide aperture radiator and a feeding line within the slot with
very wide impedance bandwidth, low profile, stable omnidirectional pattern, and
low near-field coupling with nearby objects have been investigated [5].
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Fig. 3.1 Monopole antenna with (a) microstrip-fed, (b) CPW-fed; Slot antenna with (c)
microstrip-fed, (d) CPW-fed

3.2 Bandwidth Enhancement of UWB Antennas

To improve the impedance bandwidth of printed antennas, different geometries
of stubs, slits, or slots in the feed line, ground plane, and radiating patch have
been introduced, significantly enhances the antenna performance [6]. In [7], a
printed UWB monopole antenna is presented consists of a simple step-shaped
radiation patch and truncated ground plane structure. The total antenna area is
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a b c

Fig. 3.2 Antenna design procedure and simulated |S11| [7]

30 mm × 26 mm that is etched on a low-cost FR4 substrate with a height of 1.6 mm,
εr = 4.4, and tanδ = 0.02. The antenna is excited with a 50 � microstrip feeding
line with a width of 2 mm and a length of 10.5 mm. All simulation data are achieved
by HFSS. The final values of the antenna parameters are obtained by a parametric
study so that each time a parameter changes and the other parameters are fixed.

Figure 3.2 illustrates the design procedure and simulated |S11|. The basic
antenna design (a in Fig. 3.2) consists of a 50 � microstrip feeding line, a
truncated rectangular ground plane, and a rectangular radiating patch. Case a has
a −10 dB |S11| bandwidth for 10–16.9 GHz. By inserting steps on the ground plane
proportionately, b in Fig. 3.2, the bandwidth is broadened and enhanced from 1.6 to
18.25 GHz. This is because the stepped ground plane increases the electrical length,
acts as a matching transforms, and leads to a capacitive loading, which negates
the inductive reactance of the radiating patch to approach an approximately real
resistive input impedance. The steps in the ground plane improve the impedance
matching and effects on the lower edge frequency. Finally, by forming the radiating
patch, c in Fig. 3.2, impedance matching extended from 1.6 to 18.55 GHz. This
is because adding the steps at the radiating patch perturb the current distributions,
smooth changing from one resonance to another, create additional surface paths,
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and excite more resonances. Therefore, broader impedance matching is obtained,
especially at the upper frequency edge.

Figure 3.3 shows the simulated current distributions at 4, 12, and 16 GHz. In
Fig. 3.3a at 4 GHz, the current is intensified on the edges of the ground plane. This
distribution indicates that forming the edges of the ground plane affects the lower
frequency band. With the frequency increasing at 12 GHz in Fig. 3.3b, the currents
are concentrated on the stepped rectangular patch, and hence the antenna matching
changes at this band due to the patch resonances. Figure 3.3c shows the current
surface is more robust on the sides of the radiating patch at 16 GHz. It is concluded
the embedding of steps on the radiating patch extends the upper frequency band.
Figure 3.4 shows the simulated normalized radiation patterns at 4 and 8 GHz.
It is observed which the antenna presents an acceptable omnidirectional radiation
characteristic received singles from all directions.

In [8], a multi-resonance compact printed CPW-fed UWB slot antenna with an
excellent omnidirectional radiation pattern at the whole operating band is presented.
This antenna is composed of a ground plane with a T-shaped slit and a radiating
patch with an inverted T-shaped slot that gives a wide bandwidth from 2.55 to
15 GHz. This compact slot antenna is fed with a 50 � CPW feeding line with a
width of 2 mm and a gap of 0.15 mm. The total antenna size is 30 mm × 30 mm
which is printed on a low-cost FR4 substrate with a thickness of 1.6 mm, εr = 4.4,
and tanδ = 0.02. Figure 3.5 shows the antenna design steps and simulated |S11|.
The basic antenna design, a in Fig. 3.5, consists of a rectangular slot and a square
radiating patch that can give the fundamental and third resonance frequencies at
2.86 and 9.23 GHz, respectively. By etching a T-shaped slit matching element in the
ground plane, b in Fig. 3.5, the second resonance frequency is excited at 6.63 GHz
and the lower frequency matching is improved. Finally, by embedding an inverted
T-shaped slot on the radiating patch, c in Fig. 3.5, an additional fourth resonance
at 13.7 GHz is excited and improves the impedance matching and bandwidth,
especially at the upper frequencies.

This antenna has stable good omnidirectional radiation patterns even at upper
frequency band. This is because this antenna has a modified fork-shaped feeding
configuration which restricts the excitation of horizontal current components and
assures that only the dominant uniform vertical current components are presented
in the structure. Therefore, an enhancement in the impedance matching and
polarization properties are observed. Figure 3.6 shows the simulated radiation
pattern at 3 and 10 GHz. It can be observed that the radiation characteristics are
nearly omnidirectional for both frequencies. Figure 3.7 shows the simulated current
surfaces at 3, 7, and 10 GHz. This distribution indicated that at 3, 7, and 10 GHz the
current surface is stronger in the rectangular slot, T-shaped slit in the ground plane,
and edges of the square radiating patch, respectively. Hence, the antenna impedance
matching varies at these frequencies.

Figure 3.8 illustrates examples of antenna bandwidth enhancement with different
commonly defected structures. In [9], Fig. 3.8a, a monopole antenna with a
bandwidth from 3.12 to 12.73 GHz includes a truncated rectangular ground plane,
a square radiating patch with a modified T-shaped slit in the ground plane, and
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Fig. 3.3 Simulated current
distributions at: (a) 4 GHz,
(b) 12 GHz, (c) 16 GHz
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Fig. 3.4 Simulated radiation patterns at: (a) 4 GHz, (b) 8 GHz

two rectangular slots in the radiating patch are presented. In [10], Fig. 3.8b, a
UWB monopole antenna with a small size of 12 mm × 18 mm and a fractional
bandwidth of more than 133% consists of a checkered-shaped semi-fractal defect
on the square radiating patch and two mirror L-shaped defects in the rectangular
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a b c

Fig. 3.5 Antenna design steps and simulated |S11| [8]

ground plane are introduced. In [11], Fig. 3.8c, using self-complementary structures
and Babinet’s equivalence principle, a small UWB monopole antenna includes a
radiating patch and a ground plane with a sleeve and a slot structure in the stepped
form is designed. In [12], Fig. 3.8d, a UWB monopole antenna with an inverted
trapezoid radiation patch with smooth taper transition between the patch and the
feedline and a truncated ground plane with two-step staircase defects for impedance
matching and bandwidth enhancement is proposed.

To enhance the characteristics of printed antennas, another method is based on
the use of parasitic elements that have been proposed [14]. These parasitic elements
can be embedded in the radiating patch or ground plane to improve the antenna
performance. However, some of these parasitic elements increase the antenna size.
In other designs, the parasitic element is embedded on the opposite side of the
substrate, increasing the fabrication cost and complexity. In [13], a UWB circle-
like slot antenna with stable omnidirectional patterns and a very wideband from 2.7
to 19.5 GHz (151%) is presented. The antenna is composed of a circle-like slot and
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Fig. 3.6 Simulated radiation patterns at: (a) 3 GHz and (b) 10 GHz

a rectangular radiating patch. The antenna size is 26 mm × 30 mm printed on a low-
cost FR4 substrate with a height of 1.6 mm, εr = 4.4, and tanδ = 0.0.2. This compact
antenna is fed with a 50 � CPW feeding line with a width of 2.6 mm and a gap of
0.3 mm. The circle-like aperture with a radius of 12.5 mm reduces the slot area and
satisfies the impedance matching, especially at lower frequencies. As illustrated in
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Fig. 3.7 Simulated current distributions at: (a) 3 GHz, (b) 7 GHz, (c) 10 GHz

Fig. 3.9, embedding a pair of L-shaped tuning stubs on the back layer of the substrate
connected to the radiating patch by four via connections, enhances the impedance
bandwidth. This due to the increase of vertical current flows in the radiating patch
and much uniform distribution of magnetic currents in the slot through the L-shaped
tuning stubs.

Figure 3.10 shows examples of antenna bandwidth enhancement with different
parasitic elements. In [15], Fig. 3.10a, bandwidth enhancement is achieved by new
additional resonant modes of two embedded shorted rectangular quarter-wavelength
resonators near the feed line at the top edge of the ground plane. In [16], Fig.
3.10b, a UWB monopole antenna with a small size of 23 mm × 26.5 mm, a
relatively good impedance matching, and a wideband response consists of a two-
tapered radiating patch with different slopes separated by a gap of length 16.8 mm
and width of 0.2 mm is presented. In [17], Fig. 3.10c, a compact modified CPW-
fed antenna with multioctave bandwidth over the frequency range from 3.06 to
35 GHz consists of a truncated ground plane with symmetrically slits at its center
and sides, an inverted triangular patch with two rectangular defects, and a narrow
rectangular parasitic element is introduced. In [18], Fig. 3.10d, a multi-resonance
UWB slot-like CPW-fed sleeve-monopole antenna with a wide bandwidth from 3.09
to 12.86 GHz consists of a coupled U-shaped strip and a pair of embedded folded
strips is designed. In this antenna, wide impedance bandwidth is obtained with
additional resonances of coupled parasitic strips, especially at the upper frequency
band.

It has been demonstrated that the incorporation of a fork-like feeding structure
in printed antennas can efficiently improve the excitation and uniformity of the
vertical current components and greatly eliminate the horizontal current distribution
that results in extending the impedance matching bandwidth, stable omnidirectional
radiation patterns, and a cross-polarization suppression even at higher frequencies
[23]. Figure 3.11 shows examples of antenna bandwidth enhancement with different
fork-like feeding structures. In [19], Fig. 3.11a, a UWB slot antenna with bandwidth
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Fig. 3.8 Bandwidth enhancement with different defected structures: (a) [9], (b) [10], (c) [11], (d)
[12]

from 3 to 11 GHz includes a quasi-isosceles triangle slot, and a microstrip feed line
with fork-like tuning arms is designed. In this antenna, tuning stubs increase the
number of resonances and present a current continuity in the entire slot. Therefore,
the impedance matching and radiation purity are improved. Similarly, in Fig. 3.11b
[20], a modified semi-circle-like slot antenna with a fork-shaped feeding microstrip
line is proposed. This antenna operated over 2.2–18 GHz. In [21], Fig. 3.11c, a
small UWB double-fed monopole antenna with a size of 14 mm × 20 mm consists
of a two-step tapered radiating patch loaded with a modified trapezoid-shaped
slot is introduced. This feeding configuration improves the matching operating
bandwidth. In [22], Fig. 3.11d, a compact CPW-fed monopole antenna with a size
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Fig. 3.9 Bandwidth enhancement of circle-like slot antenna with embedding two shorting L-
shaped tuning stubs [13]

of 24 mm × 24 mm and bandwidth from 2.76 to 40 GHz includes a hexagonal patch
radiator and the tapered ground plane is presented. In this antenna, super-wideband
operating bandwidth is obtained by using a trident-shaped feeding line results in a
smooth transition from one resonance frequency to another.

Nowadays, fractal geometries have been implemented to enhance printed antenna
characteristics like size miniaturization and wideband performance [27]. Fractal
structures are usually defined with an infinite number of times a repeating process in
various iteration and fractal dimensions. The size reduction can be obtained by the
space-filling property and the multiband or UWB operation can be achieved using
the self-complementary feature. The space-filling feature leads to an increase of the
total electrical length which presents a large surface area in a limited space and as the
fractal iteration increase with self-similarity property, more impedance bandwidth
will be obtained. Figure 3.12 shows examples of antenna bandwidth enhancement
with different fractal geometries. In [24], Fig. 3.12a, a UWB circular multifractal
monopole antenna with a small size of 22 mm × 30 mm and a broad impedance
matching from 3 to 12 GHz is proposed. In this antenna, fractal geometry includes
three arched sections of equal 120◦ with a difference in the radios that can adjust the
resonant frequency ratios and the lower band-edge frequency. In [25], Fig. 3.12b, a
UWB microstrip-fed modified Pythagorean tree fractal monopole antenna with a
compact size of 25 mm × 25 mm and an operating band over 2.6–11.12 GHz is
introduced. In this antenna, the fractal structure is designed by removing the first
iterations large side square of a conventional Pythagorean tree fractal and isosceles
triangles with steep angles of 10◦. Additional resonances and much wider matching
bandwidth will be achieved by only increasing the iterations of tree fractal. In
[26], Fig. 3.12c, a super-wideband microstrip-fed star-triangular fractal monopole
antenna with a small area of 20 mm × 20 mm and bandwidth between 1 and 30 GHz
is designed. By increasing the iterations of the modified star-triangular fractal, the
antenna bandwidth will be extended.
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Fig. 3.10 Bandwidth enhancement with different parasitic elements: (a) [15], (b) [16], (c) [17],
(d) [18]

3.3 Size Miniaturization of UWB Antennas

Recently, many novel techniques have introduced towards size miniaturization of
printed UWB antennas and serval structures have developed to present reducing
the antenna size while maintaining desired bandwidth, matching and radiation
performances [28]. The typical method to size miniaturization can be obtained using
substrates with high dielectric constants at the expense of excitation undesired sur-
face waves, in the following, fractal structures with space-filling and self-similarity
features present compact antennas. Further size miniaturization can be achieved
using slowing the wave propagation property with reactive loading structures, such
as imposing slot or slit in the patch radiator or ground plane, lumped component,
and metamaterial composite materials that increase the propagation constant, bring
down the lowest operating frequency, and increase the electrical length. Compact
low-profile printed UWB antennas are highly favorable to integrate with RF systems
in portable, mobile, and medical applications. The most straightforward technique
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Fig. 3.11 Bandwidth enhancement with fork-like feeding structure: (a) [19], (b) [20], (c) [21], (d)
[22]

to present size reduction is by halving the reference antenna relative to the axis of
symmetry and adjusting the feeding line’s width. The minimized antenna compared
to the original full-size reference antenna has similar characteristics and an almost
45% area reduction.

As an example, a miniaturization process with a halving technique is demon-
strated in [29]. The reference full-size UWB antenna is shown in Fig. 3.13, case
a, which includes a circular patch and an incomplete semi-circular ground plane
with a wide square slit below the tapered feed line. The low-cost dielectric used is
FR4 with εr = 4.4, tanδ = 0.02, and a thickness of 1.6 mm. All simulations are
performed with ANSYS HFSS. Figure 3.13 shows the miniaturization process of
the proposed UWB antenna. By halving the reference antenna (a) along the axis
of symmetry, the width of the feed line is also halved, which almost doubles the
feed line impedance. This mismatch of impedance in antenna b increases the level
of |S11|. In antenna b, instead of halving the feed line, it can use a full-width feed
line. In the minimized antenna (c), the impedance matching is not disturbed and the
resulting |S11| is similar to the reference antenna (a). Since the electrical lengths of
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Fig. 3.12 First three iterations of different fractal antennas: (a) [24], (b) [25], (c) [26]

antenna a and c are equal. Therefore, the lower edge of the working band and the
location of resonances in the three antennas are approximately identical. In antenna
c, by halving and modifying the reference antenna, a 40% reduction in the antenna
area is achieved.

Figure 3.14 shows the fabricated prototypes under test inside the anechoic
chamber and the measured results of the reference and minimized antennas. The
|S11| is measured using a PNA model of E8363C. The measured results show an
−10 dB |S11| bandwidth extends from 2.5 up to 13 GHz (135.5%) for reference
antenna and from 2.23 up to 13 GHz (144.5%) for a minimized antenna. As
can be observed from measured |S11| results, the first resonance frequency of the
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a b c

Fig. 3.13 Size miniaturization process and simulated |S11| [29]

minimized antenna is shifted down compared to that of the reference antenna.
The displacement of the first resonance frequency is due to creating an additional
effective current path along the left edges of the feed line and semi-circular patch
radiator of the minimized antenna while for a full-size reference antenna, the
currents are mainly distributed along the edges of circular patch radiator. Figure
3.14 shows the measured peak and average gains are 3.3 and 2.7 dBi for reference
antenna, respectively, and 2.9 and 2.3 dBi for the minimized antenna, respectively.
Compared to the reference antenna, the minimized antenna’s gain is lower due to
the reduction of the antenna dimensions. Besides, at higher frequencies, the gains
of antennas are similar, owing to the minimized antenna pattern is more directional.
Gain measured is obtained by a comparison method in a pyramidal chamber with
ETS 3117 dual-ridged horn as reference and transmitter antennas.

The proposed halving technique can be applied for the miniaturization of
various printed antennas with symmetrical structures. Figure 3.15 shows the size
miniaturization of different antennas presented in Fig. 3.1. The aforementioned
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Fig. 3.14 Prototypes and measured results of reference and minimized UWB antennas [29]

CPW feed lines in Fig. 3.1b, d are converted to asymmetric coplanar strip (ACS)
feed lines. Also, the slot antennas in Fig. 3.1c, d are converted to monopole-like
antennas. These minimized antennas are suitable for compact MIMO and diversity
systems. The cross-polarization level of the minimized antenna compared to the
reference antenna increases with the increase of frequency. This is due to the
asymmetry of the minimized antenna. In reference antenna due to the symmetry
and out-of-phase of the currents on the ground plane along the horizontal direction,
cancel each other out. By shrinking the reference antenna, one side of these currents
on the ground plane is removed and the other side increases cross-polarization.
To reduce the cross-polarization at high frequency in the minimized antenna, it
is recommended to reduce the ground plane’s width. In [30], the characteristic
mode analysis (CMA) is applied to the printed UWB antenna to clear the physical
operating principle behind its wideband performance.

Recently, monopole-like slot antennas include an open aperture that has been
introduced to reduce the antenna size. In [31], Fig. 3.16, a printed UWB open-slot
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Fig. 3.15 Size miniaturization of different antennas with halving technique

antenna consists of a trapezoid patch radiator with a bandwidth of over 2.6–
13.8 GHz is presented. The total antenna size is 40 mm × 40 mm that is printed
on a low-cost FR4 substrate with εr = 4.4, tanδ = 0.02, and a thickness of 1.6 mm.
The antenna is excited with a 50 � microstrip feeding line with a width of 1.86 mm
and a length of 12.8 mm. In this antenna, a rectangular defect with dimensions of
2 mm × 4 mm is etched from the upper side of the polygon-like aperture for further
miniaturization. Tapers at the ground plane and radiating patch are used to matching
enhancement, especially at the lower end.

3.4 Single and Multi-notched Band(s) UWB Antennas

UWB communications need to eliminate the existing narrowband interferences
within the UWB frequency range [32]. Generally, notched bands with a simple
structure and a sharp selectivity are realized by embedding different shapes of slits,
slots, stubs, and parasitic elements on the feeding line, ground plane, or radiating
patch [33]. A printed UWB monopole antenna with dual band-notch performance is
introduced in [34]. The antenna includes a square patch radiator, an E-shaped slot,
a pair of L-shaped slits, and a truncated ground plane with a V-shaped protruded
strip. The additional resonances of a modified 45◦ V-shaped protruded strip can
enhance the impedance bandwidth, especially at the upper end. The antenna size is
10 mm × 16 mm that is printed on a low-cost FR4 substrate of permittivity 4.4, loss
tangent 0.02, and thickness 1.6 mm. The proposed antenna is connected to a 50 �

microstrip feed line with a width of 2 mm and a length of 6 mm.
Figure 3.17 shows the dual band-notch design process and simulated |S11|. The

basic structure (a in Fig. 3.17) consists of an ordinary square radiating patch with a
V-shaped protruded strip that operates from 3.55 to 17.7 GHz. In antenna b, to create
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Fig. 3.16 Size
miniaturization with
monopole-like slot structure
[31]

a single band-notch property from 4.15 to 5.9 GHz, two L-shaped slits are embedded
in the patch radiator’s sides. In antenna c, etching an E-shaped slot on the center of
the square radiating patch, dual band-notch characteristics in the 3.45–4.15 GHz
and 4.85–5.9 GHz is achieved. The electrical lengths of the L-shaped slits and the
E-shaped slot are respectively about a quarter-guide-wavelength and a half-guide-
wavelength at the center frequency of notched bands. The proposed antenna operates
from 3.1 to 17.7 GHz and has a simple structure and notched bands with a sharp
skirt. Figure 3.18 shows the simulated current distributions on the radiating patch at
first and second notch frequencies. It can be cleared that at the notch frequencies, the
current flows are more dominant on the interior and exterior edges of the defective
structures. They have oppositely directed and neutralized the effects of each other.
Hence, at these frequencies, the radiation fields cancel out, the antenna impedance
changes and produces a high attenuation. Therefore, the antenna does not radiate
effectively.

Figure 3.19 shows examples of different defected geometries for single- or dual-
notch characteristics. In [35], Fig. 3.19a, by employing two L-shaped slits inserted
on the ground plane, a stopband from 5 to 5.9 GHz is achieved. In this antenna with
a bandwidth from 3.1 to 10.6 GHz, a much wider bandwidth is produced by using
a pair of folded strips on the truncated ground plane. In [36], Fig. 3.19b, to prevent
interference with WLAN systems, two symmetrically connected arch-shaped slots
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a b c

Fig. 3.17 Dual band-notch design process and simulated |S11| [34]

with a variable separated angle etched on the patch are presented. The proposed
antenna has a compact size of 26 mm × 26 mm and covers the frequency range
between 2.5 and 15 GHz. The embedded slot acts as a resonant structure. The notch
frequency can be controlled with the total lengths of the slot.

Moreover, by changing the slot’s position, the bandwidth and the performance
of the rejection band can be adjusted. Also, the slot increases the electrical length
of the patch radiator due to its inductive loading effect and results in a reduction
of the lower end frequency. In [37], Fig. 3.19c, by removing an inverted V-shaped
slot with folded ends from the patch radiator, a single band-notched function in the
frequency band of 5–6 GHz is obtained. This CPW-fed slot antenna has a compact
size of 20 mm × 18 mm and a wide bandwidth of 3.04–20.22 GHz. In [38],
Fig. 3.19d, dual band-rejection performances at 3.75 and 5.5 GHz are introduced
using two rectangular slits. The proposed microstrip-fed antenna has a small size of
12 mm × 18 mm and a wide bandwidth from 2.5 to 11 GHz. By varying the position
and the dimensions of the slits, frequencies and bandwidths of notched bands with
lower edge frequency can be adjusted. In [39], Fig. 3.19e, a compact UWB circle-
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Fig. 3.18 Simulated current distributions of the proposed UWB dual-notched antenna at: (a)
4 GHz, (b) 5.3 GHz

like CPW-fed slot antenna with two notched bands at 3.8 and 5.4 GHz is proposed.
The antenna has a small size of 26 mm × 26 mm and a wide bandwidth from 2.75
to 14.2 GHz. By cutting an L-shaped slit from the ground plane and a U-shaped slot
from the radiating patch, the dual-frequency band stops performance is achieved.
The bandwidths of rejection bands can be controlled by changing the width of the
L-shaped slit and adjusting the position of the U-shaped slot. The L-shaped slit acts
as a quarter-wavelength resonator at the center of the lower notched frequency band.
Likewise, the U-shaped slot behaves like a half-wavelength resonator in the higher
notch resonance frequency. In [40], Fig. 3.10f, etching a narrow rectangular slot
on the patch radiator can stop the 5.13–5.87 GHz band for WLAN applications,
and removing two symmetrically C-shaped slots on the ground plane can reject the
frequency range of 7.59–9.03 GHz for satellite communications. The proposed dual
band-notched antenna has a small size of 20 mm × 20 mm and operates in the
frequency range of 2.6–13.3 GHz.
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Fig. 3.19 Different defected geometries for: single notch: (a) [35], (b) [36], (c) [37]; dual notch:
(d) [38], (e) [39], (f) [40]

Electromagnetic bandgap (EBG) structures have widely developed to mutual
coupling reduction, gain enhancement, and spurious response removal [41]. Cur-
rently, mushroom-type EBG cells in different shapes: triangular, square, hexagonal,
circular, sinusoidal, and so on are widely used to create band-notch characteristics
with the advantages of accurate predicting of rejection frequencies by dispersion
diagram and without distortion effects on antenna radiation patterns. In most of
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Fig. 3.20 Proposed slitted
EBG unit cell and dispersion
diagram [29]

the EBG rejection structures, two or more EBG cells in different sizes are used to
produce one or two-notch bands. In [29], Fig. 3.20, a slitted mushroom-type EBG
cell is presented to independently filter undesired WLAN and WiMAX bands in
the UWB range. The antenna is then integrated with a pair of similar slitted EBG
structures beside the feeding line to enhance filtering ability. The presented EBG
structure has many benefits, like independent control over the notch-bands, little
effects on antenna performance, and reduction of the required number of EBG cells.
The proposed printed UWB dual-notched antenna is shown in case c of Fig. 3.21,
consisting of a circular patch radiator, a tapered microstrip feed line, a truncated
semi-circle ground plane, and a couple of similar EBG structure in the besides of
the feed line. The proposed antenna is printed on a low-cost FR4 substrate with
εr = 4.4, tanδ = 0.02, and a height of 1.6 mm. All full-wave simulation results are
achieved by ANSYS HFSS. Figure 3.20 presents the boundary condition for the
Eigen-mode analysis and dispersion diagram of the proposed slitted EBG unit cell.
As observed, there are two frequency band stops wherein these regions no modes
propagate.

Figure 3.21 illustrates the dual-notched design steps. Antenna a is the reference
UWB antenna with a −10 dB bandwidth from 2.11 up to 13 GHz. In antenna b,
to obtain a single notch-band at 3.5 GHz with a bandwidth of 2.7–4.1 GHz, a pair
of square mushroom-type EBG cells are coupled to the antenna feeding line. The
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a b c

Fig. 3.21 Dual-notched design steps and simulated |S11| [29]

patch size of the EBG cell is set for the first resonance frequency located at 3.5 GHz.
In antenna c, to produce a higher frequency notched band at 55 GHz, open slits are
placed at the EBG patch’s sides. The proposed printed dual-notched printed antenna
exhibits |S11| with −10 dB bandwidth from 2.28 up to 13 GHz with notched bands
of 2.7–4.1 GHz and 5–5.95 GHz. It can be observed that the change in the width of
the gap between the feed line and the EBG structure does not affect the resonance
locations, but adjusts the amount of filtered bandwidths. The coupling increases
by decreasing the gap’s width, resulting in increased bandwidth and severity of
the notch. Figure 3.22 presents the simulated current distributions of the proposed
dual-notch planar antenna at different frequencies. In Fig. 3.22a at 3.5 GHz, the
maximum current is concentrated through the central area of slitted EBG around via
connection, and thus leaving minimum current to the patch radiator for radiation. In
Fig. 3.22b at 5.5 GHz, the maximum current mostly conducting along the edges of
the slits, and therefore the antenna matching varies at this frequency and creating
a large reflection at the upper notch frequency. In Fig. 3.22c at 4 GHz, current
distributions at EBG cells are minimum and nearly symmetrical distributed on the
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Fig. 3.22 Simulated current distributions of proposed UWB dual-notched at: (a) 3.5 GHz, (b)
5.5 GHz, (c) 4.5 GHz

radiating patch. It means at the passband frequency, the EBG structure has a small
effect on the UWB antenna performance.

According to Fig. 3.13, due to the structural symmetry of the proposed dual-
notched antenna, by halving the reference antenna relative to the symmetry axis
and modifying the feed line width, a minimize antenna with dual-notched can be
obtained. Figure 3.23 shows the prototypes, simulated and measured |S11| of the
reference and minimized dual-notched antennas. The measured |S11| shows −10 dB
bandwidth extends from 2.5 up to 13 GHz with dual-notched bands of 510 MHz
(3.17–3.68 GHz, 14.9%) and 680 MHz (5.09–5.78 GHz, 12.7%) for reference
antenna and from 2.23 up to 13 GHz for the minimized antenna with a dual rejection
of 430 MHz (3.17–3.60 GHz, 12.7%) and 640 MHz (4.92–5.56 GHz, 12.2%). A
little discrepancy between measurement and simulation data is observed during our
tests, which can be a result of soldering inaccuracy of the SMA connector, the
accuracy of PCB etching, quality of the substrate, broadband range of simulation,
and other environmental factors like measurement in free space. It can be seen
that though one EBG cell can be used to obtain dual-notched performance, the
bandwidth and rejection magnitude are higher when two EBG cells are placed in
the vicinity of the transmission line. This is due to the reduction of capacitance
coupling between the feeding line and EBG structure in the case of a single EBG
cell. Producing dual-notched performance with a single EBG cell has the benefit of
a more compact antenna and the disadvantage of asymmetric structure.
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a b

Fig. 3.23 Prototypes and results of the reference and minimized UWB dual-notched antenna [29]

Figure 3.24 shows the S21 measurement setup of the proposed UWB dual-notch
antenna. The S21 measurement is carried out in a typical environmental condition,
i.e., free space, with an E8363C PNA. The antenna prototypes were connected by
a 1.5 m low loss cable to the ports of PNA. At the ports of antennas, the PNA is
calibrated. The free space effects are reduced with an absorber with a thickness
of 5 cm. Antenna distance is 60 cm that is around six times the lowest working
frequency wavelength. Both the transmitting and receiving antennas are identical.
The measurement is performed in face to face (F.F.) and side by side (S.S.) states.
Figures 3.25 and 3.26 show the measured transfer characteristics of the full-size
reference and minimized antennas, with or without the notch-bands in F.F. and S.S.,
respectively. Obviously, the |S21| has a sharp reduction in the notched bands and a
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Fig. 3.24 Measurement setups of transfer characteristics [29]

smooth variation in the operating bands. Also, the group delay is nearly flat across
operating bands except at the notched bands. Finally, the minimized antenna has
a similar behavior to that of the full-size reference antenna. Hence, the proposed
antennas have the capability of transmitting and receiving short pulses without
deformation.
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Fig. 3.25 Measured F.F. transfer characteristics: (a) |S21|, (b) group delay [29]

In [42], Fig. 3.27, a UWB CPW-fed slot antenna with triple band-notched
characteristics is presented. Bandwidth enhancement and triple band-notched func-
tion are obtained with a parasitic element at the back layer of the substrate. The
proposed antenna includes a quasi-circle-like slot and a rectangular patch radiator.
The antenna size is 27 mm × 27 mm that is printed on a low-cost FR4 substrate
with εr = 4.4, tanδ = 0.02, and a thickness of 1.6 mm. This compact slot antenna
is excited with a 50 � CPW-fed line with a width of 3 mm and a gap of 0.3 mm.
As observed from the |S11| results, the fork-shaped parasitic element in Fig. 3.27c
is connected to the radiation patch through four via connections with radii of
0.25 mm and 0.5 mm enhances the impedance bandwidth at the upper frequency
band. This is due to the increase of the uniformity and vertical surface currents in
the patch with the fork-shaped parasitic element. As observed in Fig. 3.27b, the
fork-shaped parasitic element has different stubs to provide triple notched bands.
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a

b

Fig. 3.26 Measured S.S. transfer characteristics: (a) |S21|, (b) group delay [29]

The T-shaped stub in Fig. 3.27d is composed of two quarter-guide-wavelength
inverse L-shaped resonators at 3.3 GHz. The C-shaped stubs in Fig. 3.27e are
the quarter-guide-wavelength resonators at 5.5 GHz, and the Z-shaped stubs are
the quarter-guide-wavelength resonators at 7.8 GHz. The center frequencies of
the rejection bands can be adjusted by tuning the length of quarter-wavelength
resonators. The proposed antenna operates from 2.5 to 20 GHz (155%) with triple
notch-bands at 3.3–3.7 GHz, 5.1–6.2 GHz, and 7.1–8 GHz to filter the WiMAX,
WLAN, and X-band, respectively.

Figure 3.28 shows examples of printed UWB antennas with single notch perfor-
mance by different parasitic elements. In [43], Fig. 3.28a, a modified symmetrical
H-shaped parasitic element on the ground plane is used to generate a single band-
stop performance. The proposed antenna operates over the frequency range from
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Fig. 3.27 (a) UWB CPW-fed quasi-circle like slot antenna and simulated |S11|, (b) proposed
parasitic element, (c) fork-shaped parasitic element, (d) T-shaped stub, (e) C-shaped stubs, (f)
Z-shaped stub [42]

3.1 to 14 GHz with a band-rejection in the frequency band of 5.1–5.9 GHz. In [44],
Fig. 3.28b, an inverted semi-ellipse-shaped parasitic element on the backside of
the main radiator is used to omit the undesired frequency band of 5.1–5.9 GHz. In
the notch frequency, the current flows are more dominant on the parasitic element
and are in a reversed direction with the current on the main patch. Therefore,
the desired high attenuation at the rejection frequency can be obtained and the
radiation fields cancel out. In [45], Fig. 3.28c, two rod-shaped parasitic elements
on the back of the substrate are implemented to generate a rejection function in
the frequency range of 5.1–5.9 GHz. The proposed antenna has a small size of
12 mm × 12 mm and a usable bandwidth of 3–22.5 GHz (153%). In [46], Fig. 3.28d,
using a modified T-shaped parasitic element on the backplane of the substrate, a
band-notch performance at 5.07–5.92 GHz is provided. This antenna has a compact
size of 12 mm × 18 mm and covers the frequency range of 2.6–19.3 GHz (150%).

Figure 3.29 shows multiple notches performances by different parasitic elements.
In [47], Fig. 3.29a, two inverted L-shaped parasitic elements on the bottom of the
substrate connected to the patch radiator by two via connections are used to present
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Fig. 3.28 Different parasitic elements for single notch performances: (a) [43], (b) [44], (c) [45],
(d) [46]

a dual filtering function. The proposed antenna operates from 2.5 up to 12 GHz
with dual filtering characteristics at 3.1–3.9 GHz and 5.2–5.9 GHz. By changing the
width and length of the two shorted stubs, the bandwidth and position of rejection
bands can be adjusted. Likewise, in Fig. 3.29b [48], two nested C-shaped parasitic
elements on the back layer of the substrate are inserted to produce two frequency
band-notches at 3–3.8 GHz and 5.1–6.2 GHz. The C-shaped parasitic elements
are connected to the patch by two via connections. The proposed CPW-fed slot
antenna has a compact size of 26 mm × 30 mm and operates over the frequency
range of 2.5 up to 25 GHz. Much wider impedance bandwidth is obtained by
using a fork-like feed line. The bandwidth and position of the rejected bands can
be controlled by adjusting the position and length of C-shaped parasitic elements,
respectively. In [49], Fig. 3.29c, dual-notched performances at 3.5 and 5.5 GHz are
generated using a parasitic E-shaped element on the backside of the substrate that
is electromagnetically coupled to the patch radiator. The lower edge of operating
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Fig. 3.29 Multiple notches by different parasitic elements: (a) [47], (b) [48], (c) [49], (d) [50]

frequency and the position of band-rejections can be adjusted by properly tuning the
dimensions of the E-shaped capacitive-couple parasitic element. In [50], Fig. 3.29d,
multiple notch performance is obtained by the coupling of multiple rings radiating
fractal patch with a heart-shaped backplane parasitic element. With the increasing
fractal iteration on the fractal patch, multiple band-rejections are obtained. The
proposed antenna has a compact size of 25 mm × 25 mm and an operating
bandwidth from 2.4 to 12 GHz with triple notched bands at 3–3.3 GHz, 4.25–
5.1 GHz, and 7.2–8.1 GHz.

Figure 3.30 shows examples of single notch characteristics by different tuning
stubs. In [51], Fig. 3.30a, a band-stop frequency property is obtained by loading
two L-shaped and a T-shaped stubs on an E-shaped patch radiator. The proposed
antenna has a small size of 10 mm × 17 mm and operates from 2.9 to 14 GHz
with a rejection function in the frequency range of 5.01–5.98 GHz. In [52], Fig.
3.30b, by embedding two rectangular stubs in the square radiating patch, frequency
band-notched characteristic is obtained. The proposed antenna has a compact size
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Fig. 3.30 Different tuning stubs for single notch operation: (a) [51], (b) [52], (c) [53], (d) [54]

of 12 mm × 19 mm, a wide bandwidth of 2.85–16.73 GHz, and shows the
band-stop performance in the frequency range of 5.02–5.97 GHz. At the rejection
frequency, the currents are concentrated on the rectangular stubs, which may cause
the attenuation and canceling of the radiation fields in the far zone. Likewise, in Fig.
3.30c at [53], by embedding a rectangular stub in an octagonal-shaped ring patch,
band-notch performance in the frequency band of 5.15–5.825 GHz is achieved. The
proposed antenna has a compact size of 30 mm × 30 mm and exhibits a super-
wideband operating range from 2.39 to 40 GHz. The strip’s length determines the
center frequency of the notch-band. In [54], Fig. 3.30d, by protruding a folded-stub
within a square-ring patch radiator, a band-notch characteristics in the frequency
range of 5.02–5.97 GHz is obtained. The presented microstrip-fed slot antenna has a
small size of 20 mm × 20 mm and bandwidth from 3.07 to 14.03 GHz. Much wider
impedance bandwidth is achieved by inserting a folded-stub inside a rectangular
slot in the ground plane’s top section. At the notch frequency, the folded-stub in
the radiation ring patch behaves as a half-wavelength resonator. The current flows
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Fig. 3.31 Different combinational techniques for dual-notch characteristics: (a) [55], (b) [56], (c)
[57], (d) [58]

are more concentrated along the edges of the folded-stub in opposite directions.
Therefore, a high attenuation near the rejection frequency can be achieved.

Figure 3.31 illustrates examples of dual-notch performance by different combi-
national techniques. In [55], Fig. 3.31a, by etching a pair of L-shaped slits in the
ground plane and embedding two parasitic elements inside the radiation circle-like
slot, dual-notched characteristics can be obtained. By embedding a couple of L-
shaped tuning stubs on the back layer of the substrate, bandwidth enhancement at
the upper frequency band is realized. The effective length of each open L-shaped
slit is around a quarter-guide-wavelength at 3.7 GHz and each L-shaped parasitic
element is a half-guide-wavelength at 5.5 GHz. By adjusting the width of the L-
shaped slit and changing the horizontal section length of the parasitic elements,
the bandwidths of band-rejection filtering performances can be controlled. The
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proposed antenna has a wideband bandwidth from 2.1 to 20 GHz with dual-rejection
bands of 3.1–4 GHz and 5.1–6.1 GHz. In [56], Fig. 3.31b, dual band-notch function
at 3.25–3.85 GHz and 4.9–6.2 GHz is presented by etching a U-shaped slot at the
stepped patch radiator and a butterfly-shaped parasitic element on the substrate back
layer, respectively. Likewise, in Fig. 3.31c at [57], dual band-rejection performance
is obtained by printing a split ring-shaped back-layer parasitic element for filter
the range of 5.24–6.22 GHz and by etching a C-shaped slot on the tapered patch
radiator to stop the band of 3.49–3.81 GHz. In [58], Fig. 3.31d, the dual band-
notched characteristic is obtained by an arch-shaped slot and a pair of step-shape
slits to notch the frequency ranges of 3.7–4.2 GHz and 5–6 GHz, respectively. The
antenna has a small size of 20 mm × 25 mm and a multi-resonance super-wideband
bandwidth of 2.2–20.4 GHz.

3.5 Broadband Circularly Polarized UWB Antennas

Circularly polarized (CP) antennas have become more prevalent in many applica-
tions like portable devices, radars, satellite systems, and mobile communications
owing to their ability the reduction multipath fading, more flexibility in the
orientation angle of the transmitter and receiver antennas against rotation effect and
polarization mismatch, better weather penetration and mobility. Due to the rapid
development of multifunctional communication services with high data rate and
distance enhancement, the demand for broadband CP antennas has been increased.
Recently, different printed CP antennas have been introduced to achieve the broad
impedance and axial ratio (AR) bandwidths [59].

In [60], Fig. 3.32, an asymmetric broadband CP open-slot UWB antenna is
introduced. The presented antenna includes an offset microstrip feedline with a
tuning stub and a ground plane with an open wide circular slot and a horizontal
slit. The proposed antenna with a simple structure, compact size, flat gain, and
stable radiation characteristics is attractive for ISM, WiMAX, WLAN, and C-band
applications. Antennas with open-slot property can be arranged on the corner of
a circuit board and present size miniaturization since the length of an open-slot
is equivalent to half of a conventional half-wavelength closed slot resonator. The
antenna has a compact area of 25 mm × 25 mm and is etched on a low-cost FR4
substrate with εr = 4.4, tanδ = 0.02, and a height of 1.6 mm. The feedline position
relative to the open-slot can enhance the impedance matching and AR bandwidths.
The tuning stub on the feedline can improve the impedance matching at the lower
edge of the operating band by adjusting the coupled energy to the radiating slot. The
measured results indicate 3.2–14 GHz (125%) impedance bandwidth, 3.2–6 GHz
(61%) AR bandwidth, and an average peak gain of 4 dBic within the AR bandwidth.

Figure 3.33 illustrates the simulated current distributions at 4.5 GHz. It can be
observed the surface currents at 0◦ and 90◦ are equal and opposite in phase to 180◦
and 270◦ that shows the presented CP antenna propagates right circular polarization
(RCP) in back-direction and left circular polarization (LCP) in the top direction.
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Fig. 3.32 The asymmetric broadband CP open-slot UWB antenna [60]

Circular polarization is realized by generating two perpendicular electric fields with
the same amplitude and phase difference of 90◦. With the proper positioning of
the feedline at the around middle of the open-slot and etching a horizontal slit,
the CP conditions are available for several frequencies. Therefore, a broadband CP
characteristic is obtained.

In [61], Fig. 3.34, a compact broadband CP shifted monopole UWB antenna
is presented. The proposed antenna includes a shifted monopole on the side of an
FR4 dielectric, a modified ground plane with shorted width, and a vertical stub at
the shorted end. The designed CP antenna has a simple fabrication, small size and
broad impedance, and AR bandwidths without using parasitic elements or multiple
slots and stubs. The proposed antenna is compact with an area of 19.5 mm × 36 mm
and printed on an FR4 substrate with a height of 1.6 mm, εr = 4.4, and tanδ = 0.02.
By modifying the ground plane the impedance matching is enhanced, especially
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Fig. 3.33 Simulated current distributions showing LCP at 4.5 GHz [60]

at the lower end. This is because the extended ground plane has an increased
electrical length and reduces the coupling between the ground plane and rectangular
radiator. Also, modification in the ground plane enhances the AR bandwidth owing
to increases of horizontal currents at the shorted ground plane and vertical currents
at the vertical edge.

Generally, the printed CP wide slot antennas with wide intrinsic impedance
bandwidth and lower sensitivity to fabrication accuracy have been particularly
attractive for broad impedance and AR bandwidths [63]. In [62], Fig. 3.35, a CPW-
fed broadband CP square slot UWB antenna is presented. The proposed CP antenna
includes two embedded inverted L-shaped strips at the two opposite corners of the
wide square slot, a pair of etched spiral slits in the ground plane, and a rectangular
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Fig. 3.34 The compact broadband CP shifted monopole UWB antenna [61]

radiator with a vertical tuning stub and a wide slit. The antenna has a low fabrication
cost, a simple structure, and a total size of 20 mm × 20 mm which is printed on an
FR4 dielectric with εr = 4.4, tanδ = 0.02, and a thickness of 0.8 mm. This slot
antenna is excited with a 50 � CPW feedline with a gap of 0.2 mm and a signal
line with a width of 3 mm. The proposed CP antenna exhibits a UWB impedance
bandwidth from 3.45 to 12.30 GHz (112%) and a broadband AR bandwidth from
5.45 to 10.32 GHz (62%). The inverted L-shaped strips on the ground plane generate
two perpendicular resonant modes with a 90◦ phase difference leading to a CP
performance. In the following, by etching two spiral slits on the ground plane,
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Fig. 3.35 The CPW-fed
broadband CP square slot
UWB antenna [62]

new paths for currents rotation are provided that significantly improve the AR
bandwidth. Finally, embedding a wide slit and a marrow vertical tuning stub in the
feeding line enhances the coupling between the inverted-L strip and the feedline,
expanding the impedance matching, especially at the upper frequency end.

Figure 3.36 shows examples of different UWB CPW-fed slot antennas with
broadband CP characteristics. In [64], Fig. 3.36a, a broadband CPW-fed CP square
slot antenna for UWB applications is presented. The proposed antenna consists of
a rectangular patch radiator, a pair of unequal-size inverted L-strips around two
opposite corners, and a feeding line with a tuning slit and a vertical tuning stub.
This antenna has a total area of 60 mm × 60 mm and is printed on low-cost FR4
dielectric with permittivity of 4.4, loss tangent of 0.02, and a thickness of 0.8 mm.
The proposed broadband CP antenna operates over the impedance bandwidth of
2.67–13 GHz (132%) and AR bandwidth of 4.9–6.9 GHz (32.2%). Likewise, in Fig.
3.36b at [65], a broadband CPW-fed CP square slot antenna with three inverted-
L strips around the corners of the slot is introduced. The proposed antenna has
dimensions of 60 mm × 60 mm that is etched on an FR4 substrate with εr = 4.4,
tanδ = 0.02, and a thickness of 0.8 mm. The results show an impedance bandwidth
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Fig. 3.36 Broadband CP characteristic with different UWB CPW-fed slot antennas: (a) [64], (b)
[65]

of 2–7 GHz (110%) and an AR bandwidth of 2.03–5.12 GHz (86%). Broadband CP
performance is mainly related to the three embedded inverted-L strips in the corners
of the square slot.

3.6 Reconfigurable UWB Antennas

Nowadays, increasing demand for spectrum utilization of adaptive and smart wire-
less products in different regions of the world have led to the significant development
of printed reconfigurable antennas with efficient power consumption, system ver-
satility and flexibility in different standards, and reduces antenna size with high
potential for a software-defined radio, cognitive radio (CR), and MIMO applications
[66]. Typically, a reconfigurable antenna can realize the desired performances with
various types of switches like p-i-n or varactor diodes or microelectromechanical
systems (MEMS). Reconfigurable antennas, according to their functionalities can
be classified as a combination of the reconfigurable frequency with rejection or
selecting multiple bands to interference elimination or multiband applications,
reconfigurable patterns with altering the shape of the pattern to the desired radiation
directions, and reconfigurable polarization with polarization switching to multipath
fading reduction. Reconfigurable techniques have been widely implemented in
printed UWB antennas to realize switchable notch-bands and cognitive radio
communications. UWB antenna with reconfigurable rejection frequency bands can
switch between a conventional full UWB spectrum and a band-notched UWB
antenna to enhance the UWB system’s performances and effectively utilize the
UWB spectrum. In the CR-UWB communications, a sensing UWB antenna is used
to identify the free channels and a reconfigurable narrowband antenna is used for
communicating.
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Fig. 3.37 The reconfigurable
UWB slot antenna with the
switchable band-notch
performance [67]

PIN diode 

A rectangular printed UWB slot antenna with switchable band-notched perfor-
mance is presented in [67]. The proposed reconfigurable UWB slot antenna is
illustrated in Fig. 3.37. This symmetrical antenna includes a square slot, a square
radiating patch, two modified L-shaped slits on the feedline to broaden impedance
bandwidth at the upper frequency band and a pi-shaped slot integrated with a p-
in diode to switch of rejection band electronically. In the proposed antenna, to
obtain a switchable rejection band, a p-i-n diode is used along with the slot. In the
forward bias of the p-i-n diode, the pi-shaped slot is changed to two C-shaped slots
which are created additional resonances, results in enhanced impedance bandwidth,
especially at the upper end, and therefore full coverage of the UWB spectrum in
the frequency band of 3.3 to over 10.25 GHz. When the p-i-n diode is OFF, this
slot antenna operates as a band-notched antenna to eliminate narrowband signals’
interferences in the range of 5.15–5.85 GHz. In the simulation, to implement the
OFF state of the switch, a lumped capacitor with 0.17 pF and to simulate the ON
state, a lumped resistor with 2.1 � is used. The proposed reconfigurable antenna
has a symmetrical structure, stable omnidirectional pattern, and fast switching. The
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Fig. 3.38 Simulated current distributions on the patch radiator at 5.5 GHz: (a) switch-ON, (b) and
(c) switch-OFF

designed slot antenna has a compact area of 20 mm × 20 mm which is etched on an
FR4 dielectric with εr = 4.4, tanδ = 0.02, and a thickness of 0.8 mm.

Figure 3.38 shows the simulated current distributions on the patch radiator
at 5.5 GHz in On and Off states. As observed in Fig. 3.38a, at ON state, the
current density is mostly intensified on the lower edges of the square radiating
patch, and therefore the antenna matching changes at this frequency since the patch
resonances. In Fig. 3.38b, c, at the rejection frequency band, at the OFF state, the
maximum current density mainly conducting along the edges of the slot and they
have oppositely directed between the slot edges. Therefore, at this frequency, the
antenna impedance changes and radiation fields cancel out with high attenuation.

Figure 3.39 illustrates examples of different UWB antennas with reconfigurable
performances. In [68], Fig. 3.39a, an incorporated dual port single substrate
UWB and a reconfigurable narrowband antenna are presented for cognitive radio
applications. The proposed CR antenna includes a UWB antenna for sensing and
a tunable narrowband slot resonator for communicating that is printed on a unique
dielectric. The designed CR antenna includes an elliptical disc monopole, a partial
ellipse ground plane, a stepped feedline, and a narrow H-shaped slot resonator
with a symmetric tub inside the slot to reduce the electrical length of the slot and
isolation enhancement between two antennas. The embedded slot is loaded by a
varactor diode to tune the communication band. The H-shaped slot is excited by
a shifted microstrip line with a reconfigurable frequency band in the range of 5–
6 GHz. The presented antenna is etched on a 40 mm × 36 mm RO4350B substrate
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Fig. 3.39 Different UWB antennas with reconfigurable performances: (a) [68], (b) [69], (c) [70],
(d) [71]

with εr = 3.48, tanδ = 0.0037, and a thickness of 0.662 mm. The results show a
UWB sensing band from 3.3 to 11 GHz, a tunable communication band from 5 to
6 GHz with around 220 MHz bandwidth at each biasing voltage and isolation of
more than 20 dB in most of the band. In [69], Fig. 3.39b, a reconfigurable antenna
with simultaneously single and dual-band performances is presented. The proposed
antenna consists of a simple rectangular ring patch with an embedded T-shaped stub,
two modified open U-shaped slots in the two opposite sides of the ground plane, and
a narrow slot as a switch into the current path on the ground plane. The designed
antenna has a total size of 20 mm × 34 mm × 1 mm on an FR4 dielectric with
εr = 4.4 and tanδ = 0.02. The measured results indicate dual-band characteristics
of 1.38–3.98 GHz (97%) and 5.15–6.2 GHz (18.5%) for ON state, and a single wide
bandwidth of 3.55–6.15 GHz (53%) for OFF state.

In [70], Fig. 3.39c, with two p-i-n diodes, a printed UWB slot antenna with
reconfigurable single and dual band-notch performances is proposed. The proposed
microstrip-fed slot antenna includes a modified rectangular patch radiator etched
with a circular and two narrow rectangular slots, a fork-shape feeding line, a
ground plane with a wide rectangular slot, two symmetrical triangular slits, and a
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rectangular slit under the feedline. To produce reconfigurable single and dual band-
rejection characteristics, two p-i-n diodes are integrated across the circular slot. The
proposed antenna has a small size of 20 mm × 20 mm, simple structure, sharp
functionality in notched band, a possibility to adjust the bandwidth and frequency
position of notch-bands, and a low-cost FR4 dielectric with εr = 4.4 and a thickness
of 0.8 mm. the results show a UWB bandwidth from 3.12 to 12.51 GHz (12%)
and a switchable single rejection band of 3.12–3.84 GHz (21%) and 5–6.07 GHz
(19%) when diodes D1 and D2 are respectively on. Besides, dual-rejection bands of
3.12–3.82 GHz (20%) and 4.9–6.06 (21%) are presented when both diodes D1 and
D2 are simultaneously on. In [71], Fig. 3.39d, a compact UWB slot antenna with
reconfigurable single and dual-notch performances is presented. The introduced
antenna includes a square patch radiator, a stepped microstrip feedline, and a ground
plane etched with a wide rectangular slot. By cutting two folded narrow slots on the
radiating patch and then integrated two p-i-n diodes D1 and D2 across these slots,
reconfigurable single and dual band-rejection functions are obtained. The proposed
antenna has a compact area of 20 mm × 20 mm that is etched on an FR4 dielectric
with εr = 4.4, tanδ = 0.02, and a thickness of 0.8 mm. The results show a UWB
bandwidth from 3.7 to 10.7 GHz, when both diodes D1 and D2 are concurrently
OFF, a single band-rejection performance at 3.15–3.85 GHz when D1 is OFF and
D2 is ON, and a single band-notch function at 5.43–6.16 GHz when D1 is OFF and
D2 is ON, and a dual band-notch characteristics at 3.2–4.2 GHz and 5.5–6.15 GHz
when both diodes of D1 and D2 are simultaneously ON.

3.7 UWBMIMO Diversity Antennas

MIMO antennas with compact size and different types of directivity like frequency,
pattern, spatial, and polarization are used to mitigate the effects of multipath fading
due to reflection, diffraction, scattering, and variable frequency shifts of propagation
signals in dynamic and dense environments with a dynamically increasing number
of application and users which results in improved the signal-noise-ratio, accuracy,
data rate, power level, energy-saving and reliability of wireless communications
[72]. In MIMO communications, a combination of several antennas are used in the
transmitter-receiver system. In contrast, in the conventional ones, there is only one
antenna at a time. By intelligently combining-selecting the received signals from
various independent antenna elements with different fading properties, the strength
of the signal at the receiver can be improved. Using MIMO techniques in UWB
systems with minimal transmission power, the communication range coverage can
be extended. Recently, various designs have been introduced to meet the necessary
criteria in MIMO systems, like field correlation, isolation, and compactness. The
distance between antenna elements in the MIMO system is still challenging due
to the minimal area inside a compact closely packed portable device. The near
wavelength degrades the field correlation and isolation by the large surface waves
and space radiations. Hence, various methods like slots or parasitic elements have
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been developed to design miniaturized MIMO antennas with a wideband frequency
range. The most common way to create polarization diversity in MIMO antennas is
to use identical elements perpendicular to each other.

To evaluate the performances of a MIMO system, some additional parameters
must be cleared, such as isolation and envelope correlation coefficient (ECC)
between different antenna elements [73]. The ECC indicates how much the receive
signals in different elements are isolate or independent from each other. The ECC
between two antenna element of a MIMO diversity system, based on far-field
radiations, is calculated as

ρr12 =
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In Eq. (3.1), θ and ϕ show the spherical elevation and azimuth angles, respec-

tively. The
−→
F 1 (θ, ϕ) or

−→
F 2 (θ, ϕ) is a vector function for electric far-field in

spherical coordinates that includes the shape, polarization, and relative phase
information of full spherical radiation pattern. For an ideal MIMO system, if the
radiation patterns of two different antennas are the same, the ECC would be ρr = 1.
Conversely, if they are completely independent, the ECC would be zero, such as
when one antenna is perfectly vertical-polarized, and the other one is perfectly
horizontal-polarized, or when one antenna completely radiates to the top direction
and the other one completely radiates to the bottom direction. Typically, a practical
MIMO antenna with pretty good directivity performance requires an ECC lower
than 0.5. Due to the reciprocity theory, the ECC of a MIMO diversity system can be
obtained from the calibrated S-parameters by using the following formula

ρi12 =
∣∣S∗

11S12 + S∗
21S22

∣∣2(
1 − |S11|2 − |S21|2

) (
1 − |S22|2 − |S12|2

) (3.2)

The S21 indicates the isolation between two antenna elements that typically
should be more than 15 dB. In practice, Eq. (3.2) is a simple, inexpensive, fast,
easy, and wideband method to obtain the ECC that relies on the isolation and input
impedances of the antennas. Nevertheless, it is assumed that the MIMO antenna
works with 100% radiation efficiency, radiates in a uniform multipath environment,
and has significant low dielectric and conductor losses [74]. Therefore, the ECC
calculation using Eq. (3.1) with far-field patterns is more reliable and advised by
most designers.

In [75], Fig. 3.40, a double band-notched UWB MIMO antenna with a small size
of 22 mm × 42 mm is presented for polarization diversity applications. The MIMO
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1

2
Fig. 3.40 The double band-notched UWB MIMO antenna with polarization diversity performance
[75]

antenna includes two identical elements that are placed orthogonally to attain
polarization diversity and good isolation between the two input ports. The proposed
double band-notched UWB MIMO antenna is designed on an FR4 substrate with
εr = 4.4, tanδ of 0.02, and a thickness of 1 mm. The basic antenna element
is presented in [56], consisting of a triangular staircase radiation patch, a 50 �

microstrip feedline, and a ground plane with two rectangular slots. To create only
one band-rejection function at 4.9–6 GHz, a butterfly-shaped parasitic element is
embedded on the substrate’s backside. An additional notch-band is obtained at 3.1–
3.8 GHz by etching a U-shaped slot in the patch radiator. It can be observed that the
proposed UWB MIMO antenna with polarization diversity has an isolation of more
than 20 dB. Furthermore, the antenna’s ECC is below 0.04 over the full operating
bandwidth that shows a good diversity performance. The proposed MIMO antenna
has an omnidirectional radiation pattern, stable gain, low-profile, and orthogonal
polarization that is practically suitable for antenna diversity.

Figure 3.41 proposes a high isolation UWB MIMO antenna with spatial diversity.
The presented MIMO antenna includes two simple conventional circular monopole
antennas with a truncated rectangular ground plane. It shows isolation of more than
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21

Fig. 3.41 High isolation UWB MIMO antenna with spatial diversity performance

20 dB and an impedance bandwidth over the frequency range of 2.13–11.36 GHz.
The MIMO antenna has a compact area of 24 mm × 41 mm. A narrow rectangular
parasitic strip with a width of 2 mm is embedded on the substrate back layer to
improve the wideband isolation between antenna elements. The low-cost substrate
used is FR4 with εr = 4.4, tanδ = 0.02, and a thickness of 1.6 mm.
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Fig. 3.42 Simulated current distributions with excitation of port 1 at: (a) 4 GHz, (b) 8 GHz

Figure 3.41 shows when the rectangular isolator is present, a UWB high isolation
performance with more than 20 dB over the full UWB bandwidth is obtained.
The parasitic strip between two antennas acted as a reflector and separated the
circular monopoles’ radiation patterns and hence reduces the mutual coupling
[76]. Also, it can be observed that the embedded rectangular strip increases the
impedance matching and operating bandwidth. The parasitic element introduces
more resonances and lengthens the surface waves patch. Therefore, the matching
will be enhanced and the operating bandwidth will be extended, especially at the
lower end. The calculated ECC in Fig. 3.41 is lower than 0.08 which confirms
that the presented UWB MIMO antenna is the right choice for diversity systems.
Figure 3.42 illustrates the simulated currents distributions with and without narrow
rectangular strip at different frequencies when only port 1 is excited and port 2
is terminated with a 50 � wideband matching. The distributions show how the
parasitic element reduces the coupling between two monopole antennas. In Fig.
3.42a at 4 GHz, it can be observed the flow of current from port 1 to port 2 is blocked
by the rectangular strip and there is a very negligible current on the right antenna.
Therefore it increases the isolation. In Fig. 3.42b, at 8 GHz, most of the radiation
pattern of antenna 1 is coupled to the parasitic strip and trapped in it indicating
the presented isolator structure can effectively reduce mutual coupling between the
patch radiators.
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Fig. 3.43 The UWB MIMO
antenna with pattern diversity
performance [77]

In [77], Fig. 3.43, a UWB MIMO antenna with pattern diversity performance
is presented. The pattern diversity with broad space coverage, multipath fading,
and interference alleviation, required less area and antenna elements, the directive
antennas with various independent beam patterns connected to channels with
different strengths. The antenna is printed on a low cost 1.6 mm FR4 substrate
with εr = 4.4, tanδ = 0.02, and a size of 50 mm × 60 mm. The elements
are excited by 3 mm width microstrip lines with an impedance of 50 �. The
proposed UWB MIMO antenna includes two wrench-shaped feeding monopole
antennas with a unidirectional pattern that are situated with a 20◦ rotation angle
to adjust the radiation of the main beam. The wrench-shaped feedline unidirectional
radiation UWB monopole antenna was presented in [78] which can significantly
increase the directivity of pattern diversity antenna compared to a conventional
monopole antenna with Omni or quasi-Omni radiations. Wrench-shaped feeding
structure introduced vertical currents and reduced horizontal currents which were
derived from the study of characteristics modes theory [78]. In the proposed
diversity antenna, modification and shaping of the ground plane suppresses the
back-lobe radiation, improving the impedance matching, antenna bandwidth, and
port isolation. The proposed pattern diversity antenna can radiate waves on the
two sides with in-phase excitation and on the forward side with 180◦ out-of-phase
excitation.

Figure 3.44 shows the working principle of the proposed UWB pattern diversity
antenna. The terms E1/2 and k1/2 represent the electric field and wave propagation
direction, respectively. As shown in Fig. 3.44a, when port 1 and port 2 are excited
with equal magnitude and in-phase signals, the diversity antenna will radiate in two
sides of ±x directions with nulls in the ±y axes. It is due to the cancelation of the
x-component of the total electric field. Therefore, the total electric field will be y-
polarized. On the other hand, with equal amplitude and 180◦ out-of-phase signals
on ports 1 and 2, the y-component of the total electric field will be canceled. Hence,
the proposed pattern diversity antenna will radiate the x-polarized electric field with
a maximum along the y-axis. Figure 3.45 shows the simulated radiation pattern of
the proposed UWB pattern diversity antenna in XY-plane at different frequencies.
It shows the proposed antenna presents a stable pattern diversity performance
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Fig. 3.44 Principle of the
proposed UWB pattern
diversity antenna: (a)
in-phase excitation, (b) 180◦
out-of-phase excitation [77]
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across the frequency band. Finally, the presented pattern diversity antenna with
printed structure, wide bandwidth, compact size, simple design, lightweight, stable
main beam, and low levels of side-lobe, back-lobe, and cross-polarization can
widely use in cognitive radio, radar transceivers, smart arrays, base-station, satellite
communications, and monopulse targeting-tracking systems.
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Fig. 3.45 Simulated radiation patterns of the proposed UWB pattern diversity antenna with: (a)
in-phase and (b) 180◦ out-of-phase feeding cases [77]
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3.8 Conclusion and Future Directions

In this chapter, recent developments of printed UWB antennas have been studied.
Different types of printed antennas with UWB performances have been investigated.
The results show that the printed UWB antennas have a simple structure, a low
fabrication cost, and a compact size with high portability and mobility. Several
directions can be developed in the future progress of UWB antennas, such as
compact UWB directional antennas for interferences sources detection, UWB
antenna arrays with high directional radiation patterns, UWB pattern diversity to
alleviate the multipath fading effects, and wearable antennas with flexible and textile
structures for wireless body area networks.
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Chapter 4
MIMO Antennas for 5G-Enabled Devices

Rifaqat Hussain, Muhammad Umar Khan, Mohamed A. Abou-Khousa,
and Mohammad S. Sharawi

4.1 Introduction

In recent years, wireless devices connected to the internet exponentially increased
along with continuous demand for high-speed connectivity. Technologies such as
augmented reality, cloud-based computing, and enhanced connectivity have evolved
and been a significant part of the young generation’s lifestyle. Soon, cars, street
lighting, electronic appliances, sensors, actuators, and all other wireless devices
will be communicating with one another in the Internet of Things (IoT). Moreover,
ultra-reliable and low-latency communications are required for automated driving,
airborne vehicles, and industry automation for the dawn of the Fourth Industrial
Revolution (IR), remote robotics management in extreme dangerous circumstances,
smart grid implementations, and remote surgery. To cope with these technological
advancements in the field, wireless standards are continuously being enhanced. This
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is accomplished through the realization of next generation 5G technologies. With
the current research pace and the consent of regulatory authorities, the widespread
commercialization and adoption of 5G technology are expected by 2025 [1].

Future 5G technology is expected to support higher capacities (100–1000)
more than the current 4G Long-Term Evolution (LTE) system, faster data speeds,
lower latency, higher reliability communication, and a large number of connected
devices. More specifically, the users and application trends as reported in [1] are as
follows:

1. Supporting low latency and high reliability human-centric communication
2. Supporting low latency and high reliability machine-centric communication
3. Supporting high user density
4. Maintaining high quality at high mobility
5. Enhanced multimedia services
6. Internet of Things
7. Convergence of applications
8. Ultra-accurate positioning applications.

To achieve the 5G design targets as mentioned above, information theory sug-
gests the three key approaches to achieve several-fold increase in system capacity
as [2] follows:

1. Ultra-dense networks: The ultra-dense network (UDN) is an emerging technique
to meet the high data traffic requirements in 5G mobile communications. It is
also known as small cell technology that can be utilized to enhance the network
capacity. Low-power, dense, and small cells can be utilized to off-load the
wireless data traffic from macrocells, having more than 80% of the wireless
data. The network densification has already been adopted in LTE and LTE-
Advanced (LTE-A) cellular networks with minimum data rates of 10–20 Mbps
with monthly data usage of 20–50 GB data. However, it is envisioned that LTE
will no longer be sufficient for 5G mm-wave mobile applications [3].

2. Large bandwidth: A large bandwidth is highly desirable for 5G mm-wave
applications. Fortunately, higher frequency bands offer larger bandwidth to
achieve higher capacity. Licensed 5G bands above 6 GHz are 27.5–29.5 GHz that
will be available in Americas, while 24.25–27.5 GHz range is considered to be
implemented in Europe. The higher frequency bands of operation offer larger
bandwidth and hence effectively address the higher system capacity requirements
[1].

3. High spectrum efficiency: The most viable approach to increase the spectral
efficiency is by using multiple antennas or to use the multiple-input–multiple-
output (MIMO) technology. Massive multiple-input–multiple-output (m-MIMO)
is an emerging technology that utilizes a large number of antennas probably 100
or more as compared to current existing wireless MIMO systems. This would
lead to a significant improvement in the spectrum efficiency. A large number
of antennas help in focusing energy in smaller areas and hence provide huge
improvements in throughput and radiated energy efficiency. Moreover, MIMO
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systems perform better in scattering non-line-of-sight (NLOS) environments,
which is more practical for the future 5G networks [4].

Each of these approaches is expected to increase the system capacity to an
order of magnitude as compared to current 4G systems. Fortunately, mm-wave
frequencies with a very small wavelength are a feasible/optimal solution to provide
larger bandwidths where small cell sizes are attractive solutions for short-range mm-
wave and to design large antenna arrays/massive MIMO to be accommodated in
a very small area. A judicious solution to optimize all parameters together would
result in 1000-fold increase in capacity for 5G [5].

4.2 Evolution of MIMO Technology: From 4G to 5G

Initially, MIMO technology was developed to focus on the spatial diversity to
mitigate the impacts of multipath fading. The pioneering work on MIMO imple-
mentation was reported in [6, 7], while new technologies have been developed
over the years to form the basis of modern MIMO communication systems for
fourth-generation (4G) LTE system as released in the Generation Partnership Project
(3GPP) report release 8 (Rel-8). In 4G wireless communication systems, three
major technologies were used to enhance the data rate: (1) adaptive modulation
coding (AMC), (2) orthogonal frequency division multiple access (OFDMA), and
(3) MIMO technology. The first two technologies are mainly concerned about the
modulation and coding schemes, while the MIMO dealt with the physical layer of
communication system to combat multipath fading. In MIMO systems, the data
is transmitted through multiple antennas, and thus the chances of getting good
representation of data in a multipath fading environment increase along with an
increase in data rate [8]. The evolution of MIMO technology can be classified into
three different categories. Each one of them was developed roughly during distinct
epochs. These are

1. Point-to-Point MIMO
2. Multiuser MIMO
3. m-MIMO.

A quick overview and an evolution of each MIMO technology are given in
this section, while the details of MIMO Antenna systems for 4G and 5G with
comprehensive literature review will be presented in the subsequent sections.

4.2.1 Point-to-Point MIMO

Point-to-Point (P2P) MIMO technology is the basis for modern MIMO communi-
cations. The concept of antenna diversity as demonstrated in [6, 7] in the late 1990s
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represented the simplest form of a MIMO system. This implied that the data being
transmitted from a single user was intended to be received by another individual.
P2P MIMO consisted of a base station (BS) equipped with an antenna array serves
a terminal equipped with an antenna array. Various terminals are orthogonally
multiplexed through time and frequency division multiplexing. In [9], multiple
transmitting and receiving antennas were used for a single user over an additive
Gaussian channel. The multipath fading was observed with conclusions to find the
potential gains of such multi-antenna systems over single-antenna systems. Other
interesting findings were reported in [10], where multiple antennas were used in P2P
MIMO configurations with unknown channel parameters. The studies concluded
that the capacity approaches the capacity obtained as the prior information about
propagation coefficients was known. The main advantage of P2P MIMO is being
the simplest form of MIMO for both uplink and downlink, which is an attractive
choice by virtue of its optimality and simplicity.

4.2.2 Multiuser MIMO

In Multiuser MIMO, multiple streams of data, at the same frequency bands, are
simultaneously allocated to different users. A single BS serves a multiplicity of
terminals by using same time and frequency. The concept of the Multiuser MIMO is
derived from P2P MIMO setup by breaking up the K-antenna terminal into multiple
autonomous terminals. A comprehensive study on the transition from P2P MIMO
to Multiuser MIMO system was conducted in [11]. This work discussed the spatial
degrees of freedom offered by multiple antennas to enhance the system capacity.
This could be achieved by scheduling multiple users to simultaneously share the
spatial channel. Thus, this was the fundamental paradigm shift from single-user
communication to multiuser communication.

The 4G LTE was officially introduced in 3GPP Rel-8 standardization for the
first time. All the subsequent releases only enhanced the LTE technology. The
main advantages of the standardization include the use of multiple MIMO antenna
scheme, high peak data rates up to 300 Mbps in downlink and 75 Mbps in uplink
when using 2 × 2 MIMO antenna with 20 MHz bandwidth. Moreover, it was
envisioned to obtain high spectral efficiency and low latency of 5 ms for IP packets
in ideal radio conditions using MIMO system.

There are two important distinctions between P2P MIMO and Multiuser MIMO.
First, in Multiuser MIMO, each terminal performs coding and decoding indepen-
dently, and hence various terminals do not cooperate. Second, in multiple-access
channel, each terminal is subject to an individual power constraint, while in P2P
channel, the total radiated power is averaged out to find each antenna power limit
constraint.
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4.2.3 m-MIMO

m-MIMO is a useful and scalable version of Multiuser MIMO to enhance the gain of
traditional MIMO. The concept of m-MIMO was originally conceived in [12]. The
solution provided was to use large number of antenna arrays (hundreds of antennas)
at the BS to simultaneously serve dozens of user terminals. The propagation channel
of each terminal is characterized by smart processing at the BS to achieve enhanced
system capacity. Two main advantages of m-MIMO are as follows:

1. Excellent Spectral Efficiency: An excellent spectral efficiency is envisioned
using m-MIMO as spatial multiplexing of several terminals is performed using
the same time–frequency resource. Efficient multiplexing can be achieved for
various channels with diverse propagation environment.

2. Superior Energy Efficiency: In m-MIMO, high gain values of the antennas allow
to reduce the radiated power as the main beam can be directed toward the target
with less power. Also, the use of lower power-rated electronics for large number
of elements reduces the high power requirements on BS power amplifier.

Each BS contained a large number of antenna elements (typically hundreds of
antenna elements), M, that serves a cell with dozens of user terminals/equipments,
K. Each terminal may have a single antenna element or may be equipped with sev-
eral antenna elements in MIMO configuration. In m-MIMO technology, all the user
equipments and terminals occupy the full-time frequency resources simultaneously
in both uplink and downlink transmissions. The multiplexing and demultiplexing of
signal processing are achieved by utilizing a large number of antennas and channel
state information at every BS [12].

m-MIMO can provide 3D MIMO targeting the control and propagation of signals
in three-dimensional space [13]. The 3D propagation of m-MIMO antennas was
studied by the 3GPP. Each BS is equipped with an antenna array to adjust both
azimuth and elevation angles and thus ensure the propagation in 3D space. The large
number of antennas also increases capacity and larger multiplexing gains. Thus,
3D MIMO with massive antennas can be practical deployment in 5G mm-wave
communication. All of this may be enabled through the LTE-Advanced and 5G
specifications created by hundreds of contributing scientists and engineers at the
Third Generation Partnership Project (3GPP). The transformation to 5G will also
transform our lives, our economy, our jobs, and our industries.

4.3 5G Challenges: An Antenna Design Perspective

The motivation to utilize 5G broadband mobile communication is also accompanied
with a plethora of challenges and issues to be addressed for the successful deploy-
ment. In this section, various challenges in 5G from an antenna implementation
perspective are highlighted. It includes both user equipment (UE) and BS MIMO
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Fig. 4.1 5G challenges—an antenna perspective

antenna design. Moreover, antenna design issues in both UE and BS are also
discussed. The various 5G MIMO antenna design challenges and their classification
are shown in Fig. 4.1 and are briefly summarized below.

4.3.1 UE MIMO Antenna Design Challenges

Despite numerous advantages of 5G technology, the implementation of UE MIMO
antennas poses certain challenges that need to be addressed. These challenges are
related to both mm-wave bands and sub-6 GHz bands. A number of key challenges
of UE MIMO antenna design are shown in Fig. 4.1 and are briefly discussed in this
section.

5G sub-6 GHz wireless standards are becoming popular to ensure the smooth
transition from existing 4G networks to upcoming 5G standards. The key idea is to
utilize the existing 4G infrastructure for future 5G systems. During the transitional
phase, integrated 4G/5G UE MIMO antenna solutions are highly desirable. It is
quite challenging to design low-profile multi-standard antenna systems with the
strict constraints of the physical size of UE devices. Also, such solutions are
required to be compatible with existing technologies. For MIMO implementation,
the UE should be equipped with a maximum number of antenna elements with
high isolation values between closely spaced antenna elements. Furthermore, it is
of utmost importance to characterize the antennas for MIMO performance metrics.
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With the advent of the 5G technologies with high data rate and fast internet, an
exponential increase in the number of mobile phones and other wireless handheld
devices is expected. The radio frequency radiation emitted from such devices near
the head and other parts of the body can be absorbed and converted to heat which
might affect human health. Hence, it is critical to characterize the UE devices with
many MIMO antenna elements for specific absorption rate (SAR). SAR is a measure
of radio frequency (RF) energy exposure and absorption by the body. Hence, it
is important to ensure radiated power levels that are within the regulatory limits,
i.e., SAR levels less than 1.6 W/Kg. As SAR values are highly dependent on the
conductivity and the operating frequency bands, it is a challenging requirement to
optimize the UE to operate within the safe limit as per FCC policy [14]. Similarly
for BS, the FCC permits an effective radiated power of up to 500 watts per channel,
but the majority of cell sites in urban and suburban areas operate at effective radiated
power levels of 100 watts per channel or less [15].

4.3.2 BS Antennas: m-MIMO

m-MIMO is one of the key technologies of the 5G cellular system where the BS will
be equipped with several orders of magnitude more antennas as compared to 4G LTE
systems. The advantages of using m-MIMO include enhanced spectral efficiency,
increased system capacity, energy efficiency, low-power cost-effective components,
and simpler signal processing algorithms [16]. However, implementations of such
antenna systems are associated with certain challenges that have to be addressed
for successful deployment. The suggested sub-6 GHz and mm-wave bands for 5G
communication are 3.4–3.8 GHz, 4.4–4.9 GHz, 24–29 GHz, 37–40 GHz, and 66–
76 GHz. Some of the challenges that are related to both of these bands are presented
next.

4.3.2.1 Spatial Correlation

For massive MIMO BS antennas, it is required that the transmitting and receiving
antennas form independent channels with identical characteristics to enhance the
system capacity and reliability. However, for m-MIMO antenna elements, the
correlation among various channels increases, and they start behaving more like
ordinary channels. This is due to fact that antenna elements are connected close to
each other for 5G BS applications. This would result in highly correlated channels
with deterioration in 5G m-MIMO BS performance with spatial diversity loss [17].
Various BS antennas with configuration and structure are reported in the literature
to reduce the spatial correlation to enhance the MIMO system performance [16].
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4.3.2.2 3D/m-MIMO Implementation

3D or m-MIMO is the extension of MIMO with a large number of antenna
elements on the BS to achieve the basic requirements of 5G technology and beam
steering capabilities in azimuth and elevation. It is highly desirable to design and
implement 3D or m-MIMO for BS applications. However, the increased number of
antenna elements adds more complexity to design and operating algorithms for 5G
communications.

4.3.2.3 Wideband Circularly Polarized MIMO

Wideband circularly polarized MIMO antennas are generally required for many 5G
applications. However, it is quite challenging to achieve the desired characteristics
of circular polarization over a wideband. This is due to the difficulty in maintaining
the phase shift between the axes of the radiating antenna structure over a wideband
[18].

4.3.2.4 Multi-beam Antennas

Multi-beam antennas are key to 5G wireless communication systems. Multi-
beam antennas are helpful to enhance signal-to-noise ratio and improve spectral
and energy efficiencies and are crucial for enabling beamforming in massive-
MIMO antenna system. Multi-beam antenna systems are capable of generating
and propagating several independent and simultaneous beams with high gain. This
requirement is the basis of beamforming in 5G [19]. Various multi-beam antenna
designs are comprehensively studied in [20], which include both passive multi-beam
antennas and digital multi-beam antennas.

4.3.2.5 Broadband Beamwidth

For m-MIMO BS antennas, it is required to have a consistent beamwidth and flat
gain across the bands of operation. It is a quite challenging requirement to control
both parameters simultaneously, which may limit the antenna operating bandwidth
and performance [21].

4.3.2.6 High-Gain Antennas

For 5G applications, it is essential to design a high-gain MIMO antenna system.
This is to overcome the losses in signal quality and strength due to atmospheric
attenuations at mm-wave bands. Hence, high directive high-gain antennas are
critical for 5G BS applications and antenna arrays at UE [22].
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4.3.2.7 Multi-standard Antennas

5G wireless systems require a smooth transition from 3G/4G to 5G. During the early
stage of deployment, integrated solutions would be required that are compatible
with the current standards and the future 5G technology. Therefore, it is necessary
to integrate 3G and 4G antennas with m-MIMO antenna system on BS or use
multi-band solutions. Thus, it is technically challenging to come up with such novel
solutions. In addition, user terminals will also require to be equipped with 4G/5G
integrated solution to operate at different operating bands simultaneously [19].

4.3.3 Design Issues: Challenges for UE and BS

5G antenna design faces several challenges from both UE and BS type. These can
be categorized as follows [18, 19, 23]:

(a) Mass production of antenna arrays: consistency in the production of both UE
and BS antennas is highly desirable.

(b) Different εr values: any difference in the εr values of the same substrate might
result in large deviation in antenna geometry especially in mm-wave bands.

(c) Fabrication tolerances: any difference in the dimensions of antenna due to
fabrication may affect the results severely.

(d) Connectors soldering: variations in soldering precision and not accounting for
connectors in the modeling stage may change the antenna characteristics.

(e) Antenna testing: for m-MIMO, both circuit parts and antennas are closely
located, and hence it is quite challenging to separate them for testing purpose.
Furthermore, over the air (OTA) methods to test RF specifications are a big
challenge for m-MIMO BS antennas.

(f) Selecting antennas material: to achieve high performance of m-MIMO antennas
implementation, it is desirable to enhance the radiation efficiency and robust-
ness of the board. This reduces the flexibility of selecting any particular material
for the antenna design.

(g) Lack of active component models in SW: several high-frequency software
(SW), including HFSS, Feko, etc., lack the modeling flexibility of active
components. On the other hand, SW like ADS is very efficient for modeling
active circuits. These are some of the challenges that an antenna designer is
currently facing.

(h) Integration issues: the frequency bands of 4G and 5G overlap mainly due to the
mobile communications cellular services. Two different frequency ranges are
defined for 5G communication: FR1 (410 MHz–7.125 GHz) and FR2 (24.250–
52.6 GHz). 5G and LTE networks share some common frequency bands due
to the fact that 5G will be compatible with LTE during the early stage of
deployment [24]. Integration of 4G and 5G antenna design is one of the
challenges that antenna designers are currently facing.
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4.4 Sub-6GHz 5G MIMO Antenna Systems

The early stage of 5G commercialization will include 5G communication standards
for both mm-wave and sub-6 GHz bands to ensure smooth transition to 5G by
utilizing the existing BS sites for 3.5/4.5 GHz. The frequency bands of 4G and 5G
overlap mainly due to the mobile communication cellular services. Two different
frequency ranges are defined for 5G communication: FR1 (410 MHz–7.125 GHz)
and FR2 (24.250–52.6 GHz). 5G and LTE networks share some common frequency
bands due to the fact that 5G will be compatible with LTE during the early stage
of deployment [24].The 3.5/4.5 GHz bands are suitable for dense urban coverage
and support enhanced mobile broadband along with existing 2 GHz sites that can be
reused for 5G communication. The sub-1 GHz bands are mostly suitable in scenario
for wide coverage with indoor penetration, to reuse 800/900 MHz sites, massive IoT,
and ultra-reliable low-latency communication [25].

4.4.1 UE MIMO Antenna Systems

Most common challenges for sub-6 GHz MIMO implementations for UE include
multi-band antenna design with larger bandwidth, to accommodate the maximum
number of antenna elements within the given space, high mutual coupling between
closely spaced antenna elements, highly correlated MIMO channels, metal frame
and liquid crystal display (LCD) screen blockage that might severely affect the
MIMO antenna performance. UE and mobile terminals are required to accommo-
date the maximum number of antenna elements for sub-6 GHz 5G applications to be
able to overcome hand blockage. 12-port MIMO antennas were reported in [25, 26],
as shown in Fig. 4.2a and b. An interesting 12-element compact antenna design
with high isolation values was reported in [25]. The compact antenna structure was
realized using an orthogonal polarization methodology. A quarter-mode substrate
integrated waveguide (SIW) antenna was combined with two open-ended slots
that resulted in a compact 3-antenna block operating at a frequency band of 3.4–
3.6 GHz. Good impedance matching and isolation were obtained due to orthogonal
polarization. Another 12-port MIMO antenna array for 5G smartphone applications
using 5G technology was reported in [26]. The dual bands obtained were from 3.4
to 3.8 GHz and 5.150 to 5.925 GHz that are compatible with existing 4G and future
5G MIMO applications in UE.

Several 8-antenna element designs for smartphone 5G applications in sub-
6 GHz bands were reported in the literature as shown in Fig. 4.3. The solutions
provided mainly focused on and were coming up with a compact antenna design
to accommodate the maximum number of antenna elements on a smartphone
backplane size, with enhanced isolation and polarization diversity as well as multi-
band antenna’s operation. In [27, 28], 8-element antennas were presented with dual
polarization, operating at 2.6 GHz and 3.7 GHz, respectively. The antenna radiated



Fig. 4.2 Sub-6 GHz 5G user terminal MIMO: (a) 12-element MIMO [25] and (b) 12-element
MIMO [26]

Fig. 4.3 Sub-6 GHz 8-element 5G MIMO antenna design: (a) MIMO antenna with dual polar-
ization [27], (b) 8-element MIMO with dual polarization [28], (c) 8-element MIMO [29], and (d)
8-element MIMO [30]



106 R. Hussain et al.

in different directions, which helped in reducing the mutual coupling between
closely spaced antenna elements. The polarization diversity in each antenna design
made them suitable to be utilized for 5G MIMO applications. An attempt was also
made to integrate multi-functional antenna elements on the same substrate [29, 30]
by covering 3G/4G/5G standards. Such antenna designs with a large number of
antenna elements (8 elements in this case) are highly desirable for the smooth
transition from 4G to 5G communication standards supporting 8 × 8 MIMO that
is standardized in 5G 802.11ac, for example.

Another important aspect and highly desirable feature of 5G MIMO mobile
antennas are their very compact structure with a maximum number of antenna
elements. A highly compact antenna design with four antenna pairs operating at
3.4–3.6 GHz was presented in [31], for 5G mobile phone applications. Orthogonal
modes were used to place antenna pairs close to each other, having different current
distribution at the same operating band. A high isolation performance, better than
17 dB, was obtained without any additional decoupling structures across the desired
band of operation. Similarly, an attempt was made to reduce the envelope correlation
coefficient (ECC) based on the theory of characteristic modes (TCM) [32]. The
analysis was performed on an 8-port MIMO array for 5G mobile applications. The
methodology used was useful to get physical insights on how to reduce the ECC
values for multi-antenna designs with an arbitrary antenna structure. Moreover,
several multi-band/wideband metal rim-based 5G MIMO antenna designs were
reported in [33–35]. The antenna elements used were slot radiators on the outer
periphery of the metal rim in a MIMO configuration. Table 4.1 shows the various
characteristics of sub-6 GHz 5G antenna design for handheld devices including
antenna type, single-element dimensions, bands covered, and a number of antenna
elements. This helps in comparing the main features of current antenna designs in
this category. Another rational behind large antenna elements is the fact that based
on the hand grip position of a handheld device, a large number of antenna are still
not blocked and can provide high-order MIMO connection, i.e., 4 × 4 if half are
blocked.

Table 4.1 Comparison of sub-6 GHz antenna designs

Ref. Ant. type Ant. size (mm2) Bands (GHz) Elements

[25] SIW and slot 17 × 17 3.4∼3.6 12

[26] Slot 10 × 14 3.4∼3.8, 5.15∼5.925 12

[27] Monopole and slot 5 × 31.2, 4 × 17.8 2.55∼2.65 8

[33] Metal rim slots 2 mm rim width 0.82∼0.96, 1.71∼2.69, 5

[34] IFA and slot 7 × 12.4 3.3∼7.1 8

[35] Monopole and slot 7.5 × 20 3.3∼5 8
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4.4.2 BS MIMO Antenna Systems

Among several challenges of 5G deployment, the major one is the transition from
4G LTE to 5G with m-MIMO antenna design for BS applications. During the
transitional phase, both sub-6 GHz and mm-wave frequency bands will be provided
with integrated solutions. The existing base station sites are being utilized to
accommodate the 5G deployment in sub-6 GHz bands as well. For sub-6 GHz 5G
BS, m-MIMO antenna configurations have been reported in the literature.

Very few m-MIMO BS antennas are reported in the literature for sub-6 GHz
bands for 5G communication standards [36–43]. In [36], 72-port triangular-shaped
m-MIMO antenna system was presented to accommodate 288 antenna elements,
operating at a frequency band from 3.45 to 3.55 GHz. The complete antenna system
consisted of 3 layers, each with dimensions of 44.4 × 29.6 × 0.1524 cm3 as shown
in Fig. 4.4a. Each port consisted of 2 × 2 on the top side with feeding network
on the backplane of PCB board. The antenna was operating in dual mode: in the
first mode, it was working as an individual MIMO antenna design with low field
coupling because of tilted beam patterns, while in the second mode, it was operating
as a beam switching array for m-MIMO applications and suitable for potential 5G
BS. In [37], 64 RF channels with 256 antenna elements were implemented with
an active multi-beam antenna system for m-MIMO applications at 5.8 GHz for
5G communication systems. The design is suitable for digital beamforming and
m-MIMO channel estimation for 5G wireless communications. The proposed 64-
channel multi-beam antenna system consists of 8 PCB boards forming a 6-layer
antenna structure. Each PCB board included 8-channel RF front-ends with an array
of 32 elements, fabricated on both sides of the board. The dimensions of each board
were 32 × 21.5 cm as shown in Fig. 4.4b.

In [38], a dual-polarized indoor BS antenna was presented as shown in Fig. 4.4c.
The proposed antenna covered several sub-6 GHz 5G bands. Two orthogonal dipole
antennas were utilized to achieve dual polarization. The proposed antenna covered
3 frequency bands: 0.7–0.96 GHz, 1.7–3 GHz, and 3.3–3.8 GHz with independent
tuning structure. The compact low-profile antenna design, stable radiation patterns,
high polarization purity, and simple feeding structure are suitable for indoor mobile
BS applications for sub-6 GHz 5G communication standards. In [39], a 3D circular
conformal MIMO antenna system was presented as shown in Fig. 4.4d. The given
antenna design consisted of three magnetoelectric dipole (MED) antennas. The
dual-band antenna design covered frequency bands of 1.68–2.93 GHz (impedance
bandwidth of 54.2%) and 3.32–3.64 GHz (impedance bandwidth of 9.2%). The
antenna presented is well suited to be deployed in future sub-6 GHz 5G MIMO
mobile BS applications.

In [40], a dual-polarized antenna array was presented for sub-6 GHz BS applica-
tions. It covered frequency bands of 2.5–2.69 GHz and 3.3–3.6 GHz. The proposed
antenna array is suitable to be utilized in sub-6 GHz BS applications. Similarly
in [41], a compact 2-element MIMO BS antenna was presented with a meta-
surface superstrate. A double-layer short wire unit cell was utilized to optimize the
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Fig. 4.4 sub-6 GHz BS antenna: (a) triangular 72-port m-MIMO BS system [36], (b) 8-channel
RF front-ends and antenna arrays integrated on individual PCB [36], (c) dual-polarized BS antenna
[38], and (d) circular conformal MIMO antenna [39]

superstrate dimensions. Thus, it helped in decoupling two nearby spaced, 0.27λ,
Bowtie antennas in the H-plane. An isolation improvement of at least 15 dB was
observed for frequency bands from 2.3 to 2.690 GHz. In [42], a novel Vivaldi
antenna was presented that is suitable for bases station applications. The antenna
is suitable for both 4G and 5G applications. The given antenna is working well
in the frequency bands from 1.8 to 2.5 GHz. The single-antenna element had
dimensions of 13.1 × 14.1 cm3. Similarly, sub-6 GHz multi-beam BS antenna for
5G applications was presented in [43]. The antenna covered frequency bands from
3.3 to 7.0 GHz with an arbitrary number of beams with arbitrary vertical and
horizontal beamwidths. The beam can be switched electronically, and hence it can
be used as a good configuration for switched beam smart BS antennas.
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In [44], the first real-time m-MIMO test bed—LuMaMi by Lund University—
was presented. It was capable of handling 100 coherent radio frequency transceiver
chains with high-throughput processing of 384 Gbps of real-time baseband data
in both the transmit and the receive directions and up to 128 antenna elements
operating at a center frequency of 3.7 GHz. The LuMaMi test bed is shown in
Fig. 4.5a. In 2017, Huawei launched its first 5G BS active antenna unit, BBU5900,
as shown in Fig. 4.5b. This unit features baseband unit box 6 in 1, with 6 modes of
operation (GSM, UMTS, LTE FDD, LTE TDD, NB-IoT, and 5G NR); transmission
capacity of 50 Gbps to meet the requirements of multi-band, multi-mode, and
m-MIMO co-site deployment; and with a series of multi-antenna RF modules
supporting 4T4R/8T8R/64T64R, extreme user experience in the 4.5G/5G era [45].
At Mobile World Congress (MWC) 2018, Samsung showcased the first m-MIMO
products supporting the new 5G New Radio 3GPP specifications for sub-6 GHz
operation. The various products of m-MIMO access units (AUs), as shown in
Fig. 4.5c, were provided for diverse deployment scenarios including normal, wide,
and high rise buildings to increase gigabit speeds and capacity and build a 5G
mobile network using its 2.5 GHz Time Division Duplex-LTE spectrum. Samsung’s
m-MIMO solutions support 32T32R and 64T64R configurations and also provide
simple transition from LTE to 5G [46].

4.5 Integrated Sub-6GHz and mm-Wave 5G MIMO
Antennas

For the upcoming 5G, a smooth transition from 4G standards is highly desirable
to adopt with 5G technology. The early stage deployment of 5G technology is
mainly focused on the sub-6 GHz communication standards that are compatible
with existing 4G standards along with the mm-wave 5G bands. This leads to the
implementation of multi-functional antenna designs and wireless communication
devices. Hence, an integrated antenna solution for mobile terminals and other
wireless handheld devices is highly desirable. Several works have been reported
in the literature with interesting integrated solutions. One of the pioneering 4G/5G
integrated works was presented in [47]. The proposed antenna design targeted
wireless handheld devices compatible with the existing 4G standards along with
upcoming 5G systems operating at mm-wave band. The sub-6 GHz antenna con-
sisted of modified monopole-based antenna design integrated with mm-wave slot
antenna array. The antenna covered frequency bands from 1.870 to 2.53 MHz
and mm-wave band at 28 GHz. In the proposed integrated antenna design, 4G
MIMO antenna design was integrated with 5G mm-wave antenna system as shown
in Fig. 4.6. The multilayer design had a backplane dimensions of 60 × 100 ×
0.965 mm3. Both types of antennas were carefully placed to obtain mm-wave
antenna array operation along with good MIMO operation of 4G antenna design.
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Fig. 4.5 Sub-6 GHz BS antenna: (a) m-MIMO test bed—LuMaMi [44], (b) Huawei 5G BS active
antenna—BBU5900 [45], and (c) Samsung various products of m-MIMO AU [46]

The design is best suited for upcoming 5G antenna design along with existing 4G
MIMO antenna operation.

A 4G/5G antenna design consisting of 2-element slot-based 4G MIMO antenna
integrated with 2-element connected antenna array (CAA) was presented in [48].
The integrated antenna system covered multiple frequency bands: 1.975–2.08,
2.16–2.23, 2.35–262, 3.06–314, and 3.48–3.54 GHz for 4G standards while 16.5–
17.8 GHz band for 5G applications. The proposed antenna geometry is shown in
Fig. 4.7a. Similarly, an integrated 4G/5G antenna design was presented in [49], as
shown in Fig. 4.7b. The 4G dual-band modified monopole antenna design covered a
wide frequency band from 1.9 to 3.3212 GHz and 3.517 to 3.712 GHz, respectively.
The 5G antenna was a linear connected array (LCA) design that covered a frequency
band from 25.7 to 30.50 GHz. In [50], a 4G/5G antenna design consisted of modified
monopole MIMO antenna integrated with a planar connected array (PCA) was
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Fig. 4.6 4G/5G antenna system: (a) 4G MIMO antennas, (b) mm-wave antenna array, (c) mm-
wave feed network, and (d) mm-wave 5G slot antenna array with feeding network [47]

presented. The antenna covered frequency bands of 2.1 and 12.5 GHz for 4G and
5G applications, respectively.

Similarly, a dual-function 4G/5G slot antenna at microwave and mm-wave was
presented in [51]. A wide slot on the edge of the antenna board is utilized as a dual-
purpose frequency reconfigurable 4G antenna and mm-wave antenna design. The
frequency reconfigurable antenna design was operating from 2.05 to 2.7 GHz, while
connected slot antenna array (CSAA) covered the 5G frequency band from 23 to
29 GHz. The antenna geometry is given in Fig. 4.8a. In [52], an integrated antenna
system was presented for 4G as well as 5G wireless handheld device applications.
The dual-band 4G antenna was operating at 3.8 and 5.5 GHz, while the 5G array
was operating from 24.4 to 29.3 GHz. Moreover, the proposed antenna design
also exhibited beam steering capability from the mm-wave 5G antenna array. The
proposed antenna claimed several advantages including compact antenna structure,
high gain, and planar configuration antenna design. Hence, the antenna design is
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Fig. 4.7 Integrated 4G/5G MIMO antenna: (a) 2-element 4G and 5G MIMO antenna [48] and (b)
4G and 5G LCA MIMO [49]
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Fig. 4.8 (a) The geometry of 2-element MIMO antenna system [51] and (b) The geometry of
2-element MIMO antenna system [52]

suitable to be used for current and future wireless handheld devices. In [53], an
integrated single antenna element solution for both mm-wave and LTE antenna
design was presented in a metal-rimmed handset. Both the antenna elements share
the same structure and volume. The LTE bands covered were from 0.7 to 0.96 GHz
and 1.71 to 2.69 GHz, while the mm-wave band covered was 25–30 GHz. The
volume occupied by this design was 150 × 75 × 7 mm3. Table 4.2 compares various
4G/5G antenna integrated solutions. The analysis included various antenna types,
their sizes, both mm-wave and micro-wave bands covered, and peak gain values. It
is clear from the given table that monopole and slot antennas are widely used for
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Table 4.2 Comparison of integrated 4G/5G antennas

Ant. type Ant. size Bands (GHz) Ant. elements
Ref. {4G, 5G} (mm2) {4G, 5G} {4G, 5G}

[47] {Monopole, Slot} 100 × 60 {1.872–2.53, 28} {2, 1(Array)}

[50] {Monopole, Slot} 100 × 60 {2.01–2.257, 12.5} {2, 1(Array)}

[48] {Slot, Slot} 100 × 60 {(2.1, 2.75, 2.8), 17} {2, 2}

[49] {Monopole, Slot} 115 × 65 {1.9–3.712, 28} {4, 2(Array)}

[51] {Slot, Slot} 70 × 60 {2.05–2.7, 28} {2, 2 (Array)}

[52] {Patch, Slot} 110 × 75 {(3.8, 5.5), 28} {2, 2(Array)}

[54] {Monopole, Slot} 104 × 104 {(2.4–2.8, 5.1–5.6), 28} {4, 4}

such integrated solutions because of their compact sizes, easy fabrication, and the
wideband operation.

On the other hand, the sub-6 GHz miniaturized antenna design is approached
recently from active component integration perspectives especially by co-designing
transmitting and receiving amplifiers with the antenna. The design methodologies
are comprehensively presented in [55–58]. The co-designing approach offers
flexibility in antenna design and its miniaturization which is later demonstrated in
sub-6 GHz MIMO antenna applications [59, 60] for broadband operation covering
multi-octave bandwidth. The integrated antenna shows minimum realized gain and
efficiency of 14.1 dBi and 60%, respectively, over the 1.8–5.5 GHz band.

4.6 mm-Wave 5G MIMO Antenna Systems

mm-wave 5G communication systems will provide exponentially increasing wire-
less data traffic and yield high spatial resolutions with compact antenna size.
This motivated the researchers to use mm-wave for 5G communication systems at
28 GHz and 38 GHz. The two main advantages of mm-wave antennas are small
antenna apertures with high gains along with wide bandwidth. In this section, a
comprehensive overview is presented for mm-wave 5G UE and BS antennas along
with commercially available antenna solutions for mm-wave 5G applications.

4.6.1 mm-Wave UE Antenna Systems

A mm-wave MIMO antenna is highly instrumental to meet high speed requirements
in 5G communication systems. A large number of antenna elements could be uti-
lized to maximize the spectral and energy efficiencies in mm-wave communications.
Several works have been reported in the literature using mm-wave 5G antenna arrays
or single-element designs for mobile terminals and small wireless handheld devices.
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Very few mm-wave-based MIMO antennas have been found in the literature. A
mm-wave multi-beam tapered slot-based MIMO antenna was presented in [61]. The
antenna element is fed by a substrate integrated waveguide which is compatible with
mm-wave integrated circuits. The proposed antenna exhibited good beamforming
performance in the frequency band from 22.5 to 32 GHz with a gain varies from 8.2
to 9.6 dBi. The antenna is suitable to be utilized for 5G beamforming applications.
A 1 × 4 H-plane array integrated with the multi-channel mm-wave transceivers.
Several other types of 5G mm-wave MIMO antennas were reported in the literature.
This included a quasi Yagi–Uda antenna [62], electromagnetic bandgap backed
antenna [63], printed inverted F-shaped (PIFA) [64], and 3D printed magnetoelectric
dipole antennas [65] as shown in Fig. 4.9a–d, respectively.

For mm-wave UE antenna applications, various types of monopoles, dipoles, and
patch antennas have been reported in the literature; they are compact in size, low
weight, and low cost. These antennas can be easily integrated with circuit elements.
However, such antennas are typically with low radiation efficiency, low gain, and
narrow impedance bandwidth. On the other hand, dielectric resonator antennas
(DRAs) are known for their good radiation characteristics and high gain and do not
suffer from conduction losses. Several DRA-based MIMO antennas are reported
in the literature [66–69] as shown in Fig. 4.10a–d. All the DRA MIMO antenna
designs presented in [66–68] focused on mm-wave frequency bands with decoupling
structures to reduce the mutual coupling between closely spaced antenna elements.
In [66], a metamaterial-based polarization-rotator (MPR) wall was investigated to
minimize the mutual coupling between mm-wave DRAs as shown in Fig. 4.10a.
The MPR wall resulted in the orthogonal TE modes, which reduces the mutual
coupling between closely spaced DRAs. The MPR helped in reducing the mutual
coupling more than 16 dB on an average. The MPR wall has no effect on the antenna
characteristics including input impedance and radiation pattern. In [67], a simple
decoupling structure was proposed to reduce mutual coupling between MIMO DRA
antenna. The decoupling structure consisted of vias that effectively change the field
distributions that helped in reducing the coupled fields. The isolation of the H-plane
coupled MIMO DRA array was enhanced from 15.2 to 34.2 dB, while E-plane array
was improved from 13.1 to 43 dB at 26 GHz. The DRA-based two-element MIMO
antenna is shown in Fig. 4.10b.

SIW-based MIMO antenna designs are highly desirable for mm-wave bands
because of their compact size and light-weight structure. Most of the MIMO based-
SIW antennas reported were targeting sub-6 GHz bands [72, 73], while very few
were in mm-wave band [74]. Single-element and antenna array-based SIWs were
reported in [71, 75, 76]. In [71], a SIW-fed monopole antenna was presented for
5G mobile handsets. The antenna array consisted of an array of 8-element printed
monopoles with beam scanning capabilities. A peak gain of 12.3 dBi was observed
at 30 GHz. The antenna structure and scattering curves are shown in Fig. 4.10d.
In [75], a linearly polarized dual-band SIW antenna array of four elements was
presented operating at 28 and 38 GHz. The maximum gain values obtained were
11.9 dBi and 11.2 dBi at 28 GHz and 38 GHz, respectively. Similarly, a wideband
SIW horn antenna with beam steerable arrays was presented in [76]. To improve
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Fig. 4.9 5G mm-wave MIMO antennas: (a) quasi Yagi–Uda antenna [62], (b) electromagnetic
bandgap backed antenna [63], (c) printed inverted F-shaped (PIFA) [64], and (d) 3D printed
magnetoelectric dipole antennas [65]

the impedance matching and to enhance the radiation performance, a tapered ladder
transition was placed at the horn aperture. Moreover, air-via technology was utilized
to achieve the beam tilting in specific directions. A stable radiation performance was
achieved over a wide bandwidth. The antenna realized gain values obtained were
6.4, 8.5, and 8.7 dBi at frequency bands of 28, 38, and 60 GHz, respectively.

System-on-chip (SoC) is being utilized to integrate the complete RF front-end
along with antenna elements directly on the same silicon die in a so-called antenna-
on-chip (AoC). This provides attractive solutions such as the miniaturization of
antenna size, low power consumption, low cost, and flexibility. Several antenna
solutions based on AoC were reported in the literature [77–80]. In [77], a 28 GHz
RF IC-based CMOS direct conversion transceiver with 2 × 4 patch antenna array
for 5G communication was presented. Beamforming and reconfigurable transceiver
architecture were utilized for high effective isotropic radiated power at 28 GHz for
5G smartphone application. Low efficiency is one major issue of on-chip antennas.

The work presented in [78] was designed and optimized at nanoscale technology.
It demonstrated a 28–33 GHz receiver front-end with a compact integrated on-
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Fig. 4.10 DRA MIMO antenna: (a) layout of the 2-element DRA MIMO antenna with the MPR
wall [66], (b) DRA MIMO decoupled antenna [67], (c) 4-element DRA MIMO antenna [70], and
(d) 8-element SIW monopole antenna [71]

chip antenna that was realized in a digital 28-nm CMOS technology for 5G
communication systems. Figure 4.11a shows the chip micrograph that highlights
the receiver components. The active integrated antenna occupied a core area of
0.73 mm2 and mounted on Rogers 4003 assembly in an antenna-in-package (AiP)
form. Similarly, 64-element, 2 × 2 transmit/receive (TRX) beamformer chips
operating in 28–32 GHz were presented in [79] for 5G communication. Sixteen
modules of the 2 × 2 MIMO TRX chips were assembled on a 12-layer PCB together
along stacked-patch antennas. The 64-element phased array could scan to ±50◦
in azimuth (H-plane) and ±25◦ in elevation (E-plane) with low side-lobe level.
The top and bottom views of the 64-element array, PCB integrated stacked-patch
antennas and beamformer ICs are shown in Fig. 4.11b. 5G AoC/AiP phased arrays
are suitable candidates for 5G MIMO applications.

In [64], mm-wave 5G UE antenna characterization, design considerations, and
associated challenges were discussed. Moreover, phased array antenna modules
with horizontal and vertical polarization were demonstrated at the mm-wave band
of 60 GHz as shown in Fig. 4.12. However, the first commercially available 5G mm
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Fig. 4.11 SoC: (a) AiP integrated antenna at 33 GHz [78] and (b) beamformer ICs along with
stacked-patch antennas [79]

Fig. 4.12 (a) Phased array antenna module at 60 GHz and (b) dual-polarized antenna module [64]

wave antenna module (QTM052) for smartphones was introduced by Qualcomm
Technologies in July 2018. The modules were integrated with the Snapdragon X50
5G modem that met the 5G New Radio (NR) specification. It covered three 5G
bands: 26.5∼29.5 GHz (n257), 27.5∼28.35 GHz (n261), and 37∼40 GHz (n260).
Further optimization and size reduction of QTM052 module enabled the use of up to
4 modules to be mounted along the edge of smartphones. The QTM052 consisted of
three main modules: a phased array antenna with Qualcomm’s X50 5G modem that
was being utilized to control the beamforming and beam steering, radio transceiver,
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and power management. Figure 4.13 shows Qualcomm QTM052 family of fully
integrated 5G mm wave modules for smartphones and other mobile devices [65].

Table 4.3 summarizes various mm-wave-based MIMO antenna solutions for user
equipment terminals.

4.6.2 mm-Wave BS Antenna System

For upcoming 5G technology, mm-wave-based MIMO and m-MIMO antenna
system with pattern reconfigurable and beamforming capabilities at 28/38 GHz
are highly desirable for base station applications. Pattern reconfigurable antennas
that dynamically change the radiation characteristics are attractive solutions for 5G

Fig. 4.13 Qualcomm QTM052 module for mm-wave antenna for smartphones [65]

Table 4.3 Comparison of mm-wave UE MIMO antennas

Ant. type Ant. size Band(s) # of ant. Peak gain BF
Ref. – mm2 (GHz) elements? (dBi) ?

[61] Slot 12.2 × 11 24–32 1 × Array 8.2–9.6 No

[62] Quasi YU 12.2 × 11 34–38 1 × Array 11 Yes

[63] Patch 19 × 15 23.6–24.4 2 6 No

[66] DRA – 57–64 2 – No

[67] DRA 21.77 × 11 25.1–27 2 6.2–6.7 No

[68] DRA 20 × 20 27.5–28.35 2 8–10 No

[69] Antipodal Vivaldi π× 9.512 76–77 4 6.2–7.5 Yes

[70] DRA 39 × 72 29.5–32.5 2 6 No

[74] SIW-based DRA 8.7 × 17.4 27.5–28.4 2 4.2 No

[81] Aperture and dipole – 43.3–52.3 2 5 No
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BS antennas. For m-MIMO mm-wave 5G communication cellular networks, a BS
would be equipped with a very large number of antenna elements. Very few mm-
wave m-MIMO BS antennas with beamforming capabilities have been reported
in the literature at mm-wave band of 28/38 GHz [82–86]. Some of the interesting
works containing antenna arrays for mm-wave BS applications are provided in [87–
91]. In [82], a multi-beam folded reflectarray antenna was presented, while in [83],
a two-stage Rotman lens beamformer antenna was reported for mm-wave m-MIMO
application. In [84], a mm-wave beamformer with smart antennas for 5G application
was presented. Several prototypes of 5G beamforming architectures were developed
and tested. This included 2 × 2 (16 antennas) and 4 × 4 (64 antennas) arrays. The
solution is suitable for m-MIMO phased array systems in both frequency and time
domains for next generation mm-wave 5G applications.

In [85], a 64-channel m-MIMO transceiver with a fully digital beamforming
(DBF) architecture operating at 28 GHz was presented for 5G mm-wave com-
munications. In the given design, the antenna elements were arranged as a 2D
array of 16 columns and 4 rows to enable for good beamforming resolution. The
half-wavelength inter-element spacing was achieved with a bend SIW feeding
network as shown in Fig. 4.14a, while Fig. 4.14b shows the fully integrated digital
beamforming hardware. According to the paper claims, the performance of the
DBF-based m-MIMO transceiver was fully tested and validated. Moreover, a data
rate of 5.3-Gb/s throughput was achieved for a single user in mobile, while 50.73
Gb/s was achieved for multiuser MIMO scenario. The results achieved verified
the feasibility of using 64-channel DBF-based mm-wave m-MIMO transceiver in
5G cellular communication systems. In [86], a digital multi-beam 1D planar lens
array with wide scanning angle was presented for mm-wave m-MIMO applications.
The antenna array consisted of 16 dual tapered slot antenna elements as shown in
Fig. 4.15a, while Fig. 4.15b shows the developed prototype of the proposed design.
The proposed antenna covered the frequency bands from 25.25 to 28 GHz. The
wide radiation pattern in H-plane enabled the beam scanning in the azimuth plane.
Furthermore, a multilayered planar lens has been optimized to enhance the beam
gain in E-plane to ensure the wide beam scanning with fewer antenna elements. For
the proposed work, the results showed that a beam scanning coverage of ±40◦ in
the horizontal plan with peak gain value of 24.8 dBi was observed. The proposed
architecture of the multi-beam antenna array is suitable to be utilized in 5G mm-
wave wireless communication systems.

In [87], a modified Yagi–Uda mm-wave BS antenna was presented operating
at 29–31 GHz with pattern reconfigurable characteristics. The given antenna was
designed on flexible RO3003 substrate and was integrated with an artificial magnetic
conductor (AMC) surface. The Yagi–Uda and AMC used director loop diamond
shapes with a flexible bending structure operating at high frequencies as shown in
Fig. 4.16a. The use of a flexible substrate helped in tilting the beam in different
directions, and thus multiple beam configurations were studied. Similarly in [88], a
multi-polarized dual-band mm-wave BS was designed operating at 28/38 GHz. The
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Fig. 4.14 Digital beamforming m-MIMO: (a) top view of array with bent SIW feeding network
and (b) 64-channel DBF-based mm-wave m-MIMO transceiver system [85]

Fig. 4.15 Digital beamforming 1D planar array (a) Top view of array with bent SIW feeding
network (b) Beamformer prototype [86]
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Fig. 4.16 mm-wave BS antennas: (a) AMC antenna configuration [87], (b) dual-band UCF and
OP structure antennas [88], (c) shared-aperture antenna [89], and (d) Samsung 5G NR AU
operating at 28 GHz [92]

proposed design is a good candidate for 5G BS antennas for future 5G networks.
Two versions of the proposed antenna were designed and presented as shown in
Fig. 4.16b. In the first configuration, an upside conical frustum (UCF) configuration
contained 32-element circularly polarized antenna array to synthesize multi-beam
operation. In the second configuration, an array of 32 elements was structured in
an octagonal prism (OP). A modified version of the gravitational search algorithm
(GSA) and particle swarm optimization (PSO) were implemented to form an
algorithm for simultaneously controlling the multiple V/H beam polarization and
directivity. The results obtained for both configurations were compared in terms
of reflection coefficient, realized gain, radiation efficiency, and coverage efficiency.
Better results were obtained in UCF configuration than the OP configuration. A
unique shared-aperture antenna for mm-wave 5G BS applications was presented
in [89], as shown in Fig. 4.16c. The proposed antenna design was operating in the
mm-wave 5G frequency band from 27 to 30 GHz. The proposed antenna exhibited
orthogonal pattern diversity with high gain value in the desired band of interest.
For simultaneous gain enhancement for both ports, the shared-aperture antenna was
loaded with a dual-polarized zero-index metamaterial structure. The end-fire gains
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for the orthogonal ports were in the range of 9.2–9.6 dBi. The access unit (AU)
contained 1000 antenna elements along with a digital unit as one compact box.
Samsung demonstrated that the AU using two test mobile devices had achieved
approximately 4.3 Gbps speed on each with a peak speed of 8.5 Gbps across both
devices [92].

Moreover, in [90], a dual-polarized 2 × 2 antenna subarray structure was
proposed for mm-wave 5G BS applications. The antenna subarray design consisted
of four radiating structures and is shown in Fig. 4.16d. The antenna was fabricated
using a multilayer LTCC process, thus provided full integration with acceptable
precision. The maximum gain value of the proposed design was 10.8 dBi and
was achieved with an impedance bandwidth of 530 MHz operating with a center
frequency of around 37 GHz. The antenna presented was compact and suitable to
be deployed at the front-end of the beam steering mm-wave BS. Similarly, several
mm-wave 5G BS antennas have been presented including magnetoelectric dipole
wideband antenna [91] and antipodal tapered slot antenna array [93].

4.7 Conclusions

Next generation 5G MIMO wireless communication systems are required to meet
the high data rate, greater transmission speed, low latency, high reliability, and
enhanced spectral efficiencies. In the near future, 5G wireless devices will prolifer-
ate in all aspects of our lives. Therefore, researchers are attracted toward the research
and development of 5G technologies. As MIMO antennas are an integral part of 5G
standards, an attempt is made to provide a comprehensive overview of the state-
of-the-art 5G MIMO antenna designs for both sub-6 GHz and mm-wave spectra.
The evolution of MIMO wireless technology from 4G to 5G and various types of
MIMO implementation are briefly outlined for wireless communication systems.
Apart from certain advantages, 5G implementations posed several challenges from
an antenna design perspective for both sub-6 GHz and mm-wave bands; hence, it
is crucial to investigate the limitations and design consideration for MIMO antenna
implementations. This chapter features MIMO antenna designs for BS as well as
handheld devices for both sub-6 GHz and mm-wave bands. Moreover, the recent
developments in sub-6 GHz 5G MIMO, integrated 4G and mm-wave 5G MIMO,
mm-wave 5G MIMO antennas, and mm-wave m-MIMO for both user equipment
(UE) and BS antenna designs are reported in a comprehensive manner. Furthermore,
an attempt is made to include state of the art, available commercial 5G antennas for
BS, AU, and UE to give an insight about their capabilities and recent trends in the
domain.
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Chapter 5
High-Isolation Compact Wideband
MIMO Antennas for 5G Wireless
Communication

Muhammad Aziz ul Haq, Slawomir Koziel, and M. Arif Khan

5.1 Introduction

Multiple-input–multiple-output (MIMO) antenna systems have significantly
enhanced reliability and data capacity of communication channels over single-
antenna systems without using extra bandwidth or power consumption [1].
Multiple-antenna installation (at the receiving or transmitting end) featuring
low mutual coupling is essential for reliable communication [2] in new wireless
technologies such as 5G and beyond. The size has always been an important issue
for designers in the context of mounting antennas in physically small devices.
On the other hand, densely arranged MIMO antenna elements lead to a coupling
issue that degrades the MIMO system performance. The design of compact MIMO
antennas with high isolation for space-limited communication devices remains a
challenge for the researchers [3–5]. In some applications, such as imaging and radar
systems [6], where transmitting and receiving antenna elements are placed close to
each other, a high level of isolation is required to ensure adequate operation and
performance.

There have been significant research efforts observed over the last few years
to address the aforementioned issues. One of the simplest methods to reduce the
mutual coupling effect is to place the antenna elements orthogonal to each other
[7, 8]. However, for certain applications such as imaging and radar systems where
a large number of antenna elements are required to enhance the system resolution,
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practical issues arise related to the complexity of the feeding structure (problematic
for compact communication devices). Other approaches include introduction of a
rectangular strip between the antenna elements [9], a parasitic coupling element [10,
11], a neutralization line [12, 13], a coupled-resonator decoupling network (CRDN)
[14], electromagnetic band gap (EBG) structures [15], and metamaterial-inspired
antennas [16]. These techniques have been successfully applied to reduce the mutual
coupling phenomenon, but at the cost of their own limitations. In particular, they
are typically applied to narrowband structures, whereas their implementation for
compact wideband and ultra-wideband systems is much more complicated. Some
geometry modification-based techniques intended to achieve improved isolation for
wideband applications have been reported in [17–25].

It should be emphasized that the development of a particular antenna topology,
including appropriate alterations such as those discussed in the previous paragraph,
is not sufficient to achieve the satisfactory design. Another, often-overlooked, stage
is a proper adjustment of antenna geometry parameters concerning all performance
figures involved. A conventional approach here is parameter sweeping, which is
laborious and does not lead to optimum results due to complex interactions between
various parameters. Rigorous numerical optimization ensures superior results and
should be carried out not only to achieve the best possible antenna performance but
also to validate the relevance of particular topological changes introduced into the
antenna structure [26].

In this chapter, a technique for isolation improvement in the context of wideband
MIMO antennas in a parallel configuration is proposed. Our approach is based
on appropriate ground plane modifications, primarily multi-section slits below the
feed lines. These allow us to improve the antenna matching without enlarging the
footprint. The “safety” margin between the maximum in-band reflection and the
−10 dB acceptance limit obtained this way permits—along with rigorous optimiza-
tion of antenna parameters—for enhancing isolation. The technique is generic as
demonstrated using four UWB structures of various radiator shapes. Isolation at
the level of −20 dB is obtained in all cases, along with satisfactory values of other
performance figures (ECC, DG, and radiation pattern). An experimental validation
is provided.

5.2 Ground Plane Technique for Isolation Improvement

This section discusses the proposed systematic approach to isolation enhance-
ment for wideband MIMO antenna design. The procedure has been conceptually
explained in Fig. 5.1, where subsequent stages of ground plane development
have been illustrated. For the sake of clarity, only the ground plane (but not
the radiators) has been shown. The starting point is a plain ground (Fig. 5.1a),
with a possibly good antenna performance achieved through parameter sweeping
and/or numerical optimization. In the next stage, the L-shaped stubs are inserted
(Fig. 5.1b). The primary purpose of these is an improvement of the reflection
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Fig. 5.1 Proposed isolation enhancement technique for wideband MIMO antennas: (a) Stage
0: plain ground and the pre-optimized antenna reflection response, (b) Stage 1: L-shaped stubs
inserted and geometry parameters pre-adjusted using parameter sweeping followed by numerical
optimization of the reflection response, and (c) Stage 2: multi-stage slits below the feed lines
inserted and geometry parameters optimized for best isolation with reflection constraint (|S11| ≤
−10 dB)

response. The geometry parameter adjustment at this stage is first realized using a
parameter sweeping and then (upon producing a reasonable initial design) through
numerical optimization (cf. Fig. 5.1b). The second stage provides a good initial
design for the last stage, which consists of inserting multi-section slits below the
radiator feed lines, followed by rigorous constrained optimization of the antenna
parameters. The optimization algorithm of choice is a trust-region gradient search
with numerical derivatives [27] and implicit constraint handling by means of a
penalty function approach [28]. Figure 5.2 shows a flowchart of the procedure.
At particular stages of the process, the optimizer switches between a parameter
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min (|S21|)
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Fig. 5.2 Operation of the proposed isolation enhancement technique

sweeping routine and the gradient-based algorithm and appropriately selects the
design objectives and constraints. Note that the last stage involves a constraint on
the reflection response with the primary objective being isolation improvement.
As demonstrated in the remaining parts of the letter, the proposed decomposition
of the design preferences and constraints, as well as sequential introduction of
ground plane modifications interleaved by parameter optimization, allows us to
obtain consistent and competitive results. Here, the constraints are introduced to
limit physical antenna size within a certain value. A custom-designed socket is
used to interface the optimizer and the EM solver. The presented framework allows
for switching between various numerical optimization setups where necessary,
eventually leading to the optimum results in terms of both the antenna impedance
matching and isolation. Furthermore, comprehensive verification carried out for a
variety of radiators indicates the versatility of the techniques.
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5.3 Verification Case Studies

The proposed optimization-based isolation enhancement procedure has been
applied to four wideband MIMO antennas in a parallel configuration as shown
in Fig. 5.3. The antennas differ in the radiator shapes, yet, in order to demonstrate
the versatility of our approach, the same ground plane technique of Section 5.2 has
been used to improve isolation while maintaining small footprints. All antennas are
realized on a 1.55-mm thick FR-4 substrate εr = 4.4. Computational models are
implemented in CST Microwave Studio [30]. The models are equipped with SMA
connectors to improve further agreement between the simulation and measurement
data. The design variable vectors of Antennas I through IV are

xI = [lg l0 r1 r2 d dl dw lg1 wg2 lg3 wg3 w01]T , (5.1)

xII = [lg l0 l01 w01 l02 w02 lp wp d dl dw lg1 wg2 lg3 wg3 u v]T , (5.2)

xIII = [lg l0 l01 w01 l02 w02 lp wp r d dl dw lg1 wg2 lg3 wg3 u v]T , (5.3)

xIV = [lg l0 l01 w01 l02 w02 lp wp d dl dw lg1 wg2 lg3 wg3 u v]T ; (5.4)

Fig. 5.3 Geometries of compact UWB-MIMO antennas utilized to validate the proposed isolation
enhancement technique. (a) Antenna I [29], (b) Antenna II, (c) Antenna III, and (d) Antenna IV.
The ground plane is shown using the light gray shade
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Fig. 5.4 Simulated S-parameters of the optimized benchmark antennas: Antenna I (solid line),
Antenna II (dashed line), Antenna III (solid–long dashed line), and Antenna IV (dotted line);
(a) |S11| response w.r.t. the initial design, (b) |S21| response w.r.t. the initial design, (c) |S21| with
one-section slit, and (d) |S21| with two-section slit below the feed line

all dimensions are in millimeters (mm).
In the first stage, following the design methodology of Sect. 5.2, rigorous

numerical optimization is applied to achieve the best possible matching. The results
are shown in Fig. 5.4a. The numerical values corresponding to ach antenna are as
follows:

xI
1 = [4.05.86.70.92.95.63.30.51.51.21.03.5]T ,

xII
1 = [73.41.82.72.67.48.3851.81.41.90.98.40.62.2]T ,

xIII
1 = [5.63.91.511.64.390.97.65.511.90.90.35.30.30.5]T , and

xIV
1 = [93.73.42.83.811.67.57.64.83.8931.3130.32]T .

Figure 5.4b shows the isolation characteristics of the antennas with a plain
ground. In the next stage, the slits below the feed lines are added and the
antenna parameters are re-optimized. Here, for illustration purposes, the results
corresponding to both one- (Fig. 5.4c) and two-section slits (Fig. 5.4d) are shown.
Isolation achieved for two-section slits is below −20 dB for the entire operating
band. The numerical values are as follows:

xI
3 = [5.77.07.40.81.35.40.71.03.04.21.84.23.80.20.90.8]T
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xII
3 = [8.21.64.52.13.687.81053.96.14.42.913.40.31.610.30.90.3]T

xIII
3 = [85.81.22.42.37.27.30.512.62.83.56.4315.50.30.60.43.80.40.2]T and

xIV
3 = [102.55.81.54.510.78.7153.71.93.63.9315.40.41.55.50.70.40.2]T .

The effect of the slit can be further analyzed using surface current distributions,
here shown at 5 GHz (cf. Fig. 5.5). For the sake of brevity, only Antenna II is
considered. It can be observed that when Port 1 is excited and Port 2 is terminated
with a 50 � impedance load, a significant amount of current is not only flowing on
the ground plane but also coupled along Port 2 as shown in Fig. 5.5a. This effect
is reduced to some extent by introducing a one-section slit below the feed line
as shown in Fig. 5.5b. The introduction of two-section slits improves the situation
significantly, and negligible amount of current is observed along Port 2 as shown in
Fig. 5.5c. This does demonstrate that the introduction of the two-section slits reduces
the mutual coupling to the point where both ports are almost independent of each
other. In order to further validate the capability and performance of the considered
MIMO antennas, envelop correlation coefficient (ECC), and diversity gain (DG),
is investigated. ECC ≤ 0.5 is considered a requirement for an uncorrelated MIMO
system. ECC can be calculated using the following expression [31]:

ECC = | ∫∫4π

[−→
F1(θ, φ).

−→
F2(θ, φ)

]
d� |2∫∫

4π
|−→F1(θ, φ)|2d�

∫∫
4π

|−→F2(θ, φ)|2d�
, (5.5)

where
−→
F1(θ, φ) is the field radiation pattern of the MIMO antenna element when

port i is excited (here, i = 1, 2) and the other port is terminated with the 50� load.
Here, ECC has been evaluated through numerical integration of the simulated far-
field data. It is clear from Fig. 5.6 that the ECC values of the benchmark antennas
are lower than 0.005, which confirms the capability of the antennas for reliable
communication, achieved due to the proposed decoupling structure. The differential
gain, evaluated using the formula

Fig. 5.5 Surface current distributions over Antenna II at 5 GHz. (a) Flat ground plane, (b) one-
section slit, and (c) two-section slit below the feed line
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Fig. 5.6 Simulated ECC characteristics of the optimized antennas: Antenna I (solid line), Antenna
II (dashed line), Antenna III (solid–long dashed line), and Antenna IV (dotted line)

DG =
√

1 − ECC2 , (5.6)

is higher than 9.99 for the entire UWB frequency range.

5.4 Experimental Results

Experimental validation of the simulation results has been carried out for two
selected structures, Antenna I and Antenna III. Due to the parallel orientation of the
MIMO antennas, the results of the Port 2 are not shown as they are identical to those
for Port 1. It can be observed from Fig. 5.7a that the simulated and measured |S11|
response is below −10 dB, which is the basic requirement for any antenna operating
for the UWB frequency band. Also, Fig. 5.7b illustrates the simulated and measured
isolation |S21| for both antennas, which is under −20 dB. This demonstrates that
the proposed isolation enhancement technique leads to adequate results in terms of
reducing the mutual coupling between the antenna elements. Figure 5.8 illustrates
the measured and simulated efficiencies of Antennas I and III. A good agreement is
observed for the entire operating frequency range. Figure 5.9 shows the measured
and simulated MIMO antenna performance in terms of ECC and DG corresponding
to Antennas I and III. It is observed that the measured ECC and DG (here,
obtained from the S-parameters) are confirming our simulations. Figure 5.10 shows
the radiation patterns at 6 and 8 GHz. The radiation characteristics are nearly
omnidirectional over the operating band.
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Fig. 5.7 Simulated and measured S-parameters of the optimized UWB-MIMO antennas with the
two-section slit below the feed line: Antenna I measured (solid line) and simulated (dotted line) and
Antenna III measured (dashed line) and simulated (long–short dashed line). (a) |S11| and (b) |S21|

Fig. 5.8 Measured (solid line) and simulated (dashed line) efficiencies of the optimized MIMO
antennas: (a) Antenna I and (b) Antenna III

5.5 Effects of Extended Ground Plane and User’s Hand on
Antenna Performance

In practical mobile devices, the full length of the circuit board normally acts as
the ground plane for the antenna. The size of the circuit board device is decided
by the design team. Therefore, this ground plane extension may affect the antenna
performance. In this work, the performance of our benchmark antenna set is
also investigated by integrating the antennas on the circuit board as shown in
Fig. 5.11. The extended ground plane size is 123.8 mm2× 58.6 mm2 (according to
the available size of the iPhone 5). Figure 5.12 illustrates the simulated S-parameters
of Antennas II and IV. It is clear from the figure that the reflection response is
below −10 dB for the entire operating frequency band. A slight degradation in
the isolation at lower frequencies is observed. However, the isolation level is still
acceptable. Another investigation within the vicinity of the user’s hand is also
carried out and shown in Fig. 5.13. Here, the simulations indicate that the reflection
response and the isolation level are not affected by the hand. From these, we can
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Fig. 5.9 Measured (solid line) and simulated (dashed line) ECC and DG response of the optimized
antennas: (a) Antenna I and (b) Antenna III

Fig. 5.10 Simulated and measured radiation pattern of the optimized UWB-MIMO antennas with
the two-section slit below the feed line: Simulated co-pol (dashed line), measured co-pol (solid
line), simulated cross-pol (dotted line), and measured cross-pol (long–short dashed line). The
plots from left- to right-hand side are for the frequencies 6 and 8 GHz: (a) Antenna I E-plane,
(b) Antenna I H-plane, (c) Antenna III E-plane, and (d) Antenna III H-plane



Fig. 5.11 The geometry of compact MIMO antenna with (a) extended ground plane and
(b) human hand

Fig. 5.12 Simulated S-parameters of the optimized benchmark antennas with extended ground
plane: Antenna II (solid line) and Antenna IV (dashed line); (a) |S11| and (b) |S21|
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Fig. 5.13 Simulated S-parameters of the optimized benchmark antennas with the user’s hand
effect: Antenna II (solid line) and Antenna IV (dashed line); (a) |S11| and (b) |S21|

conclude that the proposed optimized MIMO antennas can be a good candidate for
the modern communication devices even when integrated with an extensive ground
plane configuration.

5.6 Conclusion

In this chapter, a simple technique for enhancing element isolation in wideband
MIMO antennas in a parallel configuration is carried out. Our approach combined
topological modification of the ground plane with rigorous, multi-stage constrained
optimization of antenna parameters. This does not only allow for achieving excellent
performance in terms of electrical and field characteristics but also maintain
compact size of the structures. The technique has been validated using four UWB
MIMO antennas exploiting various radiators. The obtained results are consistent for
all cases (in particular, isolation |S21| ≤ −20 dB for the entire UWB frequency
range has been achieved), which demonstrates versatility of the approach. The
proposed methodology can be used as a convenient tool for design automation
and performance improvement of miniaturized MIMO antennas and combined with
different types of ground plane and/or radiator (or feed line) modifications.
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Chapter 6
Fixed- and Scanned-Beam Antenna
Arrays for 5G Applications

Raj Mittra, Donia Oueslati, Abdelkhalek Nasri, Ravi Kumar Arya,
and Asim Ghalib

6.1 Introduction

Aperture array antennas have emerged as popular candidates for a variety of
applications, such as radar, remote sensing, navigation [1, 2], and the fifth generation
(5G) Network communication [3–5] operating in the Ka-band. This millimeter-
wave band for 5G communication is expected to provide a much higher data rate
than heretofore, in the gigabit range, which is not possible to achieve by using
current wireless services [3]. The mm-wave phased array antenna is certain to
play an important role in 5G applications, thanks to its many desirable attributes
such as high gain [5, 6], higher transmission rate, and shorter latency. Recently,
several studies of mm-wave phased array designs for 5G applications have been
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carried out in [7–9]. The phased array configuration has been proposed to serve
the user in crowded areas by reducing the interference and thereby realizing a
high communication rate between the base station and mobile devices. In addition,
it has been argued that beam switching is essential to addressing the challenges
of the future 5G applications [10–12] at millimeter-waves since it offers high-
power efficiency and large channel capacity with wide-angle scan coverage. The
low-profile antenna array (LPAA) design presented in [13–16] provides good
performance at high frequencies, but it can only scan the beam in one plane
(see Fig. 6.4), by using mechanical means [13], for instance. Recently, beam
switching networks using structures, such as substrate integrated waveguide [17];
Butler matrix [18]; printed-ridge gap waveguide [19]; and magneto-electric dipole
antenna array fed by RGW Butler matrix [20], have been proposed by the research
community. A 1D-beam scanning technique (see Fig. 6.5) has been proposed in
[12], which utilizes mechanical rotation and whose performance in terms of gain,
sidelobe level, etc., varies with different orientation angles.

In this chapter, we present several different array designs that show potential for
5G applications and include both fixed- and scan-beam configurations. In addition
to these, we also briefly mention MIMO designs that are likely to play important
roles in 5G applications, both in sub-6 GHz and millimeter-wave designs. We begin
with aperture antennas with slotted waveguide arrays that are widely used for high
frequency applications, because they provide high gain, wide bandwidth, low-profile
[2, 21–24], and relatively simple configurations [25]. Although several different
configurations have been proposed as candidates in [26, 27] for low-profile aperture
antennas with the desirable properties mentioned above, there still exists a need for
improved designs of these antennas operating in the millimeter-wave regime [27].

Recently, several researchers [13–16] have proposed a variety of different design
approaches to generate low-profile antenna arrays (LPAAs). In [13, 14], the authors
have proposed LPAAs based on a Metasurface (MTS) design (see Fig. 6.1c)
comprising of subwavelength cells printed on a grounded dielectric slab. Figure
6.1a, b shows that such an LPAA is an RHCP design, which provides good
performance in one plane and realizes a gain and an efficiency around 37 dBi
and 70%, respectively, at the center frequency of 29.75 GHz, though with a
narrow bandwidth. Other LPAAs have also been proposed in [15, 16], with good
performance in terms of gain, efficiency, and bandwidth at high frequencies. In [15],
a spherical dielectric resonator, excited by a microstrip patch covered by a dielectric
superstrate (see Fig. 6.2) has been proposed to achieve good gain and aperture
efficiency though with a narrow bandwidth, and only with linear polarization (see
Table 6.1).

The LPAA designs presented in [13–16] exhibit a narrow bandwidth, which
can be improved by adding a dielectric superstrate above the array (see Fig. 6.3,
for example). This technique has been proposed in [16] and it helps to achieve
an enhanced frequency operating bandwidth, as shown in Table 6.1, although the
design is only for linear polarization. Additionally, neither of the designs presented
in Table 6.1 are very well suited for scanning. Given this backdrop, an alternative
design of low-profile antenna array will be presented in this chapter, which provides
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Fig. 6.1 Layout and performances of the high-efficiency MTS antenna [13]; (a) Co-polar and (b)
Cross-polar 37 dB directive gain patterns by a MTS antenna at 29.75 GHz designed with product
tapering spill-over efficiency of 85%. (c) MTS antenna layout and detail of the feeding region
before the insertion of the monopole

Fig. 6.2 Configuration of the spherical dielectric resonator-fed resonant cavity antenna [15]: (a)
General view of the antenna, (b) top view of the microstrip resonator
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Table 6.1 Electromagnetic performance characteristics provided by some recent low-profile
antenna array proposed in [13–16]

[13] [14] [15] [16]

Area (λ2) 572.5 λ2 314 λ2 10.8 λ2 5.3 λ2

Radius (λ) 13.5 λ 10 λ 1.85 λ–1.85 λ 1.3 λ

Height (λ) 0.05 λ 1.03 λ/1.05 λ 0.9 λ

Frequency (GHz) 29.75 20 72–103 10
Bandwidth (S11 < −10 dB) – – 5.6–9.6% 56%
3 dB bandwidth (%) 4.7 3.25 – 57
Gain (dBi) 37 33 17.8–18.4 20.7
CP Yes Yes No No
Efficiency 70% 58% 45%/51% 78.3%
Scan angle No No No No

Fig. 6.3 Fabricated prototype and parts [16]: (a) ground plane and slot coupled WR-75 waveguide
feed, (b) Superstrate II placed above the ground plane to form the new antenna

desirable electromagnetic performance in terms of gain, efficiency, and bandwidth
in the high frequency band, with potential applications in the millimeter-wave
(mm-wave) band. Furthermore, the fixed-beam designs presented herein have the
potential for limited scanning, without the use of conventional phase shifters that
are very lossy as well as expensive at millimeter-waves (Figs. 6.4, 6.5, and 6.6).

In this chapter, we begin by presenting an alternative design for a low-profile
aperture antenna array, which is based on a different design philosophy than
those mentioned above (see Maci et al. [13, 14] and Esselle et al. [12]). The
proposed design achieves a wide operating bandwidth, good aperture efficency, and
a stable radiation pattern at millimeter wavelengths. Next, we further enhance the
performance of the array by adding a superstrate, which adds to its gain—albeit only
slightly—despite being entirely passive. Our next step is to add the beam scanning
capability to the array, by using a phase shifting device at millimeter-waves, which is
both low-cost as well as relatively low-loss. Following this, in Sect. 6.3, we modify
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Fig. 6.4 The antenna has been designed to radiate an RHCP beam tilted 30◦ from broadside at
20 GHz. (a) Co-polar component; (b) cross-polar component: comparison between simulated and
experimental results; (c) Details relevant to the aperture implementation and the feeder structure
[13]

Fig. 6.5 Configuration of the beam scanning antenna system: 3D models of the RCA, RGD, and
a pair of LGDs [12]

the design by adding the capability of 2D scanning, by using different techniques
for realizing low-cost and low-loss phase shifters.

The design of antennas capable of wide-angle scanning and offering polarization
diversity are addressed next in this chapter. The Luneburg lens, fed by an array and
backed by switching circuits, is presented in some detail, followed by a discussion
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Fig. 6.6 Elevation cuts taken at (a) azimuth angles containing the beam peak. For each pattern
cut, the azimuth angle and the orientation angles of LGD I and LGD II are given in the inset, (b)
ϕ = 0◦ for the different orientation angles of LGD I and LGD II [12]
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of array designs that achieve polarization diversity. Finally, the topic of MIMO
arrays—that are certain to play an important role both in sub-6 GHz and millimeter-
wave designs—is discussed briefly and a design example of such an array is
included in this chapter for the sake of illustration.

6.2 Array Beam Scanning Approach

6.2.1 Design of Low-Profile Aperture Antennas (LPAA)

In this section, we present two novel designs for a planar aperture antenna array
which operates in the Ka-band, has a low-profile, simple configuration, low-cost,
and improved performance compared with conventional phased array designs. The
first design integrates a wideband power divider with a planar slotted waveguide
array (SWA). The power divider is used to excite four waveguide arrays. Each SWA
is comprised of ten slots in their top walls (see Fig. 6.7a), with the slots off-centered
left and right of the center of the guide to realize an extra 180◦ phase shift between
the adjacent slots. Unlike the case of a leaky-wave antenna, the proposed design
enables us to space the slots half-a-guide wavelength apart to realize radiation along
broadside without any difficulty. A standard waveguide (WR-28) is used, whose
cross-section is 0.7 × 1.11 cm, and which supports the dominant mode propagating

Fig. 6.7 Waveguide antenna: (a) rectangular waveguide and the top view of the linear array
(schematic), (b) Side and top view of the proposed SIW slotted antenna array
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in the Ka-band. The second design of the transversal waveguide slot array antenna is
based on substrate integrated waveguide (SIW) technology, which helps to improve
the performance of the array antenna, including its gain. The SIW transversal slot
antenna array, designed to operate at the center frequency of 30 GHz, is displayed in
Fig. 6.7b. The proposed SIW is fabricated by inserting metal-filled via-hole arrays
in the substrate and the grounded plane. The upper and lower surfaces are metalized
layers that are placed in the air medium. The width of the SIW guide, the period s
of the via holes, and the diameter d are appropriately chosen to support the TE10
dominant mode as explained in [28].

One of the main goals of this chapter is to design a low-profile aperture array
(LPAA) so that its performance characteristics are competitive, if not better, than
the legacy designs. The proposed design for the array has been simulated by using
the commercially available 3D-electromagnetic solver “HFSS” [29]. Both designs
have achieved a 70.75% impedance bandwidth (S11 < −10 dB) in the Ka-band,
good gain and efficiency, as well as a low sidelobe level. The performance is
further enhanced by adding a superstrate layer above the array to improve its gain
without compromising its S11 bandwidth. The details of the array antenna designs
are presented in the following sections.

6.2.1.1 Slotted Waveguide Antenna Arrays

In this section, we descry, which be the slotted waveguide antenna array, shown
in Fig. 6.7b, which is based on Substrate Integrated Waveguide (SIW) technology.
We introduce the slots in the upper metal layer of the SIW, which is terminated
by a 50 � load. We maintain the distance between each successive slot to be λg,
the guide wavelength at 30 GHz. The slot locations are chosen such that they have
the same phase at the center frequency of operation; hence, the main beam points
along broadside. The slot dimensions are optimized for the best performance, and
the detailed dimensions of the design are given in Table 6.2. The effects of increasing
the number of slots on the S11 characteristics and gain parameters are investigated.
Figure 6.8b shows the variation of the reflection coefficient S11 of the SIW slot
antenna as we increase the number of slots. Note that the wideband (27–34 GHz)
−10 dB characteristic of the S11 is maintained even as we increase the number of
slots from 1 to 5. As expected, the gain of the antenna increases from −2 to 9 dB
at 30 GHz as we increase the number of slots from 1 to 5 slots. Next, we design
two SIW slotted antenna arrays having different sizes, namely 2 × 5 and 4 × 5, and
study their S11 and gain performances.

Table 6.2 Geometrical parameters of the SIW waveguide antenna

λ free space Lsiw Wsiw d S Ls Ws ds h

1 cm 75 6.8 0.5 0.9 2.5 0.4 14 1.6
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Fig. 6.8 S-parameters of: (a)
The rectangular waveguide
antenna with ten elements,
(b) SIW slot antenna with
increased number of slots
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An alternative design for a linear SIW slot array, with a simple configuration,
is presented below. Figure 6.7a shows a linear slot array designed for the Ka-band,
with the array located in the top wall of a standard WR-28 waveguide. The slot
dimensions (width and length) are 0.05 × 0.25 cm. The position and the number
of slots on the linear waveguide have a significant effect on the bandwidth of the
antenna [24]. The slots used in the present design are longitudinal and they are
offset from the centerline of the waveguide, as shown in Fig. 6.7a, to realize the
180◦ phase shift we need to point the beam at boresight when the spacing between
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Table 6.3 Geometrical
parameters of the rectangular
waveguide

λ free space 1 cm
Lw 7.65 cm
A 0.68 cm
Ds 0.75 cm
ds1 0.34 cm
λg 1.48 cm

the adjacent slots is one-half the guide wavelength λg. The design parameters of the
waveguide, the slot sizes, and their positions are presented in Table 6.3.

The proposed linear array antenna is excited from the input port (Ps) and is
terminated by 50 � (T) at the output port. The simulated results of the proposed
slotted narrow waveguide antenna, obtained by using the HFSS, are shown in Fig.
6.8a. The array achieves an S11, which is better than −10 dB over the frequency
range of 24–37 GHz, and its insertion loss is approximately 0.06 dB across the
desired band (see Fig. 6.8a). The proposed antenna also achieves a simulated gain
of 16.8 dB at 30 GHz.

6.2.1.2 Power Divider Design

Wideband (WB) Power Divider

The aperture array proposed in this work was designed to account for the mutual
coupling between the elements. To analyze the performance of the array we simulate
a prototype version the of 4 × 10 slotted array antenna, fed by a 4:1 wideband (WB)
power divider. In this section, we present the design procedure of an equiphase 4:1
WB power divider (see Fig. 6.9). Initially, a 2:1 power divider was designed and
optimized for the 25.8–37.2 GHz range and was later modified to derive the 4:1
design.

The 4:1 power divider was realized by cascading three sets of 2:1 power dividers.
Figure 6.9 presents the detailed dimensions and shape parameters of the power
dividers. The structure includes a single input port and four 50 � output ports.
Figure 6.10 presents the simulated results, which show that good performance
of insertion loss and impedance matching has been achieved over a broadband
of frequencies, ranging from 25.8 to 36 GHz. The proposed power divider is
subsequently used for the 4 × 10 antenna array.

E- and H-Plane Power Dividers

Before closing this section, we briefly describe some designs for E- and H-plane
power dividers for use in slot arrays involving multiple waveguide feeds (see Figs.
6.11 and 6.13). The main challenge we encounter in designing these power dividers
is the undesired reflection from the interfaces as we subdivide the power in a
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Fig. 6.9 Schematic representing the cross-section of 4:1 power divider

cascaded manner—from one waveguide to multiple ones—for a slot array with
multiple waveguide feeds, as shown in Fig. 6.12. To meet this challenge, we need to
optimize several of the parameters through simulation, as presented in Figs. 6.11b
and 6.13. The key to minimizing the interface reflection is to avoid abrupt changes in
the geometry at the interfaces, where the power division occurs. Some representative
results are presented in Figs. 6.12 and 6.14, which show that both E- and H-plane
power dividers can be designed by following this strategy, albeit at the cost of
increasing the length of the array. However, this problem of length increase may
be resolved by folding in the power divider below the feed waveguides of the array.
The details are omitted here for the sake of brevity.

In the next section, we combine the 4:1 WB power divider together with four
slotted waveguide arrays (Figs. 6.15 and 6.17) to construct a low-profile aperture
antenna array (LPAA).

6.2.1.3 Aperture Antenna Array with a Single Feed

The proposed array (see Fig. 6.15) works in the frequency range of 24.9–36.1 GHz
covering 70.75% of the Ka-band and 23.33% of the K-band. Figure 6.16 shows the
effect of the radiating slots on the simulated S11 characteristics of the proposed array
(Fig. 6.17). Figure 6.18a demonstrates that the input S11 is better than −10 dB over
a bandwidth of 10.2 GHz. The simulated S-parameters, plotted in Fig. 6.16, exhibit
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Fig. 6.10 S-Parameters of
2:1 and 4:1 power dividers:
(a) S11 and (b) simulated
coupled power
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good performance in terms of the power division, which is achieved over a wide
bandwidth.

The maximum simulated gain for the LPAA is presented in Fig. 6.19a, which
shows that the proposed array achieves a simulated gain of 23.55 dB at 30 GHz,
and 24.3 dB at the resonance frequency of 34.5 GHz. Figure 6.20 plots the radiation
patterns of the proposed array antenna in the elevation plane. The simulated HPBW
is 19.6◦ in the transverse plane (TP) and 6.9◦ in the longitudinal plane (LP),
confirming that the directivity of the antenna is very good.
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Fig. 6.11 Schematic representing the side and front views of 4:1 E-Plane power divider. (a) Side
view, (b) Front view

Fig. 6.12 Simulated S-parameters of the 4:1 E-plane power divider

We also combine an SIW power divider and four slotted SIW waveguide arrays
to develop an alternative design for low-profile aperture array antennas. As shown
in Fig. 6.17, the arrays are configured by placing the linear arrays side-by-side and
exciting them with an SIW power divider. The separation distance ‘da’ between the
array elements is chosen to be 8 mm. The array is connected to a 50 � input source
and is terminated at the other ends with a 50 � matched load. The parameters of the
SIW power divider have been optimized for best gain and S11 performances. Figure
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Fig. 6.13 Schematic representing the side and front views of 4:1 H-Plane power divider

Fig. 6.14 Simulated S-parameters of the 4:1 H-plane power divider

Fig. 6.15 Cross-sectional view of the combined structure, comprising of both the linear arrays and
the power divider, to form a planar aperture array

6.18b plots the S11 performance as we increase the number of arrays and shows that
the various designs exhibit S11 levels better than −10 dB in the frequency range of
27–32 GHz. The gain behavior of the array as a function of frequency is presented
in Fig. 6.19b as the number of elements is increased. We note that the gain increases
from 9 dB for the 1 × 5 array to 11 dB for 2 × 5 array and it reaches a peak of
14.34 dB for the largest array which is comprised of 4 × 5 elements.
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Fig. 6.16 Simulated
S-parameters of the LPAA
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Fig. 6.17 Geometry of the proposed designs of SIW: (a) 2 × 5 slotted array: lp = λg;
Lsiw = 75 mm; Wp = Wsiw = 6.8 mm; Rp = Wsiw/2; da = 8 mm; (b) 4 × 5 slotted array:
lp = 2 × λg; Lsiw = 75 mm; Wp = Wsiw = Rp = 6.8 mm; da = 8 mm
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Fig. 6.18 Simulated S11 of:
(a) LPAA in presence of
ground plane (spaced dashed
line), or by adding a dielectric
superstrate above the array
(dashed line), (b) Aperture
array by using N × 5 SIW
linear array
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6.2.1.4 Enhancing the Maximum Gain of Aperture Arrays

To improve the level of the back radiation, the gain, and the SLL, we add a dielectric
superstrate layer at a distance (hs) above the ground plane. The superstrate (see Fig.
6.22) has the same dimensions as the ground plane (L + λ/4) × (4a + λ) and its
thickness is ts. Next, we optimized the superstrate position, thickness, and the type
of the dielectric (see Table 6.4) placed above the array which has been proposed and
described in the previous section.
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Fig. 6.19 Simulated peak
gain of the LPAA vs.
frequency with (dashed line)
and without (spaced dashed
line) superstrate. (a)
Waveguide array. (b) SIW
array
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Next, we observe that the pattern in the transverse plane (see Figs. 6.20 and 6.21)
is wide and this, in turn, causes a significant back radiation.

We now present a brief summary of the simulated results for some of the
superstrate configurations, whose performance is superior to others. The HPBW,
the SLL, the gain, and the superstrate dimensions are given in Table 6.5. The SLL
and the back-radiation level are improved in the transverse plane (see Fig. 6.23,
transverse pattern). Figure 6.19a and 6.23a, and Table 6.5 show that the peak gain
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Table 6.4 Optimization of the superstrate size, material, and the position

Superstrate
material λm (cm) εr �δ

Max Gain
(dB) h ts Ht (mm)

FR4 0.47 4.4 0.02 25 0.5 × λ 0.12 × λ = 0.25 × λm 6.2
Glass 0.42 5.5 0 25.37 0.5 × λ 1.02 × λ = 2.43 × λm 15.2
Duroid 0.67 2.2 0.0009 25.45 0.5 × λ 0.92 cm = 1.37 × λm 14.2
Rogers
RT

0.4 6.15 0.0019 25.2 0.5 × λ 0.32 cm = 0.8 × λm 8.2

Fig. 6.20 Simulated
radiation pattern of the LPAA
at 30 GHz
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increases by 3 dB at 30 GHz and the first resonance frequency shifts to 30.5 GHz
when the superstrate is added above the array.

The technique for improving the gain of the LPAA array by using a dielectric
superstrate can also be used to increase the gain of the slotted SIW antenna array.
Figure 6.22b shows the 4 × 5 SIW slotted antenna array covered with a dielectric
superstrate. We carry out a parametric study of the superstrate layer to increase the
gain when using Roger/Duroid 5880 with εr = 2.2, and a loss tangent of 0.0009 for
the superstrate of the SIW array. We find that an optimized thickness ts = 0.44 λ0,
where λ0 is the free space wavelength at the frequency of 30 GHz. As shown in Fig.
6.22b, the superstrate is placed at an optimized distance d, which is 1.1 λ0 above
the upper plane of the 4 × 5 SIW antenna array. Figure 6.23b shows that the gain is
increased by approximately 3 dBi at the operating frequency of 30 GHz. However,
the array bandwidth is not adversely affected by the presence of the superstrate and
the S11 remains less than −10 dB in the frequency range of 27–34 GHz (see Fig.
6.24). These results demonstrate that adding an optimally designed superstrate layer
above an LPAA or SIW array can help to improve its gain performance without
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Fig. 6.21 3D-radiation pattern of the aperture array at 30.5 GHz

Table 6.5 Superstare
geometry parameters and the
simulated results of the array
design at 30 GHz

ts 0.92 cm
Hs 0.5 cm
Er 2.2
�δ 0.0009
SLL with superstrate (LP) 12.09 dB
SLL with superstrate (TP) 20 dB
HPBW (LP) 6.9◦
HPBW (TP) 14.45◦
Max gain 25.55 dB

compromising its wideband nature. Table 6.6 presents a comparison between the
proposed SIW slotted array with some other SIW aperture arrays that have appeared
in the literature in recent years [30, 32]. A comparison between their performances
in terms of bandwidth and peak gain shows that the proposed array exhibits a
comparable gain and a wider impedance bandwidth characteristic than the legacy
designs.

Beam scanning arrays that have high gain, low-profile, wide bandwidth, good
efficiency, and wide-angle scan capability with low scan loss are desired for several
applications, such as satellite communication, radar, weather sensing, marine
navigation, and tracking of fast rescue craft and person-in-water [33, 34]. The design
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Fig. 6.22 Design of aperture array antenna with a dielectric superstrate above the rectangular
waveguide array and the SIW array

of scanning arrays is a challenging task, to say the least, and it is not always possible
to make minor changes to fixed-beam array designs presented in the two examples
given above [13, 14], and [12], for instance, to add the scan capability except by
using mechanical scanning with limited scanning speeds, which is not acceptable for
many applications. This was one of the motivations for developing the two LPAA
designs presented in the previous section, and we will now discuss some ways by
which we can add the scan capability to the fixed-beam version of the LPAA that
we have presented above. Both 1D and 2D scanning systems are discussed in Sect.
6.2.2, with the scanning achieved electronically to realize a rapid scan desired in
many applications, and at a fixed frequency rather than by using a frequency scan,
as in the case of leaky-wave antennas.

6.2.2 Beam Scanning Techniques

In this section, we discuss some strategies for adding scan capability to the LPAA
array designs presented in Sect. 6.2.1. Phase shifting can be achieved in a waveguide
array by changing the guide wavelength, which in turn changes the phase shift
between the elements and causes the array to scan. A straightforward approach
to doing this is to scan the frequency, as is done in a leaky-wave antenna. Below
we first show the performance of the array when we scan the frequency to realize
the beam scan; however, since most applications of scanning arrays call for a fixed
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Fig. 6.23 (a) Simulated
radiation pattern of the LPAA
in the presence of a dielectric
Duroîd superstrate at 30 GHz
and (b) the Simulated Gain of
the SIW array with
Metasurface superstrate
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frequency scan, we move on next to investigate ways we can achieve the required
phase change in the guide at a fixed frequency.

6.2.3 1D Frequency Scanning LPAA Array

For the frequency-scanned antenna, we propose a 4 × 1 power divider, which excites
either four planar slotted waveguide array antennas, or the Substrate Integrated
Waveguide (SIW) slot array. The main beam is steered in the longitudinal plane
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Fig. 6.24 S11 vs. frequency
with and without
metamaterial superstrate for
4 × 5 SIW antenna array

Table 6.6 Comparison between proposed and reported SIW slot antenna arrays

Structures Performance
Ref f (GHz) No. of element BW (GHz) Peak gain (dB)

[30] 32.65 1 × 4 [26–38] 13.8
[31] 30 1 × 4 [24–32] 9
[32] 30 4 × 8 [29–31] 18.7
SIW array without superstrate 30 4 × 5 [27–34] 14.43
SIW array with superstrate 30 4 × 5 [27–34] 17.45

by changing the frequency, as shown in Fig. 6.25. The realized scan range is from
−23◦ to 16◦ and the antenna gain varies from 22 to 24.5 dB as we vary the frequency
from 30 GHz, in the range of 26 to 34 GHz.

6.2.3.1 2D-Beam Scanning at a Fixed Frequency

We now turn to the problem of beam scanning at a fixed frequency. We can introduce
phase shifts between the antenna elements, either by varying the guide widths to
realize the beam scan in the longitudinal plane (see Fig. 6.26) or by changing the
electrical lengths of the guides to scan the beam in the transverse plane, as shown in
Fig. 6.27. Changing the width of the waveguide can be accomplished by moving the
side walls in and out, which can be done electronically by first using vias to replace
the solid walls, and then partially switching the vias on and off to change the guide
wavelength and thereby scanning the beam in the longitudinal plane. Liquid metal
[35–38] can also be used for the same purpose for the electronic scan moving the
sidewalls out scans the beam to the right. The farthest we can shift it to is determined
by the onset of the next higher order mode, which can be excited if the width of
the guide is sufficiently large so that the higher order mode begins to propagate.
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Fig. 6.25 Simulated radiation patterns of the scanning proposed LPAA antenna in the longitudinal
plane
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Fig. 6.26 Beam scanning LPAA antenna technique in the longitudinal plane at 30 GHz: (a)
shematic of the mechanical beam scan technique, (b) simulated 2D radiation pattern at different
position of the inner walls

Hence, the maximum allowable width of the guide is determined by the criterion
that the waveguide must only support the dominant mode and suppress all higher
order modes.

Next, let us consider the lower limit for the width of the guide. It is obvious that
we cannot decrease the width below that required to ensure that the waveguide is
above the cut-off for the dominant mode. Imposing these two limits on the width
of the guide determines the scan range, which is 43◦. Also, this approach might,
in future, enable beam scan in milliseconds, which is desirable. However, further
developments in liquid metal actuation technology will be needed to bring this
about.
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Fig. 6.27 Beam scanning LPAA antenna technique in the transverse plane at 30 GHz: (a)
schematic of the mechanical beam scan method, (b) simulated 2D radiation pattern at different
position of each waveguide fed position
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Fig. 6.28 Phase shifter using
a curved waveguide

Next, let us consider the problem of scanning the beam in the transverse plane.
We can accomplish this by effectively changing the lengths of the waveguides
feeding the array, depending upon the desired scan angle, in a manner shown in
Fig. 6.27a. This method achieves a beam scanning range of approximately 60◦ (see
Fig. 6.27b), and it can accomplish this in milliseconds if electronic switching is
employed to implement the changes in the lengths of the waveguides.

Several approaches to the practical realization of the longitudinal scans can be
suggested. We can use liquid metal to vary the width of the waveguide; by replacing
the inner and outer walls in Fig. 6.26a with closely spaced vias. Possible ways
to alter the effective lengths of the waveguides include microfluidics, telescoping
walls, and curved waveguide (Fig. 6.28) inserts with switches. In this way, it is
possible to achieve beam scan in the transverse plane. Additional research is needed
to develop ways to realize these types of phase shifters in practice, to replace
the legacy designs originally developed for applications at microwave frequencies,
using ferrites, whose counterparts become very lossy and expensive at millimeter-
waves and which renders them all but impractical to use in commercial applications.

For certain applications, such as base station antenna designs for 5G, it is
necessary to scan over a much wider angular range, say −50◦ to +50◦, than is
possible by simply modifying the low-profile array designs that we have discussed
above. With this in mind, we will now describe a design strategy which departs
significantly from the LPAA concept. The primary reason for doing this is to come
up with a design which can scan very wide angles with virtually no scan loss,
which is a very desirable attribute indeed in some 5G applications. We show that
the Luneburg lens is very well suited for our purpose, and then go on to discuss the
details of the design, also addressing the fabrication issues in the process.

6.2.3.2 Arrays with Wide-Angle Scan Capability

In this section, we present two designs of wide-angle scanning arrays, both exciting
a Luneburg lens, using feed structures to realize a scan range of −ϕ to +ϕ in azimuth
and +θ to −θ in elevation (El), both of which are wide, on the order of 40 (EL) to



6 Fixed- and Scanned-Beam Antenna Arrays for 5G Applications 171

Fig. 6.29 Luneburg Lens
Principle

50 (AZ) degrees. The first design utilizes a flat-base waveguide array feed with
a pigeon-hole configuration, which has been reported in [39]. The second design
employs a patch-array for the feed, together with switching circuits, to achieve a
signal coverage over a wide area by switching a narrow beam of the patch-fed lens
in a raster-scan fashion. The basic working principle of Luneburg lens antenna is
shown in Fig. 6.29, when it is operating in the receive mode. The lens has a radially
varying permittivity profile εr, given below in Eq. (6.1), to focus an incident plane
wave at a point diametrically opposite to that of the incident side when the lens
operates in the receive mode. The profile is given by:

εr = 2 −
( r

R

)2
(6.1)

where r is the distance from the center of the lens, and R is the radius of the lens.
An 11-layer Luneburg lens has been presented in [39], in which the lens was fed

at its base by a 6 × 6 array of waveguides, as shown in Fig. 6.30. Beam scanning
was accomplished by switching the feeds on and off located at the bottom of the
guides—one at a time—to point the beam in the desired direction. It was shown in
[39] that this Luneburg lens design was able to scan up to 72◦ from boresight in
both azimuth and elevation with little degradation of the pattern and with little scan
loss. A typical radiation pattern realized by exciting one waveguide is shown in Fig.
6.31. Figure 6.32 shows the directivity of the Luneburg Lens Antenna as a function
of ϕ for different scan angles, for θ = 12◦, 41◦, and 64◦ cuts.

It is evident from Fig. 6.32 that the designed lens antenna has wide-angle scan
capability. However, it is also evident that the pattern changes as we scan, which
may not be desirable for some applications.

For ease of fabrication, it is desirable to reduce the number of layers of the
Luneburg, without compromising its performance. It is necessary to optimize the
permittivity profile in order to achieve this reduction, rather than just sampling the
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Fig. 6.30 Designed Luneburg Lens. (a) Isometric view. (b) Top view

Fig. 6.31 Radiation Pattern of the Luneburg Lens Antenna when one of the waveguides is excited

continuous profile, as was done in the original 11-layer case. The optimized profile
[40, 41] is presented in Table 6.7 (see column-1).

It is not difficult to understand that the required materials, listed in Table 6.7,
are not commercially available off-the-shelf. To address this problem, an obvious
approach is to employ artificially synthesized dielectrics to fabricate the lens, and
two different techniques which can be used for this purpose are described below.
First of these employs the process of laser- or machine-drilling, while the second
relies upon additive manufacturing or 3D printing.

(a) Laser cutting holes in dielectric for lens design: For laser cutting, or machine-
drilling, we use readily available dielectric boards and drill holes in the
dielectric sheet to synthesize the permittivity values of the spherical shells spec-
ified in Table 6.7. Either laser- or CNC-drilling may be used for this purpose,
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Fig. 6.32 Directivity of the Luneburg Lens Antenna as a function of ϕ for different scan angles
for θ = 12◦, 41◦, and 64◦ cut

Table 6.7 Unit cell size properties for different lens layers

Material dielectric values S21 (dB) Width (W) (mm) 2 × l (mm)

1.1538 −0.009 1.58 0.42
1.3077 −0.041 1.39 0.61
1.4615 −0.09 1.24 0.76
1.6154 −0.16 1.11 0.89
1.7692 −0.24 0.99 1.01
1.9231 −0.33 0.88 1.12

and both are well-established techniques. The Luneburg lens fabricated by using
the holey-sheet approach is comprised of many layers, with the number of layers
determined by the thickness of the dielectric sheet material and the diameter of
the lens. Considerable care must be exercised to determine the hole pattern,
which changes from sheet-to-sheet, as we go up the sphere to its pole, starting
from its equator. It is necessary to numerically simulate the holey discs to ensure
that the perforated discs indeed accurately mimic the artificial dielectric rings
that we are attempting to synthesize.

(b) 3D printing of lens: An alternative scheme for synthesizing artificial dielectrics
is to use 3D printing. The theoretical basis for designing artificial dielectrics
may be found in [42] and is omitted here.

Thermoplastic Polylactic Acid (PLA), which has a permittivity (εr) of 2.72,
is a very common material used for 3D printing and is also the material in the
present design. In this approach, we modify the permittivities of a COTS material
by inserting air-voids in it to realize the required permittivity, listed in Table 6.7.
To illustrate the lens design, we choose a unit cell with a periodicity 2 × 2 mm,
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Fig. 6.33 Unit cell for Luneberg lens (different views of unit cell)

Fig. 6.34 Fabricated Luneberg Lens

and use unit cells comprising of air-voids and dielectrics, as shown in Fig. 6.33.
The designed unit cells together with their required dimensions are also presented
in Table 6.7. The designed cells have better than 0.4 dB insertion loss.

The PLA infill method was used to design the entire lens with a diameter
of 14.5 cm, which realized a gain of 31 dB at 26 GHz, attaining good aperture
efficiency. The 3D printed lens is shown in Fig. 6.34.
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Fig. 6.35 Radiation pattern of 14.5 cm, 6 layer Luneburg lens antenna. The red curve represents
the φ = 0◦ cut while the green represents the φ = 90◦ cut

Figure 6.35 shows the radiation pattern for the lens at 26 GHz. We can observe
that the lens provides a gain of 30.74 dB along the broadside and the gain is
maintained at this level even for wide scan angles.

Beam scanning is accomplished by switching the feed elements for the lens, one
at a time, to point the beam in the desired direction. A possible feed system design
is shown in Fig. 6.36. In this design, the first switching action is accomplished by
PCB1, which determines which PCB2 is to be activated. Once a particular PCB2
is selected, switches located on this PCB excite a particular patch antenna, one at a
time, and scans the beam to cover a service area by sequentially switching in other
patches. The main advantage of this beam scanning approach is that it permits wide-
angle scanning with little pattern degradation, whereas conventional array designs
are prone to scan loss as well as pattern degradation beyond 30◦ of scan angle, which
is not acceptable for many applications.

A 5 × 5 conformal patch-array (see Fig. 6.37) was designed as shown in Fig.
6.39 to feed the Luneburg Lens to verify its scan performance. The edge-to-edge
separation distance between the adjacent elements of the array was chosen to be
1 mm. The conformal array (see Fig. 6.38) was placed on the surface of the
Luneburg lens for excitation as shown in Fig. 6.39. The reflection and isolation
coefficients were found to be better than 10 dB throughout the frequency band. The
2D radiation pattern for the φ = 90

◦
cut is shown in Fig. 6.40. A similar behavior

was observed for the 2D radiation pattern for the φ = 90
◦

cut is shown in Fig. 6.41.
While the 3D printing method is very versatile, it is very challenging to maintain

the accuracy of the building blocks of the lens, shown in Fig. 6.34, because of the
need to control the fabrication tolerances to within fractions of a millimeter. This
prompted us to revisit Method a, described above, and fabricate the lens by stacking
sheets of PureBlue material with permittivity (εr) = 2.47, in which holes are drilled
to artificially synthesize the desired dielectric materials for the lens, presented earlier
in Table 6.7. Figure 6.42a shows the spherical lens without the outermost layer, for
which we use a “real” material, specifically a foam type, with permittivity close to
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Fig. 6.36 Full lens system with switches

Fig. 6.37 Single patch antenna element with dual feed

1.15. Figure 6.42b, c show two different discs, together with their hole patterns, the
first of which is at the equator and the second closer to the pole. Altogether, 90 of
these “holey” discs are required to form the sphere, without the outermost shell.

The 2D-scanning beam of an aperture array at the desired operating frequency
is not the last design challenge of aperture arrays for 5G, for which polarization
diversity may also be required. Most of the antenna array based on waveguides
have a linear polarization along the desired frequency range, and as the circular
polarization of an antenna array is so important for the network communication
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Fig. 6.38 5 × 5 conformal array: (a) trimetric view; (b) and (c) side view

Fig. 6.39 5 × 5 conformal array exciting Luneburg lens (a) side view (b) bottom view

Fig. 6.40 2D radiation pattern at phi = 90◦
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Fig. 6.41 2D radiation pattern at phi = 0◦

applications, the steps to achieve a circular polarization from the linear and dual
linear polarization of electromagnetic waves is presented in next section.

6.2.3.3 Beam Scanning of an SIW Array Using Electronically Switched
SIW Phase Shifters

In this section, we present the design of an electronically switched phase shifter
introduced in a slotted SIW array for the purpose of scanning its beam. Phase
shifting is accomplished by electronically switching one or more vias located within
the curved SIW sections that are introduced between two adjacent slots of the array,
as shown in Fig. 6.43b.

For the sake of illustration, we begin by designing six curved sections of SIW,
introduced between two straight sections which serve as the input and output ports
(port-1 and -2 in Fig. 6.43) of the array. Next, we introduce five semicircular
slots between consecutive curved sections, as shown in Fig. 6.43, such that the
separation distance between the slots is close to one-half wavelength in freespace.
The semicircular shape of the slots was chosen because its performance was better
than that of the conventional rectangular-shaped slot, whether oriented vertically or
horizontally. The spacing between the slots was chosen to avoid the introduction of
grating lobes.

Our next step was to introduce switchable vias in the six curved sections, which
could be turned “on” or “off” electronically. The realized phase taper in the slotted
array can be controlled by choosing different combinations of “on” and “off” vias,
which in turn determine the scan angle of the beam. As an example, to generate the
seven beams presented in Fig. 6.44, we use combinations of switches represented
by different colors in Fig. 6.43 for switching, we have the option to either use PIN
diodes or dielectric tubes with thin walls filled with liquid metal [38].
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Fig. 6.42 Alternate lens design (a) location of upper surface of disc (b) disc cut near the center of
the lens (c) lens at the extreme end of lens

High Gain Antennas with a Single Excitation

We now present the design of a high gain antenna with a “single” feed excitation, as
opposed to an array configuration, which we have discussed above. For the sake of
illustration, we choose a dielectric resonator antenna (DRA) as the exciter, although
an alternate feed excitation using a microstrip patch or a slot antenna could also be
employed in place of the DRA. The DRA design, shown in Fig. 6.45, has an overall
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Fig. 6.43 The proposed slotted SIW curved array (a) an example of phase shifter, (b) One SIW
curved section contains all switches

Fig. 6.44 Scan capability using SIW curved phase shifter above shows the scan performance of
the array and demonstrates that the performance is good over a wide angular range

size of 7 × 7 mm backed by ground plane. The radiating element is an Alumina
cylinder with εr = 9.9 and loss tangent (tanδ) of 0.0001 and with radius r equal to
2 mm. Figure 6.46 shows that the simulated gain of the proposed DRA is 6.29 dB at
26 GHz. Next, we use four metallic wings (see Fig. 6.47) to enhance the gain from
6.29 dB for the DRA to 23.2 dB for the winged configuration. The taper angle of
the wing, as well as its length, was optimized to realize the best performance.
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Fig. 6.45 Proposed DRA design

Fig. 6.46 The simulated 3D and 2D gain of the DRA at 26 GHz

Fig. 6.47 Proposed DRA design with wings
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Fig. 6.48 Simulated 2D and gain 3D plots of the DRA with four wings at 26 GHz

Gain Enhancement Using Metallic Wings

We now turn to the problem of enhancing the gain of the DRA antenna by
increasing its effective aperture, and the geometry we propose is shown in Fig. 6.47.
It is comprised of four metallic wings added to the DRA to realize a horn-like
configuration, with a tilt angle of 75◦ from the horizontal. Both the tilt angle and
the length of the wings were chosen by optimization.

The simulated 3D and 2D radiation patterns of the DRA with wings are presented
in Fig. 6.48. This gain realized by using the proposed metallic wings technique is
approximately 23.2 dB at 26 GHz, whereas the gain of the DRA itself was 6.29 dB.

6.2.3.4 Wide-Angle Beam Scanning Using a Tilted Panel

We now present a novel design, shown in Fig. 6.49, for scanning the beam of the
high gain DRA antenna configuration by using a reflecting panel located above the
antenna whose tilt angle is changed depending upon the desired scan angle of the
winged DRA antenna. The concept is relatively straightforward, and it relies upon
the mechanism of specular reflection of the radiating beam emanating from the
antenna located below the panel, as shown in Fig. 6.49. The panel can be realized
either by using switches such as PIN diodes or using dielectric tubes filled with a
liquid metal [43]. The tilting can be achieved by changing the angle of the panel by
electronic means, for instance.

Figure 6.50 presents the simulated results, obtained by using the commercial
software CST, for four different tilt angles of the panel, viz., 0◦, 15◦, 30◦, and 45◦,
to achieve beam scan angles of 0◦, 30◦, 60◦, and 90◦, with no scan loss or pattern
degradation. Additionally, the scan range can easily be extended from minus −90◦
to +90◦. Furthermore, the panel dimensions could be optimized to improve the
sidelobe level, if desired.

Finally, the proposed technique can be easily extended to achieve a two-
dimensional scanning, in both longitudinal and transversal planes, by using switch-
able panels with tilt angles in both θ - and φ-planes, if desired.
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Fig. 6.49 DRA design with
wings and panel

Fig. 6.50 Scan capability of the winged DRA using panels

Before closing, we add that we also have the option of using a hybrid approach in
which the longitudinal scan is achieved by using phase shifters, while the transverse
scan is obtained by using the panel approach. The scheme is illustrated in Fig. 6.51,
which shows a slotted SIW array antenna with phase shifter and a panel placed atop
the antenna for the purpose of scanning.
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Fig. 6.51 Slotted SIW array antenna with phase shifter and a panel

6.3 Polarization Diversity Requirement for Fixed-
and Scanned-Beam Antenna

The polarization of electromagnetic waves which can be transmitted or received by
an antenna is one of the essential antenna parameters in the communication system.
Most of the antennas are characterized by a single received polarization component
with linear polarization. The LPAA structures and SIW array presented in Sect. 6.2.
Are characterized with linear polarization in transverse and longitudinal plane.

In this section, we present another low-profile antenna array design of microstrip
mm-wave antenna array based on a magneto-electric (ME) dipole antenna which
is deployed and designed as a radiating element, where wide operating bandwidth
and stable radiation pattern can be achieved over the entire frequency band centered
at 26 GHz. The feed line of the dipole is connected to one/or twin microstrip lines
(see Figs. 6.52 and 6.53). The design procedures of mm-wave antenna array are
presented below. The proposed design for the array provides a low-cost solution
which has a high gain and a relatively wide bandwidth.

We start with the design of a single wideband λ/2 dipole antenna, which has an
S11 < −10 dB over the frequency band 23–30 GHz, as shown in Fig. 6.54.

The antenna is excited from a microstrip line (ML) printed on a dielectric (duroid)
substrate backed up by a ground plane. The single element is used to build a block
of an array by using one ML (see Fig. 6.53) or twin lines to balance the excitation in
the antenna (see Fig. 6.52). The gain of the 8 × 1 antenna array is presented in Fig.
6.55, where we can conclude that the gain is increased by around 10.2 dB at 26 GHz
with low back lobe for both arrays, by using a single dipole elements whose gain
equal to 5.5 dB and 7.2 dB at 26 GHz with one ML and twin lines, respectively. The
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Fig. 6.52 Dipole antenna array feeding through two microstrip lines (A1). (a) Top view, (b)
Bottom view

wideband behavior is maintained for the 8 × 1 array, fed by either a single line or
twin lines.

Both 8 × 1 dipole antenna arrays are linearly polarized over the frequency range
of 10 GHz with a center frequency of 26 GHz. Our goal is to design a dual linear or
circularly polarized array which achieves both high gain and efficiency. However,
as we increase the number of dipoles in the array fed by a single microstrip line, we
not only lose the wide bandwidth behavior but also see an increase in the sidelobe
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Fig. 6.53 Dipole antenna array feeding through one microstrip lines (A2). (a) Top view, (b)
Bottom view

level in both planes. To avoid this problem, we choose to feed the dipole antenna
array with twin microstrip lines to extend to the cases of dual linear or circular
polarization, and to achieve these we combine the longitudinal and transverse dipole
arrays, as detailed below.

6.3.1 Linear Polarization

We design and optimize the parameters of two separate dipole arrays (A1), one
transversal and the other longitudinal, shown in Figs. 6.56a and 6.56b, respectively,
both of which operate in the frequency range of 24–32 GHz. Each dipole array
row is excited with sources that have a differential phase of 180◦ between the
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Fig. 6.54 Simulated S11 of one dipole antenna fed by using one or two microstrip lines (ML)

Fig. 6.55 2D-Radiation pattern for one dipole antenna and the array feeding by one or two
microstrip lines at 26 GHz

coupled lines. As may be seen from Fig. 6.56c, the axial ratios of the longitudinal
and transverse dipole arrays are individually greater than 15 dB over the frequency
band of 24–32 GHz; hence, they are both (Fig. 6.56) linearly polarized, though their
polarizations are orthogonal to each other.
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Fig. 6.56 8 × 2 dipole antenna array: (a) transversal dipole array, (b) longitudinal dipole array,
and (c) axial ratio vs. frequency
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6.3.2 Dual Linear Polarization

To achieve dual linear polarization, we simply combine the transversal and longitu-
dinal array designs, exciting one array at a time to realize the dual linear polarization
characteristic that we desire. Figure 6.57a shows an example of such a combination.
The axial ratio plots presented in Fig. 6.57b show the polarization of the array when
either the transverse or the longitudinal dipole array is excited.

Before closing this section, we should add that for the Luneburg lens we simply
chose a microstrip patch antenna for the array element and use appropriately
positioned dual probe feeds to realize the dual linear polarization. Although, it was
relatively straightforward to realize the dual linear polarization characteristic. The
challenging part was to reduce the coupling between the two feeds to a level below
−10 dB over the entire frequency band by modifying the patch design (see Fig.
6.37).

Fig. 6.57 8 × 2 dipole array antenna: (a) excitation scenario and (b) axial ratio vs. frequency
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6.3.3 Circular Polarization

For several applications [44, 45] such as satellite communication, it is desirable to
have an antenna that radiates circular polarization. We can realize a CP antenna
array by simultaneously exciting the transversal and longitudinal dipole arrays as
shown in Fig. 6.57a. Here, the combination dipole array is excited with differential
phase which is equal to 180◦ between the coupled lines, i.e., between S1 and S2,
as well as S3 and S4, as shown in the inset in Fig. 6.58. Additionally, differential
phase shifts of 90◦ is used between the feed lines of the two arrays to realize the CP.
Figure 6.58 shows that this design generates a circular polarization with a narrow
bandwidth of 8.38%.

Various numerical studies have been carried out in an attempt to improve the CP
bandwidth of the array. Figure 6.59 shows one such configuration, with the feed
excitations similar to the previous example. The simulated 3 dB axial ratio (see
Fig. 6.60) bandwidth was found to increase from 8.38% to 10.2%, but it is still
relatively narrow. This lets us to further investigate the possibility of enhancing the
CP bandwidth by using the configuration shown in Fig. 6.61a.

Figure 6.61 shows that the axial bandwidth can be increased from 10.2% to
25.88% by varying the differential phases in the excitation ports, as shown in Table
(Fig. 6.61a).

Before closing this section, we mention that an alternative to the LPAA array,
presented in Sect. 6.2.1, is to add longitudinal slots to the existing transverse slots,

Fig. 6.58 Axial ratio of the 8 × 2 Combination dipole antenna array versus frequency
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Fig. 6.59 8 × 4 combination dipole antenna arrays

Fig. 6.60 Axial ratio versus frequency

at appropriate locations. In this way, it is possible to realize circular polarization
without compromising the array performance, delineated in Sect. 6.2.1. While it is
relatively straightforward to achieve the desired circular polarization characteristic
we seek by using this strategy, the challenging part is to reduce the grating lobes in
the transverse plane and to maintain the beam scanning ability (see Sect. 6.2) over
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Fig. 6.61 (a) Excitation array feeding sources phases and (b) the axial ratio versus frequency

a wide range, with a stable array gain, together with a sidelobe level better than
−10 dB.

Both the LPAA structure, shown in Fig. 6.15, as well as alternative LPAA array
designs given in [46], are linearly polarized. The microstrip antenna array utilizes a
magneto-electric dipole antenna for the radiating element. This array, described in
Sect. 6.2.2.1 and [46] has a wide operating bandwidth and stable radiation patterns
over the entire frequency band centered at 26 GHz.

Figure 6.62 presents a modified LPAA design based on the slotted waveguide
configuration. This design achieves the CP over a wide bandwidth of 4.2 GHz,
which is almost 50% of the operating frequency band (see Fig. 6.63a). This is
achieved by combining the radiation from longitudinal and transverse radiating
elements with appropriate phase excitations. Figure 6.63b shows that the modified
LPAA array maintains the wideband behavior in the mm-wave range. The proposed
design is work in progress, and it is just one of the several and it is currently being
considered for various millimeter-wave applications.
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Fig. 6.62 Top (a) and Isotropic (b) views of mm-wave circular polarized LPAA

6.4 MIMO Antenna Arrays

It is well known that 5G applications require a high channel capacity (data rate)
and that the channel capacity of an existing system can be enhanced by utilizing
multiple input multiple output (MIMO) technology while maintaining the level of
power consumption. There are several metrics that are used to test the performance
of a MIMO system. Correlation coefficient (CC) is perhaps the most important
parameter, which measures the effect on the communication channels when all the
MIMO antenna elements are operated simultaneously [47, 48]. MIMO antennas
are being used in 4G systems (mobile phones and base stations), and they are also
being considered in 5G systems to provide higher bandwidths [49, 50]. We note
also that aperture antennas are likely to be used at millimeter-waves for high gain.
Given this background, in this section we describe a four-element collocated SIW
slot antenna designed for a MIMO application. We point out that the individual
elements of a MIMO system may themselves be an array used to point a beam in a
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Fig. 6.63 Simulated (a) return loss and (b) axial radio vs. frequency

specific direction. Although the antennas are collocated, highly uncorrelated beams
are generated by this system, by virtue of the design procedure proposed herein.

6.4.1 Single Element Design

The location and the offset position of the slots in an array determine the orientation
of the beam. Genetic algorithm can be used to optimize the location of the slots,
to point the beam in a desired direction [51, 52]. Since, we propose a four-
element MIMO design, the beam directions of the antenna elements are pointed
to −30

◦
, + 10

◦
, − 10

◦
and + 30

◦
, with respect to broadside. Pointing the beams

in different directions helps to isolate the beams of the individual antennas and to
reduce the correlation between the beams. In the design phase, we also need to take
care of the sidelobe level, which increases significantly when the beam is tilted. For
this reason, the maximum tilt of the beam in our design was limited to ±30

◦
.
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Fig. 6.64 SIW-based slot array: (a) 10 slots producing tilt of 10
◦
; and (b) 14 slots producing tilt

of 30
◦

Table 6.8 Location of the
slots on the surface of SIW.
The position is measured with
respect to the first slot and the
offset is measured with
respect to the center line of
SIW. All values are in mm

10
◦

tilt 30
◦

tilt
Slot X (offset) Z (Position) X (offset) Z (Position)

1 0.985197 0 0.389826 0
2 −1.07025 4.829121 −0.73713 2.496656
3 0.949758 10.03008 0.857617 5.889113
4 −0.81509 14.62258 −0.88597 10.07596
5 1.396286 19.4348 1.254531 13.77265
6 −1.11278 25.26113 −1.10569 16.77637
7 1.204917 29.41418 1.261619 20.37165
8 −0.6946 34.86867 −0.88597 24.49089
9 0.666248 40.35697 1.034811 27.35939
10 0 42.88743 −0.78674 32.22231
11 − − 1.063162 35.44575
12 − − −1.28288 38.26354
13 − − 1.119864 42.38278
14 − − −0.00709 45.4541

SIW-based slot arrays generating beams tilt at 10
◦

and 30
◦

are shown in Fig. 6.64.
Ten slots were used to tilt the beam by 10

◦
with respect to broadside, while 14 slots

were used to generate a beam tilt of 30
◦
. The array was built on a Rohacell 51 IG-F

substrate of thickness 0.5 mm and was terminated by a matched load.
Table 6.8 shows the offsets and positions of the slots on the surface of the SIW.

The reflection coefficients of the antennas are plotted in Fig. 6.65. The antennas
provide a wide bandwidth (BW) of 5 GHz (27.5–32.5 GHz). The radiation patterns
of the antennas are shown in Fig. 6.66. We observe that the main beams of the
MIMO elements are tilted in the desired directions. Moreover, the beam maximum
of the MIMO antenna tilts as we change the frequency. To tilt the beam in the
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Fig. 6.65 Reflection coefficient plot of the SIW-based slot array

Fig. 6.66 2D normalized radiation patterns with a 10◦ and 30◦ tilt for φ = 90
◦

cut: (a) 10◦ tilt
produce by 10-element slot array; and (b) 30◦ tilt produce by 14-element slot array

negative direction, for instance along −10
◦

and −30
◦
, we need to feed the array

from the opposite end. The radiation patterns of the antennas are shown in Fig.
6.67.
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Fig. 6.67 2D Normalized radiation pattern at φ = 90
◦

cut: (a) −10◦ tilt produce by 10-element
slot array; and (b) −30

◦
tilt produce by 14-element slot array

A microstrip-to-SIW transition was designed at the feed end to excite the array
and was terminated by an SIW-to-microstrip transition, as shown in Fig. 6.68. The
reflection coefficients of the antennas with transition are shown in Fig. 6.64. Figure
6.69 shows the effect of optimized transition on the SLL.

6.4.2 Four-Element MIMO Design

The design of four-element collocated MIMO antenna system is shown in Fig. 6.70.
The adjacent antenna elements share the via walls. To separate the antennas
spatially, the MIMO antenna elements (from left to right) were designed to produce
tilts of −30

◦
, + 10

◦
, − 10

◦
and + 30

◦
, with respect to broadside. The reflection

and the coupling plots of the MIMO antenna systems are shown in Fig. 6.71. All
the antenna elements are designed to resonate in accordance with the VSWR <2.0
criterion. Although the antennas share a via wall, they are still sufficiently isolated
at the feed ports, as shown in Fig. 6.71b.

The radiation patterns of the four-element collocated MIMO antennas are shown
in Fig. 6.72. A slight deterioration in the SLL of the MIMO antenna elements
located in the middle of the MIMO system is shown in Figs. 6.72b and 6.72c,
although the main beam still points in the desired direction. The correlation
coefficients between the MIMO antenna elements are presented in Table 6.9. The
values obtained for the correlation are very low, and the design meets the criterion
we desire, thanks to the beam tilt. The simulated gain and efficiency of the MIMO
antenna elements are shown in Fig. 6.73. The MIMO antenna elements provide a
maximum gain of 16.5 dB.
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Fig. 6.68 Top and bottom view of SIW-based slot array with microstrip-to-SIW transition: (a) 10
slots produce tilt of 10◦; and (b) 14 slots produce tilt of 30◦

Fig. 6.69 2D Normalized radiation pattern at φ = 90
◦

cut in the presence of microstrip-to-SIW
transition: (a) 10◦ tilt produce by 10-element slot array; and (b) 30◦ tilt produce by 14-element slot
array
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Fig. 6.70 Four-element collocated MIMO antenna design: (a) top view; and (b) bottom view. All
dimensions are in mm

The fabrication of the proposed design is a challenging task. The substrate
(Rohacell foam 51-IG-F) cannot withstand the level of heat required to insert a
large number of vias; consequently, a copper wall was used instead of vias. The
wall was fabricated by using the Rogers 5880 board and then plating copper strips
on both sides. Similarly, slots were introduced on the top surface of SIW by using
0.5 mm Rohacell, and polyimide was attached to the copper sheet by using an
adhesive material. The layered view of the design is shown in Fig. 6.74, while the
fabricated prototype is displayed in Fig. 6.75. The port parameters of the fabricated
prototype were measured by using a vector network analyzer and are presented in
Fig. 6.76. The radiation patterns of the fabricated prototype were analyzed in an
anechoic chamber and are plotted in Fig. 6.77. A slight difference in the measured
and simulated results can be attributed to fabrication tolerances.

In this section, a four-element, collocated, SIW MIMO antenna design operating
at mm-waves was presented. Correlation coefficient between the adjacent MIMO
antenna elements was improved by tilting the beams of arrays in different directions.
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Fig. 6.71 Simulated reflection and isolation curves of the four-element collocated MIMO antenna
design: (a) Reflection coefficient; and (b) Isolation plot
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Fig. 6.72 Simulated 2D normalized radiation pattern of the four-element collocated MIMO
antenna system at φ = 90

◦
cut: (a) Antenna-1 (Port-1 excited); (b) Antenna-2 (Port-4 excited);

(c) Antenna-3 (Port-5 excited); and (d) Antenna-4 (Port-8 excited)

Table 6.9 Correlation
coefficient between MIMO
antenna elements at different
frequencies

Frequency CC12 CC13 CC14 CC23

29.5 0.013612 0.010105 0.002383 0.007699
30 0.003373 0.020323 0.000729 0.001414
31 0.000816 0.033474 0.010409 0.014979
32 0.000347 0.011153 0.007682 0.017815
32.5 0.003818 0.00084 0.004542 0.00189

The MIMO antenna elements provide a BW of 3 GHz with a measured maximum
gain of 15 dB. Port isolation between the adjacent MIMO elements was better
than 20 dB in the presented design. MIMO is expected to play a significant role
in 5G applications, both in sub-6 and mm-wave versions of 5G, and this was the
motivation for including this topic in this chapter on arrays.
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Fig. 6.73 Simulated gain and efficiency of the four-element collocated MIMO antenna design: (a)
gain of the MIMO antennas; and (b) efficiency of the MIMO antennas

Fig. 6.74 Layered view of the fabricated geometry. The thickness T1 to T5 are 0.035 mm,
0.05 mm, 0.025 mm, 0.017 mm, and 0.381 mm, respectively

Fig. 6.75 Fabricated geometry: (a) Top view; and (b) side view
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Fig. 6.76 Measured reflection and isolation curves of the four-element collocated MIMO antenna
design: (a) Reflection coefficient; and (b) Isolation plot

Fig. 6.77 Measured 2D normalized radiation patterns of the four-element collocated MIMO
antenna system at φ = 90

◦
cut: (a) Antenna-1 (Port-1 excited); (b) Antenna-2 (Port-4 excited);

(c) Antenna-3 (Port-5 excited); and (d) Antenna-4 (Port-8 excited)
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6.5 Conclusion

In this chapter, we have presented a variety of low-profile and high gain antenna
array designs, both for fixed-beam as well as scan applications. For fixed-beam
antennas, we have presented some legacy designs in which the feed is integrated
with the array to achieve profiles that are lower than other high gain aperture
antennas such as reflectors, reflect arrays, and lenses. Next, we have introduced
some novel design concepts for low-profile arrays that have certain desirable
features over existing designs for high gain low-profile antennas, such as relatively
wide bandwidth and potential for beam scanning. Following this, we have presented
some approaches for beam scanning over a limited range, either by using switchable
vias, or nonconventional phase shifters, which replace ferrite type phase shifters
that are known to be lossy and costly devices at millimeter-waves. For wide-angle
scanning, with little or no scan loss, we have presented a Luneburg lens design, with
an array feed comprising of microstrip patch antennas, which outperforms existing
phased array designs, insofar as their scan performance is concerned.

For the sake of completeness, we have included two other topics, namely arrays
with polarization diversity and MIMO antennas. We have discussed dual linear as
well as circular polarization type of arrays, both of which can be important for
certain applications.

Finally, we have briefly touched on the topic of MIMO array design, which is
expected to play an important role in enhancing the throughput of 5G systems.
We have discussed the issue of lowering the correlation coefficient between the
array elements in a MIMO system, which is key to enhancing its performance by
increasing its throughput.

As a concluding remark, we mention that the design of high gain, low-profile,
polarization-diverse, fixed-beam, and scanning antennas for 5G applications is a
very active area of research and development, and it is our hope that both students
and researchers, as well as development engineers interested in these areas, would
find the subject matter of this chapter both interesting and useful.
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Chapter 7
Co-design of 4G LTE
and Millimeter-Wave 5G Antennas for
Future Mobile Devices

M. Idrees Magray , G. S. Karthikeya , J. H. Tarng , and
Shiban K. Koul

7.1 Introduction

Antennas are one of the most cortical components of design in a mobile device.
There are a few instances when companies had to recall smartphone models due
to design flaws in the antenna placement and integration with the mobile device
[1]. Table 7.1 gives a glimpse of antenna evolution over various generations of
cellular technology spread over four decades, which illustrates the evolution of the
carrier frequency requirements and the expected gains for the respective antennas.
Historically, antennas were designed exterior to the mobile device as evident in
the first generation of cellular phones. These antennas would be telescopic element
with poor radiation efficiency and gain. The form factor of antennas of cellular
devices of previous generations was compromised as well. Free space power loss
[2] of the first generation cellular service at 200 m is 76.5 dB, which meant that
the base stations could be located as far as 2 km from each other for reasonable
coverage in certain geography even with hundreds of subscribers. As the cellular
devices evolved to advanced generations, the carrier frequency and the number of
subscribers to the cellular service also grew. The same trend is observed with the
current cellular technologies as well and the trend might continue in the future. It
is important to note that as carrier frequency increased, free space power loss also
increased which had to be considered in the link budget design and its respective
deployment. Printed circuit board (PCB) based passive antennas became the norm
during the second generation of cellular devices. As higher number of bands had to
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Table 7.1 Cellular technologies and its antennas

Gen C.F. PL Type of antenna G

1G 800 MHz 76.5 Helical/telescopic −10 to 0
2G 900 MHz1800 MHz 77.583.5 Printed dual band −10 to 0
3G 2100 MHz 84.9 Printed multiband −10 to 0
4G 850 MHz1800 MHz 7783.5 Printed multibandWith MIMO −10 to 0
5G Sub-6 GHz28 GHz 94107 Phased arrayMIMO −10 to 08–10

Gen generation, C.F. carrier frequency, PL free space power loss at 200 m (dB), G gain of the
antenna (dBi)

be accommodated, multiband designs with small form factors became the industry
standard for mobile devices beyond 2G. The currently deployed commercial 4G
mobile devices have multiband antennas integrated near the panel of the device [3,
4]. Extension of the multiband design logic might not be a feasible solution to attain
mmWave frequencies, which shall be illustrated in Sect. 7.3. With the upcoming 5G,
experts believe that mmWave and sub-6 GHz bands would be allotted for cellular
communications. Design of antennas for the sub-6 GHz bands is well known and
commercially viable [5] but antennas to be designed for 28 GHz band compatible
with modern smartphones needs more investigation, as the design requirements of
sub-6 GHz and mmWave would be incompatible. Co-design of antennas of previous
generations with the current ones is essential as most of the commercial smartphones
would offer backward compatibility in spite of the projected explosive growth of 5G
subscribers. The co-design of 2G–3G–4G antennas is not very challenging as the
carrier frequencies are in the 0.8–3 GHz frequency range with narrow bandwidth
requirements. Electrically small radiators with modified parasitics would lead to
the necessary multiband effects [3], wherein the additional parasitics would be
specific to a particular band. Most of these parasitics would be strongly resonant,
leading to narrowband for the corresponding carrier frequencies. But, co-design of
4G-mmWave 5G offers a unique challenge as the 5G’s carrier frequency is tenth
harmonic of 4G’s highest carrier frequency, assuming the 28 GHz band for 5G
operations. The simplest solution for this problem is to integrate an electrically small
super wideband antenna covering all the bands from 2G to 5G [6]. The problem with
this design logic is that the antennas would fail to have a unidirectional beam with
hemispherical coverage at the higher frequencies, as these super wideband antennas
have more or less omnidirectional patterns throughout the bandwidth. The design
requirements for mmWave 5G is different from that of the previous generations,
and hence co-design with 4G antennas is an important topic to be investigated.

The problem associated with free space power loss and penetration losses is of
primary concern when designing antenna systems for mmWave 5G mobile devices.
Free space power loss at 200 m for sub-6 GHz carrier frequencies is in the range of
80–95 dB. Penetration losses of common building materials would be in the range
1–10 dB for sub-6 GHz bands, this aspect proved to be a boon for commercial
deployment of cellular technologies built around sub-6 GHz carrier frequencies. On
the other hand, 28 GHz band has free space power loss in the range 105–110 dB at
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Fig. 7.1 Free space power loss comparison of Sub-6 GHz and 28 GHz bands

200 m as observed in Fig. 7.1. Penetration loss for this band is around 30–40 dB as
reported in the testing campaigns [7]. This means that mmWave 5G has additional
losses of at least 20–25 dB compared to a commercial 4G system. These additional
losses have to be cleverly compensated by using high gain antennas in the mobile
device as well as the base stations and access points [8]. The antenna requirements
for 4G and 5G are different and hence need careful examination for co-design of
both the antenna systems intended for modern mobile devices. This chapter delves
into the desired specifications for co-design of 4G and 5G antenna modules along
with state-of-the-art design examples.

7.2 Desired Characteristics of Co-designed Antennas

This section gives an insight into desired characteristics for 4G LTE (Long Term
Evolution) antennas, mmWave 5G antennas, and co-design of both antennas. The
following characteristics are the key factors to be considered for mobile antenna
design. These characteristics are essential to comprehend the expected performance
metrics of the co-designed antennas.
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7.2.1 Form Factor

From antenna perspective, form factor indicates the shape, size, and physical
configuration of antennas integrated inside the mobile terminal. The real estate
available for antennas on modern smartphones is very much limited due to large
display, battery, and other essential electronics. Antennas that would be designed for
4G–5G mobile devices must be compliant with the physical form factor to be useful
for deployment. An exploded view of a typical commercial smartphone is illustrated
in Fig. 7.2. The available space for integration of 4G LTE and 5G antennas is
separately demonstrated in Fig. 7.2. The length of the smartphone is typically in
the range 7–10 cm [9]. Width of the smartphone is in the range 4–7 cm with a panel
height of 6–8 mm. Recent trends suggest that ultra-thin phones have much slimmer
panel height making antenna designs even more challenging. Antennas for various
wireless services of future mobile devices such as 2G, 3G, 4G, 5G, WLAN (Wireless
local Area Network), GPS (Global Positioning System), and Bluetooth have to be
integrated into the available space inside a mobile device. Designers must make sure
that antennas offer minimal interference to other coexistent antennas in the cramped
space. The electrical lengths for 4G and 5G antennas have been mentioned in Fig.
7.2. It is evident that the available space is only a fraction of wavelength for 4G LTE
antennas, which means that electrically small, low gain antennas could be realized in
the device. In contrast, 5G antennas have electrically larger space wherein high gain
antennas with unidirectional hemispherical beam could be accommodated. Panel
height seems to be the critical factor for the design of 5G antennas as it is only about
0.6 λ at 28 GHz. System ground plane also must be considered when integrating 4G
and 5G antennas. Typically, a ground plane is part of the design for 4G antennas
[3] and 5G antennas [10, 11] independently. But the challenge is to have a shared
ground design for both the wireless services without significant deterioration of the
characteristics of the respective antennas. Design examples in Sect. 7.4 illustrate
this concept. One of the design philosophies for coexistence of 4G and 5G antennas
is to mount 4G antennas along the longer edge and the 5G antennas on the shorter
edge of the smartphone.

The interaction of the antenna systems for various wireless services has to be
minimal with the back-end electronics and various metallic parts of an actual mobile
device. Metal rim also seems to be another parameter to be considered for some of
the smartphone modes, but the design examples dealt in this chapter do not consider
this aspect.

7.2.2 Radiation Pattern

The term radiation pattern refers to the power radiated by the antenna at different
angles. Typically, this would be a polar plot with a normalized power pattern on the
radial axis. The actual amount of power radiated by the antenna post-integration
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Fig. 7.2 (a) Break-up of typical smartphone and (b) Space for antennas in a typical smartphone

with the mobile device depends on the insertion loss of the feeding lines and
the power pumped into the antenna by the battery via the RF switch and other
electronics. Radiation patterns are an important aspect of consideration for future
smartphones, as the patterns of the antennas must offer a legitimate data link when
in data mode engaged by the user. Most of the experts opine that 5G would be
designated for data-oriented services and 4G for the low data rate applications.
Maintaining a decent link budget with electrically small low gain, omnidirectional
antennas would be readily feasible with 4G systems. However, 5G antenna systems
need to offer high gain even at the mobile device to maintain a reliable link budget
at 28 GHz. The antenna location and desired radiation patterns for 5G and 4G LTE
are shown in Fig. 7.3, respectively. The antenna location for 5G would be along the
shorter edge of the mobile device, this is a design choice depending on the form
factor and actual available space for 5G antennas.

Most of the power must be radiated away from the user for optimal link budget
at higher frequencies. Conventional planar broadside antennas would fail to be
operational for the 5G antenna application hence innovative solutions are required
for high gain antenna designs with a small form factor. In contrast to 5G antennas,
4G LTE antennas have simpler radiation pattern specifications. 4G LTE antennas
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Fig. 7.3 Antenna location and desired radiation patterns (a) mmWave 5G and (b) 4G

must offer omnidirectional coverage. Multiple antenna elements might be integrated
for higher throughput but the pattern requirement would be omnidirectional for each
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element. A simple printed monopole would serve this purpose. With the 4G–5G co-
designed antenna module the radiation patterns of 5G must not be deteriorated by
the metallic portions of the 4G radiating system.

7.2.3 Beamwidth

Beamwidth refers to the angular widths for 3 dB half-power points in the normalized
radiation patterns. The concept of beamwidth is not of much importance when
the pattern is omnidirectional but would be critical for patterns which have a
unidirectional beam, such as the pattern from a phased array of four or more
elements. Millimeter-wave-based 5G would be exclusively meant for data hungry
applications. Users would hold the mobile device similar to the sketch shown in
Fig. 7.4. Antennas operating in the 28 GHz band must radiate away from the user’s
hands and torso to avoid signal attenuation. This issue is not a problem in the sub-
6 GHz bands, as the signal attenuation is not significant in those bands. End-fire
antennas like planar dipoles and Vivaldi antennas would be an ideal candidate for
the aforementioned purpose [10, 11]. Beamwidth for 5G antennas could be in the
range of 80◦–120◦. Beamwidth is also decided by the desired gain and the radiating
aperture of the antenna mounted in the mobile device. Co-designed 4G–5G antennas
must have beam integrity.

7.2.4 Data Modes

The user engages with the smartphone in different orientations, which is termed as
data modes. One of the unique challenges in designing antennas for 5G frequencies
is the data modes of the user. The user might engage with the smartphone either in
single hand or dual hand modes as illustrated in Fig. 7.5. The beam integrity must
be maintained irrespective of the orientation of the smartphone. In other words, the
antenna system designed for 5G must support orthogonal beams which will not be
possible by the most popularly advertised approach of phased arrays [10–12]. The
attenuation suffered by the user’s hands is negligible for 4G frequencies and hence
an irrelevant problem for designing 4G antennas.

7.2.5 Gain

Gain tells the antenna designer the amount of power boost due to the antenna at
a given direction. For instance, a 5 dBi gain at 25◦ indicates that the power level
at 25◦ of the antenna would be 5 dB higher compared to the power radiated by
an isotropic antenna mounted at the same location. Gain is a far-field phenomenon
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Fig. 7.4 Typical human interaction with smartphone in data mode (5G)

and is measured in the far-field, and hence the pattern measurement performed in
the far-field is essential for gain estimation or calculation. Gain of the antennas
for 5G systems is the most discussed and debated parameter. A gain of 8–15 dBi
seems to be a reasonable choice for 5G systems given the available form factor and
the corresponding electrical length at 28 GHz. Gain enhancement would shrink the
beamwidth, leading to a decreased angular coverage. Hence, gain corresponding to
a predetermined angular coverage would be a clever choice for 5G systems. Gain for
4G antennas systems is not an important design aspect to be considered, primarily
due to the implementation of electrically small antennas within a small form factor.
A gain of 0 dBi would be recommended for 4G systems, but the feasibility of this
requirement depends on a lot of parameters post-integration of the antennas with the
mobile unit’s electronics.

7.2.6 Radiation Efficiency

Radiation efficiency indicates the ratio of radiated power to that of the input power
pumped from the source. A higher radiation efficiency would mean that low-power
systems could be realized both at the mobile device and base station side. Radiation
efficiency is another cortical factor for designing mmWave 5G systems primarily
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Fig. 7.5 Data modes in 5G (a) Single hand mode and (b) Dual hand mode

due to the link budget constraints. Radiation efficiency of above 75% would be
feasible with the 28 GHz antenna systems. This is evident from the numerous
reported articles in the literature. As the physical form factor supports an electrically
large radiating element, high radiation efficiencies can be easily obtained. The same
logic cannot be extrapolated to 4G antenna systems due to the form factor, leading to
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efficiencies in the range of 20–40%. Signal interference between 4G and 5G antenna
systems also determines the radiation efficiency.

7.2.7 Impedance Bandwidth

The 10-dB impedance bandwidth is the portion of the frequency spectrum wherein
at least 90% of the power is radiated by the antenna. This definition seems to be
a norm among the antenna engineering community. 10-dB bandwidth seems to be
norm for 28 GHz-based 5G antennas. On the other hand, 6-dB impedance bandwidth
is the benchmark for 4G antennas. The specifics of bands available for the specific
carrier and the mobile device manufacturer is geography-dependent. The effects
of user’s hands might detune the antennas of both 4G and 5G systems. Rigorous
analysis and design iterations are necessary to minimize the effects from user’s
hands. The lower harmonics of the 5G antennas must not coincide with that of the
4G bands. Also, higher order harmonics of 4G antennas must not coincide with that
of 5G bands. Mutual coupling between the two antenna systems must be less than
10 dB at the lower bands and 20 dB at the higher bands of the utilized spectrum.

7.2.8 Specific Absorption Rate

SAR tells the amount of energy penetration into the human tissue. A higher
SAR value from the mobile device indicates higher power penetration into the
human head, which could be potentially dangerous. SAR is primarily a sub-
6 GHz design parameter since 5G wireless service is intended for data-oriented
applications, wherein the user engagement with the mobile device is similar to
Fig. 7.4. The mmWave signal penetration into human head is minimal, in addition
to this argument, 28 GHz band is not as critical as the sub-6 GHz bands. Also,
deployment of end-fire or corner bent antenna systems for 5G would automatically
ensure minimal signal penetration into human head. The desired radiation pattern
for 4G antennas for minimal SAR for voice mode is depicted in Fig. 7.6.

The expected radiation must be away from the user’s head when the user
is engaged in a voice call. As evident from patterns of Figs. 7.3b and 7.6, the
patterns for angular coverage and minimal SAR are contradicting to each other.
A hemispherical unidirectional pattern is preferred for minimal SAR as against an
omnidirectional pattern of electrically small printed monopoles. This design aspect
forces designers to find a middle-ground in the 4G antenna design and its placement
with respect to user’s orientation. It is important to note the feasibility to achieve a
unidirectional beam is very challenging given the form factor of future smartphones.
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Fig. 7.6 Typical human interaction with smartphone in voice mode (4G)

7.3 Design Logic for 4G and 5G Antennas

This section explains the rationale behind co-design of 4G–5G antennas. The
straightforward approach for co-design would be to design multiband antennas and
the reason for the failure of this design strategy is explained in this section. Consider
an inset-fed patch antenna designed on Neltec NY9220 with a dielectric constant
of 2.2 and a loss tangent of 0.0009 as illustrated in Fig. 7.7. The thickness of the
substrate is 20 mil. Patch A is designed for resonance at 2.4 GHz as evident from
the input reflection coefficient curve of Fig. 7.8a. A conventional patch at 2.4 GHz
has dimensions which would exceed the form factor of a mobile device. The same
Patch A is simulated for its response at 28 GHz to study the feasibility of patch
A working for both bands. As the schematics of Fig. 7.7 illustrates the radiating
portion of the antenna is 4.7 λ × 3.6 λ at 28 GHz. Even though the antenna meets
the 10 dB specification for input reflection coefficient at 28 GHz, the pattern seems
to be unusable due to the multimoding effects of the primary radiator. A harmonic
filter could be integrated for improving the impedance characteristics of the antenna
but would not have much effect on the radiation patterns of the higher band of the
4G antenna. This example proves that up-scaling the resonant type of antennas for
5G operation might be ineffective. Also, commercial 4G printed monopoles and
their variants would have poor beam integrity at 5G frequencies.

Inset-fed patch antenna B is designed to resonate at 28 GHz, schematics for the
antenna is illustrated in Fig. 7.9. The purpose of this example is to investigate the
impedance and radiation characteristics of the 5G antenna at 4G bands. As the input
reflection curves of Fig. 7.10a prove a strong impedance mismatch happens at the
lower frequency band, due to the electrically small size of the radiator for 4G. The



220 M. I. Magray et al.

Fig. 7.7 Schematics of an inset-fed patch antenna A operating at 2.4 GHz

3D patterns of Fig. 7.10b also prove that the 28 GHz antenna has poor radiation
characteristics at 2.4 GHz.

Hence, co-design would be a suitable choice for 4G–5G antenna system design.
Wherein 4G LTE antennas and mmWave 5G antennas would be designed indepen-
dently and integrated together. Design examples in the following section prove this
idea.

7.4 Integrated 4G LTE and Millimeter-Wave 5G Antenna
Design Examples

The earlier sections discussed in detail the frequency requirements for 4G LTE and
mmWave 5G antennas, motivation behind co-design, and various design constraints
for 4G LTE and mmWave 5G antennas. This section explores various published
integrated 4G LTE and mmWave 5G antenna designs. The investigated 4G/5G
antennas are compared with each other and some insights are given about the
candidate integrated 4G LTE and mmWave 5G antennas applicable for mobile
devices.

7.4.1 Design-I (Co-designed mmWave and LTE Handset
Antennas)

This integrated 4G LTE and mmWave 5G antenna design is proposed by J. Kurvinen
et al. [13] for future mobile handsets. The design uses plastic-filled metal rim for
mmWave 5G antenna and the same metal rim as capacitive coupling element (CCE)
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Fig. 7.8 (a) |S11| of the patch antenna A and (b) 3D Radiation patterns at 2.4 and 28 GHz

for 4G LTE antenna. This co-design claims a novel plastic-filled window in metal
rim for mmWave 5G antenna which serves the purpose of proper visualization and
sealing of smartphone as the solid metal rim would block the radiation from the
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Fig. 7.9 Schematics of an inset-fed patch antenna B operating at 28 GHz

antenna. The 4G LTE antenna would not require any window in metal rim as the
latter itself acts as a radiator for covering LTE frequencies.

The proposed co-designed 4G LTE and mmWave 5G antenna module is inte-
grated into the 5G smartphone which utilizes the dimensions as 150 × 75 × 7 mm3.
Two different substrates are used for the realization of 4G LTE and mmWave 5G
antennas, FR4 substrate with dielectric constant, εr of 4.3 and loss tangent, tanδ of
0.025 for 4G case and Rogers RO4350B substrate with εr of 3.48 and tanδ of 0.0037
for mmWave 5G case. The additional PREPERM L450 plastic with εr of 4.5 and
tanδ of 0.0005 is used for filling the window in metal rim which holds the mmWave
5G antenna. Since gain is not a major concern at LTE frequencies, therefore the
low-cost substrate bearing high loss tangent is used. In contrast, for mmWave 5G
antenna, low loss tangent bearing substrate is used for attaining high gain to mitigate
path and penetration losses. The 4G LTE antenna design will be discussed at first
followed by co-designed mmWave 5G antenna design.

7.4.1.1 4G LTE Antenna Design

The 4G LTE antenna should be designed taken into consideration the geometry
and location of mmWave 5G antenna so that both of the antennas will work
independently without interfering with each other.

In this proposed work, metal rim which acts as a capacitive coupling element
(CCE) is designed and optimized for covering LTE low and high frequency bands.
The LTE LB, 700–960 GHz and LTE HB, 1710–2690 GHz are covered by the
proposed 4G antenna topology. The antenna is accommodated at the lower left end
of 5G handset which is the common location for insertion of 4G LTE antennas. The
main FR4 substrate-based PCB acts as a RF-ground for the LTE antenna module.
Various types of 4G antennas can be designed to serve the purpose in this scenario
but CCE was chosen for its simple design and ability to attain wide impedance
bandwidth.
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Fig. 7.10 (a) |S11| of the patch antenna B and (b) 3D Radiation patterns at 2.4 and 28 GHz

Schematic of the proposed integrated 4G–5G antenna module is depicted in
Fig. 7.11. Separate feed lines are used in 4G LTE antenna for LB and HB
coverage and this is mainly done for obtaining better performance without any
matching deterioration in the respective bands. Port 1 is excited for covering the
LB frequencies and Port 2 is excited for covering the HB frequencies supporting a
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Fig. 7.11 Schematic of co-designed 4G LTE and mmWave 5G antenna module integrated inside
mobile terminal (All dimensions are in mm). (Adapted from [13])

triangular feed line. Ports 4 and 5 are used for attaining aperture matching. Multiple
LTE bands are obtained for making carrier aggregation possible.

Simulated and measured input reflection coefficient of the proposed CCE-
based LTE antenna is depicted in Fig. 7.12. The 4G LTE antennas are designed
conventionally for the −6 dB matching level and therefore the antenna is covering
LB and HB frequencies when excited by Port 1 and Port 2, respectively. Isolation
between the two ports is greater than 15 dB which is significant for preventing any
sort of deterioration in individual antenna parameters. The total efficiency of the
antenna varies between 60% and 90% in both low and high LTE frequency bands.
High radiation efficiency is attained which is due to low losses offered by metal rim
since there is no dielectric substrate in the radiator per se. Only the RF-ground plane
is based on FR4-based substrate which attributes to low losses. Omnidirectional
radiation patterns are achieved in H-plane and bidirectional in E-plane as illustrated
in Fig. 7.13.

7.4.1.2 Co-designed mmWave 5G Antenna

An array of Vivaldi antennas is designed for coverage of mmWave 5G frequencies
due to its wide impedance bandwidth and beam steering property over a wideband.
The aperture width of Vivaldi antennas is chosen to be small around half-wavelength
which is mainly in order to decrease the overall size of array module for its easier
integration into 5G handset. The half-wavelength aperture width of single Vivaldi
antenna is the optimal size for the design of Vivaldi antenna array.
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Fig. 7.12 Input reflection coefficient of presented 4G LTE antenna. Solid lines: measurement,
dashed lines: Simulated, and dotted lines: simulated results without mmWave antenna module.
(Adapted from [13])

Fig. 7.13 Radiation patterns in (a) azimuth and (b) elevation planes. (Adapted from [13])

The Vivaldi antenna array is enclosed inside a PREPERM L450 plastic which
is integrated into a window cut through a metal rim. The end-fire beam will be
easily radiated through a plastic covering fitted in a metal rim. Schematics of the
mmWave antenna module are shown in Fig. 7.14. The material for enclosing Vivaldi
antenna array should be chosen properly due to its influence on antenna parameters.
There is some detuning in impedance matching due to insertion of plastic material
and enhancement of radiation characteristics due to its low loss. The high value of
relative permittivity of plastic material aids in the miniaturization of electrical size
of Vivaldi antenna.
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Fig. 7.14 (a) Schematics of the mmWave 5G antenna module and (b) Vivaldi antenna array
enclosed inside PREPERM L450 plastic structure (All dimensions are in mm). (Adapted from
[13])

Fig. 7.15 Microstrip line-based feeding network for achieving progressive phase shift between
Vivaldi antenna elements. (Adapted from [13])

Different phase shifts between various Vivaldi antenna elements are used for
scanning the end-fire radiation beam. Three different PCB-based power dividers
are employed for attaining phase shifts having a constant phase difference in each
topology as illustrated in Fig. 7.15. For practical application, phase shifters or butler
matrix-based beamforming network can be employed to perform electric beam
scanning.

The −10-dB impedance bandwidth of the proposed antenna varies from 25 to
30 GHz as depicted in |S11| plot in Fig. 7.16. The three different graphs are plotted
for different phase shifters. Beam steering at 0◦, +20◦, and +40◦ at 28 GHz is
realized by introducing three separate phase shifting Vivaldi antenna array modules
as illustrated in Fig. 7.17. Peak gain of 7 dBi is attained across the operational
frequency band.

The mmWave 5G antenna module is integrated along the bottom right side
of the smartphone. The interaction between mmWave 5G and 4G LTE antenna
is minimal since both the antennas are realized on different dielectric substrates
and the mmWave 5G antenna is realized while enclosed in plastic material which
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Fig. 7.16 |S11| plot for mmWave 5G antenna array for three realized phase shifters. (Adapted from
[13])

Fig. 7.17 Realized gain patterns in azimuth plane at 28 GHz with beam steered at 0◦, +20◦, and
+40◦. (Adapted from [13])

has negligible interaction with metal rim, radiator for 4G LTE antenna. The USB
and metal rim windows can act as slot antennas which would not be desirable in
this configuration since the main radiators are clearly CCEs and Vivaldi antenna
array. Since the electrical size of these windows are very small at LTE frequencies,
the impact on the main radiator of 4G antenna is very minimal. Furthermore, the
mmWave 5G antenna is enclosed in plastic material and therefore the coupling
between metal rim window and Vivaldi array is almost negligible.
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7.4.2 Design-II (Corner Bent Integrated Design of 4G LTE
and mmWave 5G Antennas for Mobile Terminals)

This co-designed 4G LTE and mmWave 5G antenna includes a corner bent topology
proposed by M. Idrees Magray et al. [14]. The proposed antenna module utilizes
a single substrate for 4G–5G antenna design unlike antenna design proposed by
Kurvinen et al. [13] which employs separate substrates for 4G and 5G antennas.
Also, the 4G–5G radiators are designed in shared topology which decreases the
overall size of the antenna module. In addition to this, Multiple-Input Multiple-
Output (MIMO) technique is also implemented for attaining higher data rates. In
this research work, orthogonal pattern diversity is achieved for high gain mmWave
5G antennas which helps in the usage of smartphone in portrait as well as landscape
mode as illustrated in Fig. 7.18.

The presented antenna module is designed on 10-mil thick Rogers 5870 substrate
with relative permittivity of 2.33 and loss tangent of 0.0012. In order to keep cross-
polarization at a minimum level, substrate of low thickness is chosen. Also, for
achieving corner bending, thin substrate would be optimal. Low dielectric constant-
based substrate was chosen to keep various surface wave modes to minimum.
Schematics of the proposed co-designed 4G LTE and mmWave 5G antenna module
is depicted in Fig. 7.19.

The proposed antenna module is designed in the shared topology for decreasing
the overall size of antenna. The overall electrical size of 4G LTE antenna is
determined by taking the whole size of antenna module into consideration. The 4G
LTE section of antenna module consists of rectangular shaped slot antenna fed by
50 � microstrip line. The impedance matching of slot antenna depends on length of
feed, width of the rectangular slot, and position of feed line with respect to radiator.

The simulated and measured |S11| plot of 4G LTE antenna is depicted in Fig.
7.20. Proposed antenna occupies 55% fractional bandwidth covering multiple LTE
frequency bands, LTE1700 (1710–2170 MHz), LTE2300 (2300–2400 MHz), and

Fig. 7.18 Topology of the smartphone (a) portrait mode and (b) landscape mode
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Fig. 7.19 Schematics of the 4G–5G antenna module (a) top plane and (b) bottom plane (All
dimensions are in mm). (Adapted from [14])

LTE2500 (2500–2690 MHz). Multiple low frequency bands are covered for making
carrier aggregation possible. Gain of the 4G LTE antenna varies between 1.7 and
2.1 dBi across the entire operating frequency band. Radiation efficiency varies
between 60% and 80% which is high due to usage of thin substrate with low loss
tangent. Moreover, dipole-like radiation patterns are achieved in the E-plane (YZ-
plane) of antenna as shown in Fig. 7.21.

The mmWave 5G section of proposed antenna module comprises of microstrip
fed Vivaldi antenna which is chosen for its simple structure and wide bandwidth.
The 5G antenna is designed in the vicinity of 4G antenna and the 4G LTE slot
radiator does not interfere with Vivaldi antenna as the slot radiator of 4G LTE
antenna is not blocking any radiating aperture of mmWave 5G taper slot antenna.
Dimensions of the proposed mmWave 5G antenna are 1.75 λ × 1.4 λ × 0.0254 λ

at 28 GHz. The impedance matching is obtained by optimizing the microstrip to
slot line transition of Vivaldi antenna. Varying length horizontal corrugations are
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Fig. 7.20 |S11| plot of presented ground shared 4G LTE slot antenna. (Adapted from [14])

Fig. 7.21 Simulated and measured radiation patterns in E-plane at (a) 1.8 GHz and (b) 2.6 GHz.
(Adapted from [14])

introduced in the metallic taper arms of Vivaldi antenna for concentrating E-field
towards the main radiating aperture thereby reducing side and back lobe levels.

The input reflection coefficient of the proposed antenna is depicted in Fig. 7.22.
Proposed mmWave 5G antenna is wideband covering frequency band from 25 to
38 GHz with fractional bandwidth of 41%. Both the candidate mmWave 5G bands,
28 and 38 GHz are covered by the proposed corrugated Vivaldi antenna. High end-
fire gain ranging between 9 and 10.5 dBi is attained with 1-dB gain bandwidth of
around 28%. The high 1-dB gain bandwidth demonstrates high pattern integrity
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Fig. 7.22 Input reflection coefficient of the presented horizontally corrugated Vivaldi antenna.
(Adapted from [14])

across the operational frequency band. End-fire radiation patterns are achieved in
the E-plane (XY-plane). Front-to-back ratio of more than 15 dB is attained for the
proposed mmWave 5G antenna topology.

The 4G LTE and mmWave 5G radiators are separated by a distance of 3.5 mm
from each other for realizing corner bending. Corner bending is carried out for
decreasing the overall effective radiating volume of antenna. The isolation between
4G and 5G antennas is greater than 30 dB in the operating bands of 4G LTE and
mmWave 5G. Orthogonal pattern diversity is attained by inserting another corner
bent 4G–5G antenna module around the opposite bottom corner of the smartphone
as illustrated in Fig. 7.23. The radiation beams of antenna modules are oriented
orthogonally so that mobile phones can be used in portrait as well as landscape
mode.

7.4.3 Design-III (Compact Co-design of Conformal 4G LTE
and mmWave 5G Antennas for Mobile Terminals)

This integrated 4G–5G antenna design proposed by M. Idrees Magray et al. [15]
incorporates conformal 4G LTE and mmWave 5G antennas for mobile devices. This
co-designed 4G–5G antenna module is designed for achieving compact topology
which involves composite right/left-handed (CRLH)-based miniaturization tech-
nique for the design of 4G LTE antenna since the electrical size of LTE antennas are
much larger than mmWave 5G antennas. The proposed 4G–5G antenna module also
investigates MIMO technique for obtaining higher data rates. Moreover, proposed
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Fig. 7.23 Integration of co-designed 4G LTE and mmWave 5G antenna modules demonstrating
orthogonal pattern diversity. (Adapted from [14])

antenna module achieves orthogonal pattern diversity for orthogonal data usage
modes of smartphone.

The 4G LTE antennas are designed separately and then integrated with mmWave
5G antennas with significant isolation of less than 40 dB. Separate substrates are
used for 4G LTE and mmWave 5G antennas. The 4G LTE MIMO antennas are
designed on 10-mil thick Rogers 5870 substrate with relative permittivity of 2.33
and dielectric loss tangent of 0.0012. The 10-mil thick substrate is used for achieving
easier antenna conformity. Schematics of the proposed 4G LTE antenna are depicted
in Fig. 7.24.

The 4G LTE antenna consists of three asymmetric CRLH-based metamaterial
unit cells which resonate at a specific frequency determined by phase constant,
βn. The zeroth-order resonating (ZOR) mode is excited in which the operating
frequency of radiator is independent of its physical size. The physical size of
proposed planar CRLH-based 4G LTE antenna is small having dimensions of
20 × 20 × 0.254 mm3. The physical footprint is further decreased by conforming
the antenna at 90◦ as illustrated in Fig. 7.24. The CRLH-based 4G LTE antenna
topology comprises of various series and shunt parameters, namely series capaci-
tance (CL), series inductance (LR), shunt inductance (LL), shunt capacitance (CR),
series resistance (R), and shunt conductance (G). The ZOR frequency depends only
on shunt parameters. Since the increase in shunt capacitance, CR results in decrease
of operational bandwidth, therefore only shunt inductance (LL) is increased which
results in effective miniaturization of antenna.

Coplanar waveguide (CPW) feeding is chosen for its feasible nature to achieve
impedance matching in electrically small antennas by a decrease in capacitive reac-
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Fig. 7.24 The conformal CRLH-based 4G LTE topology (a) top plane and (b) bottom plane (All
dimensions are in mm). (Adapted from [15])

tance. Moreover, the number of asymmetric meander lines can be easily increased
by introducing CPW feeding. Also, the conformity will create less discontinuities
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Fig. 7.25 |S11| plot of investigated conformal 4G LTE antenna. (Adapted from [15])

when CPW feeding is considered. The 50 � CPW feed line comprises of tapered
triangular shaped ground for enhancing impedance bandwidth.

The simulated and measured |S11| plot of proposed CRLH-based 4G LTE
antenna is shown in Fig. 7.25. Proposed antenna covers class 7 4G LTE band
with impedance bandwidth from 2.5 to 2.65 GHz. The conformal antenna topology
covers less bandwidth than planar topology which is mainly due to discontinuities
occurring while performing corner bending. Proposed antenna achieves omnidirec-
tional radiation patterns both in E-plane as well as in H-plane as presented in Fig.
7.26. The gain of proposed 4G LTE antenna varies from 1.6 to 2.2 dBi which is
significant enough for the available electrical size of antenna.

The mmWave 5G antenna is designed on 10-mil thick Nelco NY9220 with
dielectric constant of 2.2 and loss tangent of 0.0009. A standard inset-fed microstrip
patch antenna is designed for mmWave 5G mobile terminals. Conformity is
introduced for directing radiation beam away from user and to decrease the overall
radiating volume of antenna. A localized ground is placed behind the patch radiator
to focus the broadside beam in a single direction away from user with high gain.
Schematic of the proposed mmWave 5G antenna is depicted in Fig. 7.27.

Input reflection coefficient of the inset-fed microstrip patch antenna is shown in
Fig. 7.28. The proposed antenna covers the 28 GHz mmWave 5G frequency band
which is one of the candidate frequency bands of mmWave 5G communication.
Peak gain of 9 dBi is attained across the operating frequency band with front-to-back
ratio of more than 15 dB. Broadside unidirectional radiation patterns are attained in
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Fig. 7.26 Radiation patterns in (a) H-plane and (b) E-plane at 2.6 GHz. (Adapted from [15])

Fig. 7.27 Schematic of conformal inset-fed patch mmWave 5G antenna. (Adapted from [15])

both the principal planes directing away from user as shown in Fig. 7.29. Cross-
polarization of less than −35 dB is attained over the entire operating frequency
band.

A separate MIMO antenna module is introduced for both 4G LTE and mmWave
5G antennas and then integrated with each other for obtaining a compact co-
designed 4G–5G antenna module as illustrated in Fig. 7.30. The 4G LTE MIMO
antenna module consists of electrically close two CRLH-based conformal antennas
with a 0.3 λ0 distance between them. Isolation of more than 15 dB is achieved
over the entire operating frequencies. The mmWave 5G MIMO antenna module
consists of two orthogonally placed inset-fed microstrip patch antennas designed on
the same substrate. The broadside radiation beams are directed away from user at
0◦ and 90◦ angles which makes the usage of smartphone possible for both portrait
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Fig. 7.28 Input reflection coefficient of inset-fed microstrip conformal patch antenna. (Adapted
from [15])

Fig. 7.29 Simulated and measured radiation patterns at 28 GHz for conformal mmWave 5G
antenna. (Adapted from [15])

and landscape modes. The antenna characteristics almost remain invariant after 4G
and 5G MIMO antenna module integration.
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Fig. 7.30 Co-designed 4G LTE and mmWave 5G MIMO antenna module. (Adapted from [15])

7.4.4 Design-IV (Realization of a Tapered Slot Array as both
Decoupling and Radiating Structure for 4G/5G Wireless
Devices)

This integrated 4G–5G MIMO antenna design proposed by M. Ikram et al. [16]
utilizes a single substrate with mmWave 5G antenna array acting as a decoupling
structure as well as radiating structure. A co-designed 4G–5G antenna module with
4G LTE and sub-6 GHz 5G monopole radiators on one side and mmWave 5G end-
fire antenna on the other side of substrate is investigated. Unlike the other 4G–5G
antenna designs discussed in earlier sections which are accommodated along the
edge panel of smartphones, this antenna module is suitable to be integrated inside
the corner end lying parallel to the screen of 5G handset.

Schematic of the proposed 4G–5G antenna module is depicted in Fig. 7.31. The
dimensions of co-designed 4G–5G antenna module are 70 × 50 × 0.51 mm3. The
4G LTE and sub-6 GHz antenna section comprise of two meandered microstrip-fed
monopole MIMO antennas. A defected shared ground structure based on taper slot
antenna array is investigated for wideband isolation between monopole radiators.
The monopole radiators are designed on top layer of Rogers 5880 substrate with
dissipation factor of 0.0009 and relative permittivity of 2.2. The arms of monopole
radiators are meandered for achieving compact size and optimized for dual-band
operation.

The simulated and measured |S11| plot of proposed meandered monopole
antennas is shown in Fig. 7.32a. The proposed monopole antennas cover 2.6 GHz
4G LTE frequency band and 3.5 GHz sub-6 GHz frequency band. Since the spacing
between two monopole radiators is less than λ0/2 at 2.6 GHz and the radiators
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Fig. 7.31 Co-designed 4G LTE and mmWave 5G MIMO antenna module. (Adapted from [16])

share a common ground plane, therefore isolation is around 9 dB which is low.
Thus, a decoupling structure in the form of taper slot antenna array is inserted
which decreases the mutual coupling between monopole radiators and isolation
increases by more than 25 dB as shown in Fig. 7.32b. The monopole radiators
achieve omnidirectional radiation patterns in both the principal planes at 2.6 and
3.5 GHz as illustrated by 3D plots in Fig. 7.33. Average gain of 4 dBi and radiation
efficiency of more than 85% is achieved for both the monopole antennas in both
microwave operating frequency bands.

Taper slot antenna array (TSAA) is designed on the bottom plane of same
substrate on which low frequency radiators are designed as illustrated in Fig. 7.31.
TSAA serves dual function in this topology, an end-fire high gain antenna array at
mmWave 5G frequency band, and decoupling structure at low frequency bands. The
TSAA is fed by a microstrip-based power divider which is terminated with a circular
stub for enhanced impedance matching. The radiating aperture of taper slot antenna
is around λ0/2 at 25 GHz, lower operating frequency of mmWave 5G frequency
band. The mutual coupling between individual ports of TSAA is less than −16 dB.

Input reflection coefficient of proposed TSAA is represented in Fig. 7.34.
Proposed antenna operates over a wideband from 25 to 30 GHz with fractional
bandwidth of 18.18%. The proposed taper slot antenna covers one of the candidate
bands of mmWave 5G communication, i.e., 28 GHz frequency band. Moreover, the
isolation between low frequency and high frequency ports is greater than 30 dB as
shown in Fig. 7.34. Proposed antenna array attains end-fire radiation patterns with
high peak gain of around 15 dBi as depicted in Fig. 7.35.
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Fig. 7.32 |S11| plot of presented meandered monopole antennas. (Adapted from [16])

7.4.5 Design-V (Low Cost Substrate-Based Compact Antennas
for 4G/5G Side-Edge Panel Smartphone Applications)

This low cost substrate-based co-designed 4G–5G antenna module proposed by I. S.
Masoodi et al. [17] consumes antenna width of only 6 mm which will be compatible
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Fig. 7.33 3D-radiation patterns at 2.6 GHz for (a) microwave antenna 1 and (b) microwave
antenna 2. (Adapted from [16])

Fig. 7.34 Reflection coefficient of TSAA. (Adapted from [16])

for the integration along the side panel of future 5G handsets. This co-designed
antenna module also investigates MIMO technique in utilizes corner bending in one
module so that it will be accommodated along the smaller edge of the smartphone.
Moreover, orthogonal pattern diversity is also explored for mmWave 5G antenna
topology so that 5G handset can be used in both the orthogonal modes, landscape
as well as portrait mode.
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Fig. 7.35 Normalized end-fire radiation patterns for mmWave 5G antenna array. (Adapted from
[16])

Schematics of the presented integrated 4G LTE and mmWave 5G antenna
module is illustrated in Fig. 7.36. The presented antenna module is designed
on polycarbonate substrate bearing dielectric loss tangent of 0.01 and dielectric
constant of 2.9. Polycarbonate substrate is utilized for its low cost and flexibility
to attain corner bending easily. The overall antenna module is compact feasible for
integration along the side-edge panel of future smartphones. Since the conventional
SMA connector used for measurement at low frequencies would not be suitable
to be soldered properly on polycarbonate substrate, therefore 2.92 mm end-launch
connector is used for measurement purposes both at microwave and mmWave
frequencies. The substrate is extended along the sides at the feed lines of 4G LTE
and mmWave 5G antennas for accommodating bulky end-launch connectors for
measurement purposes.

The 4G LTE section of antenna module consists of asymmetric coplanar stripline
(ACS)-fed antenna with stepped radiator for achieving wide impedance bandwidth.
The ACS feeding is chosen for its compact topology with respect to the conventional
CPW feeding technique. The 50 � ACS feed line consists of signal trace of width
1.5 mm and gap of 0.3 mm between signal trace and asymmetric ground plane.
The overall 4G LTE antenna topology is electrically compact with dimensions of
0.03 λ × 0.26 λ × 0.003 λ at 1.8 GHz. The stepped radiator is optimized by varying
number and lengths of steps for covering LTE frequencies.

Input reflection coefficient of the presented ACS-fed 4G LTE antenna is shown
in Fig. 7.37. The 4G antenna covers multiple high frequency LTE bands, LTE
1900, LTE 2300, and LTE 2500 thereby making carrier aggregation possible.
The presented LTE antenna achieves dipole-like radiation patterns in E-plane and
omnidirectional radiation patterns in H-plane as shown in Fig. 7.38. Broadside
high peak gain of around 2.9 dBi is achieved which is significant for the available
electrical size.
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Fig. 7.36 Polycarbonate-based 4G LTE and mmWave 5G antenna module. (Adapted from [17])

An electrically compact Vivaldi antenna is designed for mmWave 5G frequencies
on the same polycarbonate substrate on which 4G LTE ACS-fed antenna is designed
as illustrated in Fig. 7.36. The electrical size of presented Vivaldi antenna is small
with dimensions of 0.56 λ × 0.82 λ × 0.046 λ at 28 GHz which is compatible for
side-edge panel integration into future 5G handsets. A 50 � microstrip feed line
excites the balun of slot line which is optimized for better impedance matching.

The simulated and measured |S11| plot of the presented mmWave 5G antenna
is shown in Fig. 7.39. The presented mmWave 5G antenna is wideband covering
frequencies from 23 to 39 GHz with fractional bandwidth of 51.6%. High peak
gain of 7.2 dBi is attained across the operating frequency band. The radiating
aperture is limited by the side-edge panel height, and therefore limited gain can be
obtained. However, gain can be enhanced by various gain enhancement techniques
which are feasible in this topology by integrating metamaterial unit cells in the
radiating aperture of antenna [18] or by employing dielectric loading [19]. End-fire
radiation patterns are attained in the E-plane (XY-plane) with high pattern integrity.
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Fig. 7.37 Input reflection coefficient of ACS-fed 4G LTE antenna. (Adapted from [17])

Fig. 7.38 Simulated and measured radiation patterns in XZ-plane. (Adapted from [17])

Since the substrate is extended at the feed line which makes the metallic tapers of
presented Vivaldi antenna asymmetrical, thereby producing a beam tilt in the end-
fire direction.

The integrated 4G LTE and mmWave 5G MIMO antennas are inserted inside the
typical smartphone along the side-edge panel as illustrated in Fig. 7.40. Orthogonal
pattern diversity is achieved for mmWave 5G Vivaldi antennas. Since the overall
dimensions of 4G–5G antenna module are 6 × 64.5 × 0.5 mm3, which is minimal
thereby can be easily integrated inside the handset. The antenna characteristics
remain almost invariant since 4G–5G antenna modules are electrically far from each
other.
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Fig. 7.39 |S11| of presented electrically compact mmWave 5G Vivaldi antenna. (Adapted from
[17])

Fig. 7.40 Co-designed low-cost substrate-based 4G–5G antenna module accommodated inside a
typical 3D-5G mobile case. (Adapted from [17])

The co-designed 4G–5G antenna modules presented above investigated different
design topologies applicable for 5G handsets. Different techniques were imple-
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mented for coverage of 4G LTE and mmWave 5G frequencies. For mmWave 5G
frequencies, antennas either exhibit beam steering or orthogonal pattern diversity
for wider beam coverage and orthogonal mode operation, respectively. For 4G
LTE frequencies, MIMO technique is implemented for increasing the data rates.
Table 7.2 illustrates the comparison of various performance characteristics of
presented integrated 4G–5G antenna modules.

Although the antenna modules explored above displays promising results about
their applicability for typical 5G smartphones, however the performance needs
further improvement which makes them more suitable for 5G smartphone appli-
cations. The integration of presented co-designed 4G–5G antenna modules inside
5G smartphone are limited by various factors like large physical footprint, low gain
at mmWave frequencies, large antenna physical width which would be inappropriate
for panel integration into future 5G handsets.

The antenna design-I [13] implements 4G–5G co-design on different substrates
which makes them almost independent and therefore occupies large physical
footprint which limits their applicability into 5G handsets. Moreover, the mmWave
Vivaldi array attains a peak gain of only 7 dBi when the beam is radiated in the
end-fire direction at 0◦, the gain is further reduced when beam is steered at higher
angles which further limits their suitability for 5G mobile terminals. The 4G–5G
co-design-II investigated the shared 4G–5G radiator integrated along the panel edge
of smartphone; however, the width of antenna is 14 mm which is huge and may
be not feasible for current smartphones whose panel height is less than 7 mm. The
antenna design-III also proposed highly miniaturized 4G LTE antenna integrated
with mmWave 5G conformal patch antenna inserted along the panel of 5G handset,
but the 4G LTE antenna covers only single LTE frequency band thereby limits
carrier aggregation. Also, the width of antenna is 13 mm which limits the integration
capability into future smartphones. The co-designed 4G–5G antenna module-IV
achieves better performance but it covers large physical footprint which would
hinder its integration into future 5G smartphones. Moreover, nowadays mmWave 5G
antennas, in particular, are designed along the side-edge panel so that enough space
in the smartphone will be available for other circuitry to be accommodated with
ease. Therefore, this antenna module may not be suitable for future 5G handsets.
Similarly, the integrated 4G LTE and mmWave 5G antenna module-V presents low-
cost design with orthogonal pattern diversity for 5G mobile terminals. Although
the antenna module bears a width of only 6 mm which would be suitable for
easier integration into future mobile terminals, however the gain of mmWave 5G
antennas still has many rooms to be improved. Also, the radiation patterns attained
for mmWave 5G antenna are not so uniform across the entire operating band.

For future smartphones, the design and integration of 4G–5G antennas is going
to be critical. The co-designed 4G LTE and mmWave 5G antenna module need
to be designed on a single substrate with a small form factor so that the whole
module can be easily accommodated inside the 5G mobile terminal. The 4G LTE
and mmWave 5G antennas should be designed very close to each other or should
be designed with shared topology so that the physical footprint of entire antenna
module is going to be minimal, provided the microwave and mmWave antennas
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should operate independently. The mmWave 5G antennas should radiate away from
user possessing pattern diversity or beam steering.

In order to save space inside a smartphone, antennas are integrated along the
panel edge. Moreover, the decrease in bezel area of the mobile device from year to
year prompted antenna designers to implement either Antenna-on-Display (AoD)
[20] or to design antennas along the panel edge for better radiation characteris-
tics. Since the design and implementation of AoDs are very intricate, antennas
designed along the panel edge of smartphone are comparatively easier to implement.
However, the effect of smartphone panel/metal rim on the radiation properties of
integrated antennas should be properly analyzed. It will be challenging to design
compact co-designed 4G–5G antennas with uniform radiation patterns and without
any frequency detuning in presence of metal-based panel edge of smartphone.
The low panel height of smartphone will also be a design constraint for 4G–5G
integrated antennas.

From the last few years, mobile antennas are designed using multilayered
substrate topology inside a package along with radio frequency integrated circuits
(RFICs) which are termed as Antenna-in-Package (AiP) [21]. The purpose of
antenna-in-package (AiP) technology is to reduce the overall size of transceiver
systems and to decrease the transmission losses which are higher in discrete antenna
systems in which RFICs and antennas are designed separately. Therefore, the
integrated 4G–5G antennas designed and integrated inside a package with RFICs
might be more suitable for 5G smartphones.

7.5 Summary

Evolution of antennas for different mobile generation networks is presented in detail
with their characteristics. Design constraints for 4G LTE and mmWave 5G antennas
are investigated along with their coexistence. Various specifications are explored for
integrated 4G–5G antenna design and its integration inside the typical 5G handset.
The rationale behind co-designing of 4G–5G antennas is also analyzed. Various 4G–
5G co-designed antenna examples are surveyed along with their applicability for
modern thin-panel-based smartphones. Some insights for future 4G–5G co-designed
antennas are presented with various design complications.
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Chapter 8
Application of the Whale Optimization
Algorithm to Antenna Design for
mm-Wave 5G Communications Systems

Sotirios K. Goudos

8.1 Introduction

The 5G New Radio (NR) proposed frequency bands by 3GPP include two distinct
frequency ranges [1, 2]. It is a well-known fact that the new emerging 5G technology
will use both frequency ranges (FR 1 and FR 2) above and below 6 GHz. Frequency
Range 2 (FR2) [2] includes frequency bands in milliliter wavelengths from 24.25
to 52.6 GHz. Hence, the antenna engineer is faced with new challenges regarding
the antenna design for the new 5G devices. This is more evident with respect to
antenna design in the millimeter-wave band [21, 22]. Among others, the desired
characteristics of these antennas in 5G cellular communications require circular
polarization (CP) and wide bandwidth. CP is considered as a key factor that can
reduce the delay spread in a multi-path environment [18].

Patch antennas constitute an attractive solution for 5G antenna design. This is
due to their advantages like low profile, ease of fabrication, and relatively low
cost. Several researchers in the literature have designed and fabricated antennas
with acceptable performance in millimeter-wave frequency bands [4, 17]. The E-
shaped patch antenna is a popular shape found in the literature [10, 14, 30]. The
motivation for adopting this design is to increase the original rectangular patch
functionality and bandwidth by integrating slots in the patch. The main features
of this antenna are wide-band operation and linear polarization. The authors in [16]
present a modification to E-shaped antenna design that is a half-shaped patch with
an additional shorting bar. The modified E-shaped antenna is circularly polarized in
the frequency of interest. The authors in [16] present a two layered, probe fed, half
E-shaped antenna for operation at 2.4 GHz. The authors in [11, 12] present designs
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of half E-shaped patch antennas for operation at two different 5G frequencies (3.7
and 26 GHz). The antenna designs are accomplished using a hybrid GWO-Jaya
algorithm.

Antenna design requires the simultaneous optimization of several different
geometrical parameters. An optimization algorithm or technique is a suitable
approach for solving this problem. In the literature, there are several examples
of patch antenna design and optimization using different evolutionary algorithms
(EAs). These approaches include Genetic Algorithms (GA) [13, 26] Particle Swarm
Optimization (PSO) [14], Differential Evolution (DE) [25, 30], and Teaching-
Learning-Optimization (TLBO) [10].

The WOA is a nature-inspired Swarm Intelligence (SI) algorithm that is intro-
duced in [19]. The WOA is based on the social and the hunting behavior of
humpback whales. In this chapter, we apply WOA for half-E-shaped patch antenna
design. We present a design case of half E-shaped patch antenna for operation at
39 GHz, which covers the n260 band defined by 3GPP [2]. This antenna is fabricated
on a Taconic substrate with 2.2 dielectric constant. We apply a single microstrip
feed that provides additional design simplicity. The proposed antenna is circularly
polarized in an acceptable bandwidth of the operating frequency. Moreover, the
derived antenna presents an ultra wide-band behavior that covers a large part of
the FR2 band.

8.2 Related Work

There are several examples in the literature that use evolutionary algorithms for 5G
antenna design. The authors in [9] design three different antenna types: a pixelated
patch, a patch with shorting pins and a monopole antenna using a GA. The GA is
also used in [24] for designing an electromagnetic bandgap (EBG) structure for two
planar antennas operating at 28 GHz. Moreover, the authors in [28] design a 77 GHz
series-fed patch array antenna using a binary GA. A multi-objective approach is
applied by the authors in [27] where they design pixelated patch antenna using the
non-dominated sorting genetic algorithm (NSGA-II). The proposed antenna works
in three bands 18.4, 25, and 28 GHz.

Additionally, the authors in [7] use a new emerging algorithm the Salp Swarm
Algorithm [20] for designing a MIMO bow tie antenna at 28 GHz. The authors in
[3] use another emerging algorithm the Social Spider Algorithm [29] for designing
a reconfigurable antenna for operation at 26 GHz.

Moreover, a comparative study on patch antenna design for 5G systems is
performed in [15] using three different algorithms the PSO, the cross-entropy (CE),
and covariance matrix adaptation evolutionary strategy (CMA-ES) for operation in
the frequency range of 12–18 GHz. The authors in [10] optimize an E-shaped patch
antenna for operation in 25 GHz using the TLBO algorithm. Finally, a hybrid Grey
Wolf Optimizer-Jaya (GWO-Jaya) is applied in [12] for two different half-E-shaped
antennas operating at 3.7 and 26 GHz.
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Table 8.1 Comparison of different antenna designs using evolutionary algorithms for 5G applica-
tions

Antenna type Algorithm Design frequency Reference

Pixelated patch GA 2.4, 5.8 GHz [9]

Planar EBG GA 28 GHz [24]

Series-fed patch array GA 77 GHz [28]

Pixelated patch NSGA-II 18.4, 25, 28 GHz [27]

MIMO SSA 28 GHz [7]

Reconfigurable Social Spider 26 GHz [3]

Patch antenna PSO, CE, CMA-ES 12–18 GHz [15]

Half-E-shaped Hybrid GWO-Jaya 3.7 and 26 GHz [12]

The above details are summarized in Table 8.1.

8.3 Whale Optimization Algorithm

The WOA is a nature-inspired SI algorithm that is proposed in [19]. WOA basic
concept is the social and the hunting behavior of humpback whales. In their natural
environment, the whales after they identify the prey location, they perform specific
movements to encircle them. In WOA terminology, the prey denotes the best
solution vector obtained in each iteration. The population members (whales) are
trying to come close to that best solution, and they are updating their positions
accordingly. This type of whale behavior (prey encirclement) is in WOA expressed
mathematically by

Dk = ∣∣Ck × xbest
k,G − xm

k,G

∣∣ (8.1)

xi
k,G+1 = xbest

k,G − AkDk (8.2)

where G denotes the current iteration, xm
k,G is the m-th population member in the k-

th dimension, xbest
k,G is the best solution found in the k-th dimension, Dk denotes the

distance vector of the current whale to the prey, and Ck , Ak are the k-th dimension
coefficient vectors. These latter coefficient vectors are derived as

Ak = 2akrndk − ak (8.3)

Ck = 2 × rndk (8.4)

where ak denotes a number ∈ [2, 0], that is linearly decreased during the iteration
process, and rndk is a uniformly distributed random number ∈ [0, 1].
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Moreover, the exploitation phase of the optimization algorithm corresponds to
the bubble-net behavior of humpback whales. This phase is modeled mathematically
by WOA. WOA accomplishes this modeling using the combination of two different
movement mechanisms: the encircling mechanism with a shrinking radius and
the updating position mechanism with a spiral trajectory. The latter is expressed
mathematically as

xm
k,G+1 = Bke

pscos(2πs) + xbest
k,G (8.5)

where Bk is the k-th coordinate of the distance vector of the m-th solution to the
best solution, p is a constant number that defines the shape of the logarithmic spiral,
and s is a uniformly distributed random number ∈ [−1, 1].

Simultaneously, the whales make two types of movements; they swim toward the
prey in a circle with a shrinking radius and along a spiral-shaped trajectory. This fact
is modeled by authors in [19] using a 50% probability, that can be written as

xm
k,G+1 =

{
xbest
k,G − AkDk, if b < 0.5

Bke
pscos(2πs) + xbest

k,G , otherwise
(8.6)

where b is a uniform random number ∈ [0, 1]. Additionally, the exploration phase
of WOA corresponds to the humpback whales random search for prey. This can be
modeled mathematically as

Dk = ∣∣Ck × xr
k,G − xi

k,G

∣∣ (8.7)

xi
k,G+1 = xr

k,G − AkDk (8.8)

where r , with r �= i is a randomly selected member of the population that the i-th
member will follow.

The pseudo-code of WOA is given in Algorithm 1. WOA was utilized for
wearable Wi-Fi antenna design in [8].

8.4 Half E-shaped Patch Antenna

The E-shaped patch antennas are wideband and linearly polarized (LP). One of the
many possible applications of patch antennas is high-speed short distance commu-
nication. Moreover, such communication systems have usually a key requirement to
operate using circular polarization (CP). The main benefit of CP is the fact that it
disengages the receiver from the dependency of the direction of arrival in an incident
electromagnetic wave. CP eliminates the mismatch between the transmitter and the
receiver due to misalignment and thus has the potential to improve the efficiency of
the antenna. Therefore, it is sometimes important for some applications to design CP
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Algorithm 1 WOA algorithm
1: Initialize randomly a population of whales (m = 1, 2, · · · , NP )

2: Compute the objective function values for each population member xm

3: Find the best solution vector xbest

4: while (i < Gmax ) do
5: for (k = 1 : D) do
6: Calculate ak , randk , Ak , Ck

7: for (m = 1 : NP ) do
8: if (b < 0.5) then
9: if (|Ak | ≥ 1) then

10: Calculate distance vector Dk using (8.7)
11: Calculate position vector xm

k,i+1 using (8.8)
12: else
13: Calculate distance vector Dk using (8.1)
14: Calculate position vector xm

k,i+1 using (8.2)
15: end if
16: else
17: Calculate position vector xm

k,i+1 using (8.5)
18: end if
19: end for
20: end for
21: Set: i = i + 1
22: end while

antennas. In order to design a CP antenna based on the E-shaped patch, the authors in
[16] design a half E-shaped antenna that operates at 2.4 GHz. The proposed design
in [16] consists of two layers and it is probe fed. The half E-shaped CP antenna can
be derived from the E-shaped. This is depicted in Fig. 8.1, where the shape evolution
is shown.

From these figures we may observe that the half E-shaped CP antenna requires
the addition of a shorting bar of width Wb. This shorting bar induces currents in
the y-direction. Thus, it allows the CP operation of the antenna. We may notice that
one important factor that affects the Axial Ratio (AR) bandwidth is the shorting bar
position. Thus, the suitable shorting bar position is another unknown variable.

8.4.1 Antenna Design Procedure

The geometry of a modified half E-shaped patch antenna is illustrated in Fig. 8.2.
One may notice that the antenna geometry is quite complex. It consists of 12
different geometrical design parameters. Hence, it will be very difficult or even
impossible to estimate the effect of each design parameter in order to achieve
the desired antenna performance. Thus, an optimization technique is the obvious
solution to this design problem. If there is a need for a circular polarized antenna,
the design should take into account the antenna axial ratio (AR).
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Fig. 8.1 The evolution of shape from the LP E-shaped antenna to CP Half E-shaped antenna [16]

Fig. 8.2 Antenna geometry top view
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In this case there are two design objectives, the first is to minimize the S11
magnitude at the operating frequency below −10 dB and the second objective is
to reduce the AR below 3 dB. We formulate the design problem using the following
expression [12]:

F(ū) = S11(ū) + ξ × ∣∣∣∣S11(ū)
∣∣ − |LdB |∣∣+

+ξ × ∣∣AR(ū) − LAR

∣∣ (8.9)

where ū is the vector of the antenna geometry design variables, S11 is the S11
magnitude, and AR is the Axial Ratio at the design frequency, respectively, LdB

is the S11 dB limit, LAR is the AR dB limit, and ξ is a penalty factor. For both
design cases, we select LdB = −10 dB and LAR = 3 dB.

The computation of such an objective function like (8.9) requires the use of
a full-wave numerical method. The half E-shaped patch antenna can be modeled
in a commercial full-wave electromagnetic (EM) software. A possible software to
use suitable for this task is ANSYS HFSS [5]. Moreover, the integration of the in-
house source code of an evolutionary algorithm with such EM solver requires the
use of a wrapper program. The implementation of a separate optimizer that calls
external software to do the simulations for the evaluation of the objective function
can also be found in [6]. In order to integrate the source code of an evolutionary
algorithm written in Matlab with ANSYS HFSS, the wrapper program can use the
HFFS Matlab API [23]. Thus, in our case the WOA algorithm can be integrated with
the wrapper program and call the EM solver. The whole process can be described in
Algorithm 2.

Algorithm 2 Antenna design procedure
1: For each new geometry vector ū

2: Generate a HFSS Visual Basic script file from Matlab
3: Run HFSS with the newly created script and generate antenna geometry
4: Calculate the metrics of interest (e.g S11, AR) at desired operating frequency
5: Output a text file with the results from the EM software
6: Read the results from the output file and calculate objective function value
7: Return objective function value to Whale Optimization Algorithm

In the previous example, we need to set the upper and lower limits for every
antenna geometrical parameter. This is quite complex and it is frequency dependent.
If set the limits of the geometrical parameters, then these are valid only for the spe-
cific design for the design frequencies. The question that arises is how to optimize
another antenna with the same shape that would operate at different frequencies.
One would have to find the appropriate limits again for every geometrical parameter.
This procedure requires a lot of computational resources, and it takes more time
because one has to perform several tests to find the most suitable limits.

Hence, a more generic frequency independent design procedure can be followed.
The basic idea is to set the first two initial parameters, i.e. the patch width Wp
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and the patch length Lp, with appropriate limits for specific frequency and then
set the other parameters as a perchance of these two. Then the limits for the other
unknowns will be within the range of [0, 1]. For example, the twelve optimization
variables (u1, u2, . . . , u12) in the above-described problem can be expressed as

Lp = u1

Wp = u2

Lg = (1 + u3) × Lp

Wg = (1 + u4) × Wp

Ls = u5 × Lp

Ws = u6 × Wp

Ps = u7 × W

Lb = u8 × Lp

Wb = u9 × Wp

Lf eed = u10 × (Lp/2)

Wf eed = u11 × (Wp/2)

xf = u12 × (Lp/2) (8.10)

That way if we need to make another design only the limits of the first two
optimization variables will have to be determined for the new frequencies. By setting
the limits of an optimization variable within [0, 1] decreases the search space and
its easier for an evolutionary algorithm to obtain results.

8.5 Numerical Results

In this section, we design the antenna for 5G communication systems. This antenna
is designed for operation at 39 GHz. This is the center frequency of the n260 band set
by 3GPP for 5G operation between 37–40 GHz. A similar design case was presented
in [12] using hybrid Jaya-GWO for operation at 26 GHz.

The antenna geometry for this case is depicted in Figs. 8.2 and 8.3. The antenna
is fabricated on a single layer of dielectric, and the feeding is accomplished using
50 Ohm feed line. The dielectric material selected is Taconic material (εr = 2.21)
with 1.58 mm thickness. This type of antenna requires the setting of twelve (12)
geometrical parameters. In this case, we optimize the antenna using the WOA
algorithm. The population size was set small to 20, while we set the maximum
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Fig. 8.3 Antenna geometry in 3D view

Table 8.2 WOA statistical
results for antenna design

Best Worst Mean Median St. dev SR(%)

−17.72 −15.17 −16.34 −16.27 0.87 90

Table 8.3 Parameter values
of the best achieved antenna
design at 39 GHz

Parameter Value (mm) Parameter Value (mm)

Wp 2.97 Wf eed 0.25

Lp 1.80 Lf eed 2.77

Wg 8.52 Ps 0.67

Lg 5.17 Ws 0.44

Lb 0.29 Ls 1.44

Wb 0.06 xf 0.40

number of objective function evaluations to 2000. We run the WOA for ten
independent runs. The SR column in Table 8.2 is for the success rate percentage.
If the success rate is less than 100, then the algorithm did not succeed in all runs
to find a solution. We notice that WOA failed to obtain a feasible solution in one
case so the success rate is 90%. However, we notice the WOA obtained results with
small standard deviation. This means the WOA was quite efficient in obtaining the
results.

Table 8.3 holds the geometrical parameters of the best design obtained by WOA.
Figures 8.4 and 8.5 show the 3D radiation patterns for two different frequencies at
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Fig. 8.4 3D gain pattern of the best design found by WOA at 31.5 GHz for 5G operation

Fig. 8.5 3D gain pattern of the best design found by WOA at 39 GHz for 5G operation
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Fig. 8.6 Simulated surface current distribution of the best design at 31.5 GHz for 5G operation

Fig. 8.7 Simulated surface current distribution of the best design at 39 GHz for 5G operation

31.5 and 39 GHz. We notice that the pattern is very close to omni-directional in
space for both frequencies. Moreover, Figs. 8.6 and 8.7 depict the corresponding
surface current distribution for both same frequencies. One may observe that the
surface current for 31.5 GHz shows higher values in the feed line and in the area



262 S. K. Goudos

Fig. 8.8 Radiation pattern of the best obtained design by WOA at 31.5, 37, 38, 39 GHz for 5G
operation. φ = 00

near the shorting bar. Additionally, we notice that the surface current for 39 GHz is
higher near the shorting bar and in a small area near the feed line. Figures 8.8, 8.9,
and 8.10 present the radiation patterns for three plane cuts for different frequencies
at 31.5, 37, 38, 39 GHz. The radiation patterns in the 5G n260 band are quite similar.
Radiation patterns for the 31.5 GHz case are close to being uniform in space. Hence,
the distribution of the radiated power is judged satisfactory as the gain holds values
near the maximum, inside wide areas in space, making the antenna capable of
transmitting and receiving, effectively, signals toward and from a large number of
various directions. This performance is desirable in case of mobile communications.

Figure 8.11 presents the frequency response for both S11 and AR magnitudes. We
notice that the obtained antenna shows an ultra wide-band behavior starting from 17
to 40 GHz. At the design frequency of 39 GHz the S11 value is −12.16 dB, while the
AR magnitude is 1.65. We notice that the antenna is circularly polarized within two
frequency zones. The first one, which is smaller, is from 30 GHz to about 30.5 GHz.
The second one and larger is from 37.5 to 39.2 GHz. Thus, the S11 −AR bandwidth
covers a large part of the n260 5G band.
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Fig. 8.9 Radiation pattern of the best obtained design by WOA at 31.5, 37, 38, 39 GHz for 5G
operation. φ = 900

Figure 8.12 shows the VSWR versus frequency plot. One may observe that this
is very similar to the previous graph that shows a ultra wide-band behavior. Overall,
WOA managed to find an antenna design that covers the strict design requirements
for 5G operation and circular polarization.

8.6 Conclusion

We have introduced the application of WOA to 5G antenna design. The antenna is
designed for operation in 39 GHz, which is in the n260 FR2 band defined by 3GPP.
The antenna gain at the design frequency is about 7.5 dBi. The S11 −AR bandwidth
in this case is about 1.7 GHz. It is interesting to notice that in this case the antenna is
ultra wide band with S11 bandwidth larger than 20 GHz. Overall, WOA has proven
to be efficient for application in this kind of problem.
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Fig. 8.10 Radiation pattern of the best obtained design by WOA at 31.5, 37, 38, 39 GHz for 5G
operation. θ = 900

Fig. 8.11 S11 − AR plot of the best antenna best design found for 5G operation
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Fig. 8.12 VSWR plot of the best design found by WOA for 5G operation
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Chapter 9
Reconfigurable Antenna: Analysis and
Applications

Adnan Ghaffar, Xue Jun Li, Wahaj Abbas Awan, and Niamat Hussain

9.1 Background and History of Reconfigurable Antenna

The idea and concept of reconfigurable antennas have been investigated since the
last few decades, and recently it gained much attention in industry and research due
to advancement in modern wireless communication systems. In the early 1920s,
some antennas with reconfigurable properties were designed for tuning the fre-
quency and beam-steering purpose. However, the shifting between the frequencies
and their characteristics parameters was controlled by external parameters.

The initial work related to the frequency reconfigurability was related to a patent
by Norton in 1926 [1], and the frequency shifting was achieved by using variable
inductive loading. In the early 1930s, another reconfigurable antenna consists of the
nulls in the form of the two-element array was explained in [2], and it was steered by
using a calibrated variable phase changer to determine the direction of arrival of a
signal. The radiation pattern reconfigurable antenna was presented in [3] as shown in
Fig. 9.1. It is rhombic-wire antenna, and the authors used motor with counterweights
to change the dimension and angles of the proposed antenna. The Multiple-Unit
Steerable Antenna (MUSA) was a six-element array of rhombic antennas with phase
shifters at five of the elements [4], and the beams were steered in the elevation plane.
The development of antennas with radiation pattern agility took place towards the
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Fig. 9.1 Beam steerable rhombic antenna

1940s, basically driven by World War II when beam-scanning antennas played a
key role in radar applications. The main techniques to achieve beam scanning were
movable and multi-feed reactors and phased arrays. However, one can argue that
strictly speaking, these designs are not reconfigurable antennas since there is not a
clear interaction between the reconfiguration and the radiation mechanisms. Another
example of a frequency tunable antenna was found in a patent by E. Werndl in 1942
where it is proposed to adjust the length of the dipole antenna by using a liquid
metal [5]. This array had 13 rotary phase changers for beam steering [6].

In 1960, Rotman and Maestri reported one of the first few reconfigurable
antennas that were realized by direct interaction between the reconfiguration and
the radiation mechanisms [7]. This antenna is basically a radiating waveguide whose
leaky modes were tuned electromechanically (mechanical movement by an electric
motor) to produce multiple scanning beams. Some years after the first frequency tun-
able antennas, the first design of antennas with steerable radiation pattern appeared.
In 1979, “reconfigurability” was defined as “the ability to adjust beam shapes upon
the command” [8]. The authors used a six-beam antenna to dynamically change
the coverage area for a communications satellite. Several additional papers reported
other reconfigurable space-based arrays. On the other hand, the first hybrid patented
reconfigurable antenna was claimed by Schaubert in [9], which demonstrates the
concept of frequency agility and polarization reconfigurability. Even though most
of the early stage designs involved bulky mechanical controls and limited functions,
these pioneering works paved the way for furthering research and development
on numerous reconfigurable antenna concepts. Inspired by the early RA concepts,
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researchers continued their investigations on this kind of controllable antenna and
dealt with the implementation aspects for different practical applications.

In the 1990s, the advancement in the cellular networks, vast development of
wireless sensor network, and telecommunication-based services open a new era of
modern communication systems. To make the wireless system robust and portable
was the priority at that time. Additionally, in the following years, other wireless
standards (e.g. WiMAX, WLAN, Bluetooth, GPS, UMTS) were introduced in
the market to fulfil the desire of modern communication systems. To support the
different wireless standards and cover the wide area for quality service, a single
wireless device must be multitasking to prove the high data rate, reliability, and
high efficiency. To cover the problem, multiple fixed frequency antennas are a big
challenge for compatible and small-size communication systems.

In the 2000s, there were vast researches conducted in the field of reconfigurable
antennas on the different designs of frequency shifting, radiation pattern, and
polarization switching applications [10, 11]. It is still a positive trend of research
in the field of reconfigurable antennas in industry and academia. Due to recent
development in the modern communication system, the pace is on the research
of reconfigurable antenna to make controllable and adjustable according to the
environment. Several designs have been explained in the past few years.

As mentioned, the physical modification technique is not always reliable, so
electronic switching is a more promising technology, which is implemented in many
of the latest designs. The changes in the smart materials were also incorporated in
some designs [12–14]. Furthermore, other novel and robust designs investigated the
printed antenna technology, which can be easily integrated with switching/tuning
elements. Many antenna types like monopole, patch, Yagi-Uda, and dipole have
been explored in the last few decades.

However, it remains a significant challenge to create a multi-mode, multi-
functional integrated antenna to cope up with the latest wireless communication
systems.

9.2 Introduction

Antenna development plays a key role in wireless technology with the rapidly
increasing number of users in broadcasting, telecommunications, navigation, radar
systems, military applications, and perhaps for future wireless communications,
e.g., the cognitive radio. Passive antennas have reached a limit, and the use of a
frequency reconfigurable antenna to extend operational bandwidth is a promising
solution. The increasing number of users may lead to congestion of the existing
spectrum allocation for wireless local area network (WLAN), wireless personal area
network (WPAN), and cellular communications.

Since 2010, the reconfigurable antenna received a lot of attention due to its
numerous applications and versatility in a wireless communication system such as
radar system, cellular radio system, smart weapons protections, and wireless local
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area network system, as well as future applications, including the cognitive radio
system. The reconfigurable antenna is capable of tunable adjustment on various
parameters such as operating frequency, polarization, and radiation pattern.

9.3 Reconfigurable Techniques

The concept of reconfigurability, when is referred to as the antenna, means the
capability to change the characteristic antenna electrical parameters through electric
or mechanic mechanisms. Ideally, a reconfigurable antenna is designed to change
the resonant frequency, input impedance, bandwidth, polarization, and radiation
pattern as a function of the required systems. Broadly speaking, there are five
different mechanisms to reconfigure the antenna characteristics, which are discussed
as follows.

9.3.1 Physical Reconfigurable Antenna

Physical reconfiguration is one basic and classic technique that was used in the early
designs. In this scenario, the antenna characteristics can be modified by changing
the antenna structure by mechanical systems. Over time, some novel and innovative
ideas were developed by implementing the actuation methods, and this helps to
change the antenna structure and shifting radiation parts to get the reconfigurable
antenna parameters. For example, some devices like a stepper motor and linear
actuators were implemented to fully and partially change the antenna dimension
physically. The motor-control-based [15] and rotatable antennas [16] were presented
successfully. Moreover, reconfigurable antennas based on electrostatic/magnetic
actuator were also presented in [17], and they achieved satisfactory results. A
frequency reconfigurable antenna consisting of parasitic elements was presented
in [18] as shown in Fig. 9.2a, and frequency is tuned with the help of piezoelectric
actuator. In another example, as shown in Fig. 9.2b, where frequency reconfiguration
is obtained by adjusting the inclination angle, it was controlled magnetically to get
the required resonant frequency [17]. Besides these, physical adjustment by using
the liquid metals can also be used to attain the reconfigurability in the form of the
stretchable antenna [19] as shown in Fig. 9.2c and metal parasitic beam-steering
antenna.

Although physical modification has been presented successfully in many designs,
it has some drawbacks like slow speed, less life cycle, and dependence on the
antenna physical dimensions. Despite these, it is still a promising technology for
higher frequency band application where other technologies are limited due to some
electrical characteristics.
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Fig. 9.2 (a) Peizoelectric
actuator, (b) magnetic
actuator, (c)
electromechanical system
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9.3.2 Electrical Switching Reconfigurable Antenna

The antenna reconfiguration by using the electrical mechanism is the most promis-
ing technology, as it is easily integrable and very compatible with low-profile
antenna technology. In this technique, no physical adjustment technology is required
to change the antenna parameter to get the required frequency/radiation pat-
tern/polarization. Some lumped elements are inserted at the specific position of
an antenna for the reconfiguration purpose. There are two types of electrical
reconfiguration technology-RF switch like PIN diode, RF MEMS, and GaAs
FET [20], and the other one is tunable capacitors called varactor diodes. These
switching elements can produce the change in impedance matching, surface current
distribution, and electrical behaviour of an antenna [21].

PIN diode consists of heavily doped p-type and n-type regions that are separated
by lightly doped intrinsic region. PIN diodes behave good RF switch by shifting
between forward and reverse biasing states. It has a very low resistance at high
frequencies in forward biasing and behaves as an open circuit in the reverse-biased
state. PIN diodes are current-controlled, so they take very few milliwatts power to
turn on the diodes. PIN diodes are widely used in practical application due to their
properties like robustness, low insertion losses, ability to control large RF signal
power, and fast switching speed.

The alternative elements for the semiconductor technology are the RF-MEMSs
that are considered as tiny mechanical switch. The RF-MEMS uses low-power
consumption, low insertion loss, high isolation, and better linearly properties. The
polarization reconfigurable antennas using RF-MEMS switches were explained in
[22]. The antenna consists of the ring slot and feeds with coupled ring slot aperture.
A stub is added to generate the CP, and RF-MEMS switches are inserted between
them to switch the polarization between linear and circular as shown in Fig. 9.3. The
measurement results show that antenna impedance bandwidth of 22.90% and 3 dB
axial ratio bandwidth is 13.07%. These are not a good candidate for microwave and
mm-wave frequencies due to bad power handling capabilities and expensive packing
process to protect it against the environment.

Despite the numerous advantages, they have some issues due to the non-linearity
of the switches, signal loss, and interference due to biasing circuit and these
disturb the impedance matching and reduce the antenna efficiency. The coupling
between the biasing circuit and antenna radiation elements can damage the antenna
performance parameters as well. Some techniques to reduce the coupling are to
minimize the length of biasing line and, if possible, use the available biasing circuit
and put biasing lines on the less intense near field for example on the ground plane.
Another method is to load the biasing line inductively or on high resistive material.
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Fig. 9.3 (a) Antenna
prototype with intergration of
RF-MEMS. (b) Setup for
radiation pattern
measurement
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9.3.3 Material-Based Reconfigurable Antenna

The smart material with tunable properties is another prominent technology for
antenna reconfiguration. The changes in the material characteristics are used to
design the reconfigurable antenna design, and it is achieved by changing the material
permittivity which modify the electrical length of an antenna. The electromagnetic
characteristic (permittivity, r and permeability, r) of the material has a great impact
on the properties of the antenna and RF microwave devices [11, 23, 24]. A static
electric field is used to change the permittivity of a ferroelectric material, while
the permeability of ferrite material is changed by applying the magnetic field
[25, 26]. These materials have been used in many novel research works to obtain
the antenna reconfigurability [27]. The frequency reconfigurable microstrip patch
based on the ferrite material was presented in [25]. The required tuning frequency is
obtained by changing the DC magnetic field. The reconfigurable microstrip antennas
[24, 26] based on ferrite material show nonuniformity in the biasing and multi-field
distribution, which limits their practical use.

Beam-steering antenna has been exclusively explored by the industry and
academia. A leaky-wave antenna with stub array was explained in [28], and the
phase shift can be tuned by changing the material properties. Another leaky-wave
slot array antenna was designed in [29]. The ferroelectric base was used for this
design. The permittivity of the material can be changed by applying the applied
voltage between the top conducting layer and the bottom ground substrate. While
changing the bias voltage, the permittivity of the ferromaterial changed and hence
changes the beam direction.

Liquid crystal (LC) is another type of reconfigurable smart material, whose
properties are affected by the molecular direction of the liquid and characteristics are
also changed by applying the electric or magnetic field [30]. The beam-switchable
reflection array antenna based on LC substrate was explained in [31]. By applying
the voltage, the beam of the antenna can be tuned. Recently, some work has been
done on this technology [32, 33]. Another material called vanadium dioxide (VO2)

by applying the thermal induction was also used for antenna reconfiguration [34] as
shown in Fig. 9.4.

These smart materials provide the continuous reconfigurability; however, these
are lossy and only provide solutions for short-range radios.

Tunable materials can achieve continuous reconfigurability with a simple control
system; however, they are lossy and can provide reconfigurability for a limited range
only. Additionally, proper modelling in the design process and reliability, sensitivity
in the antenna operation, etc. are still notable, challenging issues. By overcoming
these limitations and utilizing its potential, this technology could offer a great
possibility for antenna reconfiguration soon, both at lower and higher frequency
bands.
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Fig. 9.4 (a) Layout of the reconfigurable bowtie antenna with (VO2) and (b) fabricated bowtie
antenna

9.3.4 Optical Switching Reconfigurable Antenna

Except for the techniques, optical reconfiguration has also gained much attention in
recent years [35–37]. It deals with the photoconductive switches and does not need
any complex biasing circuit and physical modification. Optical fibres are used for
this purpose, and they need light for photo-switching [38]. When the laser is used
to put the light, the charge density increased in the material, which also increases
the conductivity of the semiconductor devices. This optical switching technique has
a complex structure and needs some extra fibre that is costly. Although they have
low distortion, they have lossy behaviour and slow switching speed as compared
to lumped element switching technology. This technique has been implemented
successfully in many designs.

As shown in Fig. 9.5, the frequency reconfigurable annual ring circular patch
antenna by using the photoconductive switches was designed in [39], and these
switches were activated by using the laser light and frequency is tuned between
two application bands.

The frequency and beam reconfigurable antennas based on CPW to CPS
(coplanar stripline) feed were explained in [40]. Two silicon switches are used in
this printed dipole antenna as shown in Fig. 9.6. The antenna prototype shows good
agreement, and there is a frequency shift of 40%. There are also 50 shifts in beam
nulls of the bore-sight gain.
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Fig. 9.5 (a) Antenna dimensions. (b) Antenna top layer. (c) Bottom view

Fig. 9.6 The switched dipole antenna

The extensive research on this technology was not studied, but some attempts
are made to further investigate technology in the form of frequency reconfigurable
patch antenna [37] and notch-band UWB antenna [35] by using optical switching.
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9.3.5 Software-Based Reconfigurable Antenna

Controlling a reconfigurable antenna with software can be done using many
platforms such as Field Programmable Gate Arrays (FPGAs), Microcontroller, or
Arduino Boards [69]. The frequency reconfigurable antenna based on FPGA was
explained in [41]. In this work as shown in Fig. 9.7, the FPGA is used to on/off the

Fig. 9.7 (a) Reconfigurable antenna system (b). The paralleled III cable with FPGA board
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Fig. 9.8 Antenna prototype with controlling circuit

PIN diodes, which further connect and disconnect the different parts of an antenna
to get the required frequency.

In another work [16], the LabVIEW is used to control the rotation of the stepper
motor that is used for antenna reconfiguration purpose. The software control using
LabVIEW and FPGA is a simple approach, and there is no need for complicated
programming skills for antenna designer. Arduino boards are also used for antenna
reconfigurability. In this scenario [42], the user can control the antenna movement
and device when and how to change the antenna parts as per the requirement as
shown in Fig. 9.8.

The surrounding activities also affect the antenna’s operation. Such an example
is explained in [43], where temperature sensors activate the thermal switches on
the antenna structure. Motion detection is another technique, which also behaves
as an active part for the biasing of the antenna reconfiguration. An infrared motion
detector sensor [44] is used in the biasing circuit of varactor diode as shown in
Fig. 9.9. It detects the motion and changes the voltage level of varactor diode to get
the different frequency tunings.
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Fig. 9.9 (a) Measurement
setup of the filtenna with
surrounding (b).
Reconfigurable filter with the
wideband antenna awareness

9.4 Reconfigurable Antenna Properties

Reconfigurable antennas can be classified into four different categories.

9.4.1 Frequency Reconfigurable Antenna

Frequency reconfigurable antenna can adjust dynamically their frequency of oper-
ation. It can be achieved by changing the effective length and by connect-
ing/disconnecting the different parts of an antenna to get the required resonant
frequency. The successful application by changing length variation has been found
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in dipole [40, 45, 46], monopole/patch [47, 48], and slot antenna [49–51]. Moreover,
the length of an antenna can adjust by changing the material property of the antenna
without any physical alteration. The resonant frequency changes by changing
the dielectric constant of the material. One can receive lower or higher resonant
frequency with higher or lower permittivity, respectively. The printed antenna with
dielectric variation was designed in [52, 53].

In the reactive method, the input impedance of the antenna changed by con-
necting the reactive parts then gets the required impedance matching to resonate at
normal frequency. To get the continuous tuning of frequency, varactor diode is used
with required impedance matching in a certain frequency range. The reconfigurable
antenna with varactor tunability for the notched band was proposed in [54–56].

To better understand the working principle of frequency reconfigurability, an
antenna was proposed in [57] as can be seen in Fig. 9.10. In this chapter, a new
technique substrate integrated waveguide (SIW) has been introduced for low cost,
easy fabrication, and more convenient for high-speed communication applications.
The proposed antenna consists of right/left-handed transmission line that is the
combination of capacitance, inductance, and shunt capacitance. The operation
frequency can be modified by changing the capacitance of varactor diode embedded
on the meander line. The resonance frequency is changed from 4.13 to 4.50 GHz by
varying the biasing voltage from 0 to 36 V. The proposed antenna showed the good
agreement between the simulated and measured results and promising candidate for
the front end of the RF component and CR applications.

Similarly, another frequency reconfigurable antenna with miniaturized wideband
and multi-band properties was presented in [58]. The antenna shape consists of a
triangle patch connected with the microstrip transmission line. The main radiating
patch relates to two serpentine-shape stubs at the edges with the help of two PIN
diodes. The biasing circuit is designed on the backside to avoid the radiation
pattern and connected with serpentine stubs with the help of shorting vias. The
biasing circuit is the combination of the resistors to provide reasonable voltage
and inductors. The antenna dimension is shown in Fig. 9.11. The proposed antenna
resonates at eight different frequencies by changing the different states of the PIN
diodes. The antenna prototype is shown in Fig. 9.12. When D1 is forward biased
and D2 is reverse biased, the proposed antenna has three resonance frequencies at
3.05, 4.1, and 6 GHz. The values of the gain at resonance frequencies is 0.5, 1.62,
and 1.74 dB, respectively, as can be seen in Fig. 9.13b–d. In another case, when D1
is forward biased and D2 is reverse biased, the resonance frequency and radiation
pattern can be seen in Fig. 9.14. When both diodes are forward biased, the antenna
has triple band at 3.3, 5, and 6 GHz. The gain as well as return loss can be seen at
Fig. 9.15. The slight difference between the measured and simulated results is due
to the imperfection fabrication.

They are particularly useful in situations where several communication systems
converge because the multiple antennas can be replaced with a single reconfigurable
antenna. Frequency reconfiguration is generally achieved by modifying antenna’s
dimensions physically, electrically using RF switches, impedance loading, or
tunable materials.
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Fig. 9.10 (a) SIW–IDC antenna prototype. (b) Bias network section

Such antenna is widely used in wireless communications that require a change in
operating frequency and to switch from one channel to another. Cognitive radio is
an exemplar application for this antenna.
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Fig. 9.11 Antenna schematic. (a) Top side. (b) Side view. (c) Bottom side. (d) Perspective view

Fig. 9.12 Antenna prototype. (a) Top view. (b) Bottom view. (c) Bottom view with biasing circuit

9.4.2 Polarization Reconfigurable Antenna

Polarization reconfigurable antennas can switch between different polarization
modes. The capability of switching between horizontal, vertical, and circular polar-
ization can be used to reduce polarization mismatch losses, strong signal strength,
and multipath fading in portable devices. In this case, the antenna can change,
for example from vertical to left-hand circular polarization [59]. Different design
techniques like slits, slots, cross on the ground plane, truncated corner of main
radiation patch parasitic, and addition of electrical switches are employed to get the
polarization reconfigurability [60, 61]. Additionally, reconfigurability in impedance
matching network [62] also helps to switch between linear (vertical/horizontal) and
circular (RHCP/LHCP) polarization at resonate frequency.

A novel wideband tri-polarization reconfigurable dipole antenna based on
magneto-electric (ME) for WLAN application was designed in [63] The proposed
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Fig. 9.13 Comparison among simulated and measured results of (a) S-parameters and radiation
pattern at (b) 3.05 GHz (c) 4.1 GHz (d) 6 GHz, for D1 is reverse and D2 is forward biased
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Fig. 9.14 Comparison between the simulated and measured results of (a) S-parameters and
radiation pattern at (b) 2.45 GHz, (c) 4.6 GHz, (d) 6.2 GHz, for D1 is forward and D2 is reverse
biased
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Fig. 9.15 Comparison between the simulated and measured results of (a) S-parameters and
radiation pattern at (b) 3.3 GHz, (c) 5 GHz, (d) 6 GHz, for D1 and D2 are forward biased
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Fig. 9.16 Simulated and measured reflection coefficients under three polarization states and AR
under two CP states, respectively

antenna operates in one linear polarization and two circular polarizations, and it is
achieved by using four PIN diodes. The linear polarization is obtained by using T-
probe fed on dipole antenna having four-sectional structure. The antenna prototype
shows an impedance bandwidth of 31%, an axial ration BW of 7.9%, and an high
efficiency of 80–90% for all polarizations. The simulated and measured reflection
coefficients and AR can be seen in Fig. 9.16. The radiation pattern of the proposed
antenna at different polarizations is shown in Fig. 9.17. It can be seen that the
radiation pattern is the same for all three operation modes. The measured 3-dB
bandwidth for LP, RHCP, and LHCP are 60, 62, and 66◦, respectively. Another
tri-polarization antenna was investigated in [64] and can be seen in Fig. 9.18. The
antenna design is multi-layer PCB and consists of the radiation patch, ground plane,
and cross-probe fed that is incorporated with pin diodes. On the bottom side of
the radiation patch, there are horizontal and vertical metallic posts that form the L-
shaped coupled fed, and it helps to increase the bandwidth of the proposed antenna
design. Pin diodes and biasing circuit are designed on the ground plane, and the
different states of pin diodes are to shift the polarization between linear and circular
(RHCP/LHCP) polarizations. The measurement results of the proposed antenna
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Fig. 9.17 Simulated and measured radiation patterns under different polarization states at
2.3 GHz. (a) LP mode, xoz plane. (b) LP mode, yoz plane. (c) RHCP mode, xoz plane. (d) RHCP
mode, yoz plane. (e) LHCP mode, xoz plane. (f) LHCP mode, yoz plane

show good agreement with the simulated results, and it is a promising candidate for
the WLAN and satellite communication applications.
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Fig. 9.18 Geometry of the proposed antenna

The compact-size, low-profile, wideband omnidirectional patch antenna with
polarization reconfigurability for wireless communication was explained in [60].
The antenna geometry is the combination of circular patch and ground plane. The
radiation patch and ground plane are connected via nine shoring pins. The annular
slot and six radial slots are etched on the bottom side.
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9.4.3 Radiation Pattern Reconfigurable Antenna

Radiation pattern reconfigurability is based on the intentional modification of the
spherical distribution of radiation patterns. Beam steering is the most extended
application and consists of steering the direction of maximum radiation to maximize
the antenna gain in a link with mobile devices. In this technique, impedance match-
ing is kept constant while changing the current distribution, which is challenging.
Some conventional methods to get tunable radiation patterns are rotating the arms
of a dipole or rotating the antenna itself in the orthogonal plane [65, 66]. One
of the most frequently used methods is using tunable elements as parasitic with
other main radiators. They behave as the coupled current and do not disturb the
impedance matching as they do not have any electrical connection. This technique
was implemented in designs with dipole/Yagi dipole [67, 68], monopole antenna
[69], slot antenna [70–72], patch antenna [73–75], and Yagi antenna [76, 77].

Another method of pattern reconfiguration is multi-mode excitation that is
obtained by activating the mode of an antenna [78, 79], though it has very limited
applications. The electronics reconfiguration method was applied in many designs
using SIW configuration, water grating, and periodic structure to control the mode
and phase properties [80–83]. Leaky-wave antennas are famous for larger beam
steering, but it is still challenging to increase the beam-scanning range.

The most attractive application of the pattern reconfigurable antenna is surveil-
lance and tracking because they provide different directions with the same resonate
frequency [84]. Mobile antenna systems are the example of this type.

9.4.4 Compound Reconfigurable Antenna

Antenna under this group can simultaneously change multiple characteristics in
their operation. These antennas can, for example, change their operating frequency
as well as their polarization scheme for each frequency of interest. They can
also reshape their radiation pattern while changing their operating frequencies
or polarizations. The most common application of hybrid reconfiguration is the
combination of frequency agility and beam scanning to provide improved spectral
efficiencies.

9.4.4.1 Frequency and Radiation Pattern Reconfigurable Antenna

In this property, the frequency and the radiation pattern of the antenna can be
changed simultaneously. One can switch the radiation pattern between omnidirec-
tional, broad-side, and end-fire modes. A dual-band frequency and radiation pattern
reconfigurable antenna was explained in [85]. The antenna has a simple patch
shape with a row of shorting vias in the centre. The antenna shows monopolar and
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Fig. 9.19 Antenna prototype with biasing circuit

broad-side radiation patterns for its lower and upper frequencies, respectively. The
presence of the shoring vias does not disturb the conventional mode of the microstrip
patch antenna but helps to create another mode for radiation reconfigurability. Two
separate biasing voltages and four varactor diodes are used for the independent
switching of the resonant frequency. An antenna array for frequency and radiation
patterns was designed in [86]. The proposed antenna is the combination of two
patches, open stubs, and varactor diode with independent biasing voltage. The T-
junction power divider is used to connect and feed the two-patch antenna array as
shown in Fig. 9.19. The resonant frequency tuning range is from 2.15 to 2.38 GHz
and beams steering across ±23 across the broadside. The reflection coefficient of
the proposed antenna design for different combinations of biasing voltages is shown
in Fig. 9.20. There is good agreement between the measured and simulated results.
In this antenna, the frequency tuning range is 10% due to the difficulty of impedance
matching. The gain pattern at three selected frequencies tuning is shown in Fig. 9.21.
The antenna can be switched between the right and left directions by changing the
values of capacitors.

The combination of monopole and patch antennas was studied in [87] to get
the radiation pattern and frequency reconfigurable antennas. It consists of patch
etched on the front side and monopole on the bottom side with the defected ground
plane as shown in Fig. 9.22. The monopole and patch antennas are used to get lower
and higher resonate frequencies, respectively. To get the omnidirectional radiation
pattern, the substrate is truncated at the far end from the feed. By changing the
states of two diode groups, the proposed antenna behaves as omnidirectional pattern
mode at 2.21–2.79 GHz resonant frequency, unidirectional pattern mode of higher
frequency at 5.27–5.56 GHz, and both working simultaneously. To cover the S and
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Fig. 9.20 Comparison between the simulated and measured reflection coefficients for different
combinations of bias voltages

C, a microstrip antenna was presented in [88]. The reconfigurable antenna has a
patch with inset feed on the front side, while it has two rectangular-shaped slots
on the ground plane. The six PIN diodes are inserted into the slots on the ground
plane. The different states of the PIN diodes resonate antenna at 3 frequencies of the
S-band and 8 different frequencies of the C-band.

A wideband slot antenna for LTE and C-band applications was investigated
in [89]. The substrate has a sickle-shaped slot with a ground plane on one side
and fork-shaped microstrip line on the other side. Two PIN diodes are inserted
into sickle-shaped slot for frequency reconfigurability, while two diodes are used
for the connection of vertical and horizontal arms of the fork-shaped feed line
for pattern reconfigurability. There is good agreement between the simulated and
measurements results, and antenna shows 25 and 20 beam steering at 3.4–3.8 and
3.7–4.2 GHz, respectively. Another slot antenna to switch between three different
frequencies (1.8, 1.9, 2.1 GHz) and beam steering for three angles (0, ±15) were
presented in [90]. The proposed antenna consists of the main radiator slot on the
front side and upper and lower slits on the ground plane. Two switches are placed
on the main radiator, while three switches in each slit. To produce the directional
radiation pattern, an aluminium reflector was placed behind the antenna as slot
normally behaves as bidirectional radiation pattern.

The frequency and radiation pattern reconfigurable antennas consist of the
centre-fed patch, and four identical BTFB (back-to-back F) elements were explained
in [91].
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Fig. 9.21 Realized gain patterns at f0 = 2.38, 2.27, and 2.15 GHz from top to bottom

9.4.4.2 Frequency and Polarization Reconfigurable Antenna

In this technique, the frequency can be tuned for the available band, and polarization
switching helps to reduce the multipath effect and increase the channel capacity.
Recently, it has gained much attention due to its useful applications like tracking,
sensing, and radar, etc., and some design examples are explained below. A novel fre-
quency and polarization reconfigurable antenna based on electromagnetic bandgap
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Fig. 9.22 Dimension of the proposed antenna

(EBG) for satellite navigation was explained in [92]. The proposed antenna consists
of EBS surface that has the same metallic rectangular patches array on both sides
of the thin substrate, and it has active biasing circuit on each surface that helps to
rotate the reflection phase orthogonally concerning the incident waves. A CPW fed
is used for the proposed antenna design and provides good impedance matching
for the frequency tuning and switching the circular polarization (RHCP/LHCP).
Measurement results show the good agreement with simulated and mathematical
analysis, and antenna prototype shows the measured 3 dB AR bandwidth to 40%.

Another low-profile antenna based on EBG structure was presented in [93]
for frequency tuning and shifting between linear and circular polarizations. The
proposed antenna has a three-layer structure. The EBG pattern is on the top layer,
which has 12 × 12-unit cells square patch at the centre and four strips at the edges.
The central patch has a gap that was used for loading PIN diodes. By controlling
the biasing voltage of pin diodes, the proposed antenna resonates at the required
frequency with polarization switching.

A high-gain antenna with the combination of the metasurface, a planar slot, and
the metallic reflector was investigated in [94] as shown in Fig. 9.23. The metasurface
consists of 64 identical patches, and due to symmetry of the structure, the equivalent
circuit of MS is considered as symmetry RLC circuit because the diagonal corner
of the unit cell is not cut in a zigzag shape. Figure 9.24 shows the simulated and
measured return losses with different rotating angles. Figure 9.24a shows the results
when h1=9.3 and ho=19 mm, while Fig. 9.24b represents the results when h1=7.2
and ho=16 mm. It can be seen that the operating frequency range is from 8 to
11.2 GHz having return loss values less than −10 dB during the entire bandwidth.
The AR of the proposed antenna with angles of θ◦=0 and 90◦ is shown in Fig. 9.25.
The 3-dB AR bandwidth is obtained by adjusting the size of ho and h1.
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Fig. 9.23 (a) Feed line of the proposed antenna. (b) Surface of slot antenna. (c) MS. (d)
Measurement setup

For the extension of the bandwidth, the slot antenna is converted into the double-
slot structure. The polarization of the proposed antenna can be achieved by rotating
the metasurfaces around the centre of the slot structure, and frequency can be tuned
by the adjustment of the distance between slot, MS, and metallic reflector. The
measured gain for the proposed antenna was 16.5 dBi with a fractional bandwidth
of 33.33%.

A stub-loaded patch antenna microstrip patch antenna for smart communications
was designed in [95]. The antenna consists of square microstrip patch and 12
identical stubs at the four edges of the patch. The varactor diodes are used for the
connection between the stubs and the patch as shown in Fig. 9.26. The biasing circuit
is at the other end of the stub and consists of a resistor and a choke inductor. The
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Fig. 9.24 Comparison between the measured and simulated reflection coefficients S11; (a) h1 =
9.3 mm, h0 = 19.8 mm, and (b) h1 = 7.2 mm, h0 = 16 mm

12 varactors and stubs are divided into two groups and provide independent dc-bias
voltage. The antenna prototype shows the wide tuning of frequency around 40%.

The reconfigurable antenna with frequency and polarization capability was
presented in [96], and it consists of monopole structure, defected ground plane, and
reflector. Two slots are etched, and pin diodes are inserted on the ground plane with
the addition of metal vias along with the slots. The antenna shows four different
behaviours by changing the different states of the pin diodes and shows linear
polarization at states 1 and 2, while shows circular polarization at state 3 (LHCP)
and state 4 (RHCP).

The frequency reconfigurability [97] can also be achieved by truncating the
square patch at the corner as shown in Fig. 9.27. The truncated square patch is
separated from the corner by a narrow slot, it behaves as radiation patch, and the
diode is also inserted into the slot to change the circular polarization at different
frequencies to make it suitable for modern communication systems.
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Fig. 9.25 Comparison between the measured and simulated axial ratios with different rotation
angles. (a) θ = 0◦. (b) θ = 90◦

A dual-probe feed reconfigurable antenna was explained in [98]. The antenna
consists of circular-shaped microstrip patch on the top layer and branch line coupler
feed etched on ground plane at the bottom layer. The varactor diodes are inserted
into the gaps of the circular patch at the top layer, and a reverse bias voltage is
applied with the help of biasing pad that is at the side of the patch. An additional
BLC feed network was used for simultaneously tuning of the frequency from 2.05
to 3.13 GHz along with circular polarization.
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Fig. 9.26 Antenna prototype

9.4.4.3 Radiation Pattern and Polarization Reconfigurable Antenna

The reconfiguration in radiation pattern along with polarization supports beam steer-
ing and multiple polarization shifting on a single antenna radiator. They increase
the capacity of modern communication systems and improve signal strength and
radiation coverage. These types of examples are presented in recent years.

An omnidirectional patch that operates at two orthogonal ±45 linear polariza-
tions and produces a dipole-like radiation pattern for convening both polarization
and radiation pattern reconfigurability was explained in [99]. The proposed antenna
consists of two back-to-back coupled patches with common ground. The antenna
has four input ports, and polarization can be achieved by the port selection, while the
phase difference between the ports is utilized for radiation pattern reconfigurability
and promising candidate for the MIMO applications.

A compact-size, low-cost, and smart antenna for beam switching and polarization
reconfiguration was designed in [100]. The antenna has dual-port inset fed patch,
parasitic elements, and driven elements as shown in Fig. 9.28. The driven element is
the combination of square patch antenna with simple feeding network, and parasitic
element consists of the printed dipole with PIN diodes. The radiation pattern can
be obtained by placing reconfigurable parasitic elements around the driven antenna
over the three polarization states.

A simple, low-profile PIFA antenna for radiation pattern along with polarization
reconfiguration for WLAN application was presented in [101]. The antenna consists
of the printed inverted-F antenna on the top-left corner and another printed inverted
F parasitic element for pattern reconfiguration on the bottom-right corner. The
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Fig. 9.27 (a) Schematic of the proposed antenna. (b) Biasing operation mechanism

antenna prototype shows a good gain of 1.2 and 4.2 dBi for ON and OFF states,
respectively, and it can be used for wireless router applications. A circularly
polarized switchable feed network antenna with reconfigurable beam pattern for
the wireless system was expressed in [102] as shown in Fig. 9.29. A high-gain
radiation pattern and polarization reconfigurable antenna using metasurface was
explained in [103]. The antenna structure consists of three layers. The top layer
consists of metasurface that is the combination of 4 × 4 nonuniform rectangular
metal films. The pin diodes are inserted between these films and used to get the
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Fig. 9.28 Antenna prototype

pattern reconfiguration between ±20 in the direction of the Z-axis. The middle
layer is the ground plane, and pin diodes are also used between the slots to get
the polarization reconfiguration. The proposed antenna resonates between 4.95 and
5.05 GHz, and the gain of the main lobe is 7–8 dBi.

A compact-size cuboid quadrifilar helical antenna (QHA) to operate at 0.9 GHz
with radiation pattern and polarization reconfigurability was explained in [104]. The
proposed antenna is the combination of a reconfigurable radiator and switchable
feeding network. The reconfigurable radiator consists of folding the thin substrate
that behaves like a cuboid, and the radiation arms on the surface. The switchable
feeding network consists of out-of-phase power divider and two reconfigurable
couplers. The proposed antenna prototype resonates between two orthogonal CP
and switch radiation pattern between broad-side and back-fire modes. The measured
and simulated return losses are shown in Fig. 9.30. It shows the wide impedance
bandwidth of 36.2% from 0.32 to 1.04 GHz for all resonating states. The measured
and simulated ARs are shown in Fig. 9.31. The measured 3-dB AR bandwidth is
22% with frequency range (0.8–1 GHz). The slight difference between the simulated
and measured results is due to the equivalent circuit of PIN diode model, which is
not equal to the actual effect of the PIN diode. Another frequency and radiation
pattern reconfigurable low-profile antenna was explained in [105]. The antenna
consists of simple patch radiator and parasitic elements that relate to the help of
pin diodes.
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Fig. 9.29 Proposed antenna prototype

9.4.4.4 Frequency, Radiation Pattern, and Polarization Reconfigurable
Antenna

Mostly designs explained in the above examples are either single or dual-
characteristic reconfigurable antennas. In this technique, one can tune the antenna
parameters (frequency, radiation pattern, polarization) simultaneously, and they
help in multipath scenarios, fading, and shadowing effects. A little work has been
done on this category. The first work on this technique was presented in [106]. This
antenna consists of small metallic patches known as pixel surface, radiation patch,
and 60 PIN diode switches as shown in Fig. 9.32. The antenna prototype shows the
frequency tuning over 25% range, beam steering over ±30 in two principal planes
and switching between four different polarizations (Fig. 9.33).

Another antenna of this type was explained in [107]. The antenna structure is
the combination of a rhombus-shaped radiator, three excitation lines at different
angles, and connected with common feed line. The required configuration can be
obtained by changing the biasing states of three pairs of PIN diodes. The proposed
antenna can tune frequency between 5.2/5.8 GHz, linear/circular/±45 polarizations
with beam titled at 30 in right- and left-hand directions. The measured and simulated
reflection coefficients, when D6 is off and on, can be seen in Fig. 9.34a, b,
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Fig. 9.30 Simulated and measured reflection coefficients of the proposed reconfigurable cuboid
QHA. (a) State 1, (b) State 2, (c) State 3, and (d) State 4

respectively. The measured percentage bandwidths at 5.8 and 5.2 GHz frequency
are 3.50 and 3.59%, respectively. A novel cavity-based slot antenna for frequency,
radiation pattern, and polarization reconfiguration was investigated in [108] as
shown in Fig. 9.33. The reconfigurability can be obtained controlling the states of
the switches between the two cross slots etched on the surface of the SIW cavity.

9.5 Reconfigurable SIW Antenna

The invention of SIW provides low loss, good power handling capacity, and
effective functionality with planar circuits [109]. The structure of SIW is similar to
conventional cavity slot and provides a low profile, flexibility, and simple integration
with planar circuits [110, 111]. The SIW is composed of fittingly divided vias with a
similar distance between them engendering with least radiation loss. The dispersion
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Fig. 9.31 Comparison between the simulated and measured ARs of the proposed reconfigurable
antenna in different states; (a) State 1, (b) State 2, (c) State 3, and (d) State 4

between the vias controls the field spillage of the waveguide. The SIW waveguide
shapes with rectangular waveguide shape along with two conveyor planes, which
are separated by dielectric substrates with channel sidewalls by lines metalized
through vias. The SIW technology is an elective strategy for the minimal effort
of waveguide like the parts integrated with simple PCB standards [112, 113]. It is
much better in comparison with existing technologies as for lightweight, ease of
integration, and straightforward. A novel leaky-wave antenna with fixed frequency
and switchable beam steering for 5G application was explained in [114]. In this
chapter, the pin diodes are used to control the phase shift angle and position of the
feeding slots as shown in Fig. 9.35. A new technique of central excitation based on
four coupling plated through hole was introduced. The holes relate to the ground
plane and top wall as well. The reconfigurable feeding method is applied by using
the pin diodes. The measured and simulated return losses for the proposed antenna
are shown in Fig. 9.36. The frequency range is from 26.2 to 27.3 GHz with reflection
coefficient magnitude lower than −12 dB. The radiation efficiency varies between
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Fig. 9.32 (a) Schematic of the parasitic pixel layer. (b) Pixel antenna prototype

60 and 94% depending on the excitation configuration. The discrepancy between
the measured and simulated results is due the construction of biasing circuit, which
was not considered during the simulation.

9.6 Reconfigurable Band-Notch UWB Antenna

In the last few years, UWB technology gained much attention due to its advantages
like low-power consumption, wide bandwidth, low cost, less complexity, and high
data rate transmission [115, 116]. Due to these properties, UWB technology is
widely used in many applications like indoor communication, cognitive radio, radar,
localization, and automotive, etc. [117–119]. There are several other narrow band
standards coexist within the UWB like IEEE 802.16 WiMAX (3.3–3.6 GHz; 5.25–
5.825 GHz), IEEE 802.11a wide local area network (WLAN) (5.15–5.35 GHz;
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Fig. 9.33 Proposed antenna
prototype
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Fig. 9.34 (a) Comparison between the simulated and measured S-parameters, when PIN diode D6
is “OFF.” (b) Comparison between the simulated and measured S-parameters, when PIN diode D6
is “ON”

Fig. 9.35 (a) Prototype overview. (b) Front view. (c) Back view
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Fig. 9.36 Simulated and measured reflection coefficients of antenna array

5.725–5.825 GHz), and ETSI HiperLAN /2 (5.15–5.35 GHz, 5.47–5.725 GHz). This
overlap band creates the electromagnetic interfaces with UWB technology when
they are operating at the same time in other wireless devices [120–122]. Normally,
filter is used to stop the unwanted band and increase the communication efficiency,
but the addition of the filters in the latest compact communications systems
increases the overall size, cost, makes more complex, and increases the insertion
losses [123, 124]. So, much research is going on to design the UWB antenna
with band-notch characteristics. The UWB antenna with band-notch characteristics
was developed by using slot or slit [125–127], slots in the feeding network
[128–130], slot in the ground plane [131–133], and parasitic patches [134, 135].
Hence, they are fixed band notched UWB antennas, and they are not applicable to
utilize all frequency ranges of the UWB technology. By using the reconfigurable
band-notching technique, one can use the required frequency band as per system
requirement

The low-profile reconfigurable UWB antenna with single or dual-band rejection
property was expressed in [136] as shown in Fig. 9.37. The proposed antenna is the
combination of monopole structure, pin diode, biasing circuit, partial ground plane
along with arc-shaped slot, and open-ended L-shaped stubs for band rejection. The
antenna operates in four modes: full UWB (3.1–10.6 GHz), single-band rejection of
WiMAX or WLAN, and dual-band (WiMAX, WLAN) band rejection. The dual-
band reconfigurable notched slot-type split ring resonator (ST-SRR) antenna for
WiMAX and WLAN applications was explained in [137]. The defected ground
plane is used to for impedance matching, and ST-SRR is used in the feed to get
the required band notch for UWB antenna. The measurement results show that
antenna gains a fractional bandwidth of 138.63%. A novel compact triple band-
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Fig. 9.37 (a) Antenna dimension. (b) Antenna prototype

notched reconfigurable fractal antenna was explained in [138]. By using the fractal
technique, the overall size of the proposed antenna is reduced to 53% as shown in
Fig. 9.38. The proposed antenna consists of circular patch, slots, pin diodes, and
split ring resonator (SRR). The proposed antenna behaves as notched frequency at
WiMAX, WLAN, and X bands.
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Fig. 9.38 Antenna structure with biasing circuit

9.7 Reconfigurable Metamaterial Antenna

The advancement in metamaterial and metasurface has brought more opportunities
in the field of microwave devices. According to the definition, metamaterials have
artificial and unusual characteristics such as negative permittivity and permeability
that do not occur in natural materials [139]. Except for low profile, metamate-
rials also provide more flexibility in the design of microwave device and more
functionality for the control. Metasurface (MS) is two-dimensional equivalent of
metamaterials, and it helped to improve the return loss and gain along with the
polarization of an antenna [140]. The frequency and polarization reconfigurable
antenna using double-layer metasurface was explained in [141]. The polarization
reconfigurable metasurface (PRMS) is in the uppermost layer on the side face to
the middle layer, while frequency reconfigurable metasurface (FRMS) is on the
opposite side of the patch antenna. The proposed antenna shows the frequency
between 4 and 5 GHz and the polarization switching between LP, RHCP, and RHCP.

A wideband polarization reconfigurable antenna is presented in [142]. The
metasurfaces in this chapter are the combination of 4 × 4 periodic metal plates. The
proposed antenna consists of square patch radiation, metasurface, and four tunable
switching feeding probes. The switchable feeding network is the combination of
a 2-way power divider and SPDT switches that consist of pin diodes as shown
in Fig. 9.39. By changing the biasing voltage, the proposed antenna is tuned
between x and y direction linear polarization and RHCP/LHCP. The beam switching
reconfigurable antenna was expressed in [143]. The reconfigurable metasurface is
the combination of double-slit square ring and pin diodes.

9.8 Reconfigurable Antenna for Flexible Material

In recent years, wearable antenna technology has gained much attention in industry
and academia due to its vast feathers like lightweight, flexible, low cost, and easily
integrable with modern communication systems. In the medical field, wearable
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Fig. 9.39 Antenna prototype

antennas are used to monitor the critical health condition of the patient, check
sugar level, and investigate the inner intestinal system, blood pressure, heartbeat,
and temperature of the body. In the recreation side, they contribute in the way of
augmented reality glasses, touchscreen computer, and smartwatches. The flexible
antenna with reconfigurable technique provides the small-size and low-cost solution
for modern electronics and advanced wireless communication systems. There are
some challenges related to the integration of reconfigurable components such as
switches, biasing circuits, and mechanical stability. Extensive research and antenna
prototypes have been developed on the rigid and conventional substrate in the last
few decades. The requirement of the flexible antenna with reconfigurable technique
has been increased as they are the main component of the wearable technology and
cope up with the advance wearable devices.

The CPW-fed-based quad-band and penta-band flexible reconfigurable antennas
are presented in [144], [21], and [145], respectively. The copper tape is used in
these antenna prototypes, making it difficult to predict the exact behaviour of PIN
diodes for practical applications. The flexible reconfigurable antenna on PET film
for WLAN/WiMAX wireless applications was presented in [146]. The antenna has
folded slot and CPW-fed but with large antenna volume. The dual-band CPW-fed
flexible reconfigurable antenna was explained in [147]. It is monopole antenna
incorporated with U-shaped slot to get the required frequency. The frequency
and polarization reconfigurable flexible antennas were investigated in [148]. The
antenna consists of a folded slot, stub, and artificial magnetic conductor (AMC)
surface to reduce the SAR value. The antenna prototype shows good agreement in
a flat and curved situation, and measurement on the human body as well. A robust,
flexible, and frequency reconfigurable antenna was presented in [149]. The antenna
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Fig. 9.40 Antenna configuration. (a) Cross-sectional view. (b) Patch layer. (c) Ground layer

consists of conductive fibre on polydimethylsiloxane (PDMS) substrate as shown in
Fig. 9.40. The antenna prototype and other lumped components were encapsulated
with an additional layer of PDMS. The antenna bending characteristics were
investigated in free space, on body phantom, and in the household washing machine.
These tests show that antenna working order is normal even in extreme bending
(radius 28 mm) and after washing. An inkjet-printed frequency reconfigurable
antenna on a paper substrate for wireless applications was explained in [150]. The
antenna consists of a main radiator, L-shaped, U-shaped radiators, and the ground
plane. With the help of a PIN diode, the proposed antenna can tune between 1.5 and
4 GHz.

9.9 Application of Reconfigurable Antenna

The new era of antenna design must generate an antenna that is cognitive and adjust
to the environment and ever-changing conditions. Also, there is a need for antennas
that can overcome failure and swiftly respond to new developments. Cognitive radio,
massive multiple-input multiple-output (MIMO), wireless body area networks,
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satellite, and space communication platforms are all possible applications for the
integration of highly, reliable, and efficient reconfigurable antenna.

9.9.1 Reconfigurable Antenna for MIMO Communication
System

To fulfil the requirements of current and future modern communication systems,
MIMO system plays a vital role to cover the high data rate and signal strength
requirements within a defined bandwidth. The MIMO technology depends on
the multiple antennas that are implemented on both sides of the communication
systems. The implementation of MIMO reconfigurable antenna at the front end will
improve the data capacity and directivity significantly.

A frequency reconfigurable antenna for MIMO applications was explained in
[151]. The single element of an antenna is the combination of 4 × 4 MIMO antenna,
and it is designed to operate 2.4 and 2.6 GHz frequency. The single element MIMO
antenna is either two 2 × 2 MIMO antenna or a single 4 × 4 array as shown in
Fig. 9.41. The proposed antenna is coaxially fed, and pin diodes are inserted on the
backside. The different states of the pin diodes are controlled by microcontroller
module. To get the high gain, an air gap is introduced between the radiation patch
and the ground plane.

Fig. 9.41 Antenna prototype
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9.9.2 Reconfigurable Antenna for Cognitive Radio
Applications

With every passing day, the wireless subscribers are gradually increasing. It is a
big challenge to provide a high data rate and fast browsing speed. Secondly, the
distribution of the band spectrum is not uniform, which also badly affects the
overall efficiency of the system. To overcome this limitation, a new technique named
cognitive radio was introduced that uses the unoccupied/idle band spectrum for
communication and increases the system efficiency. Wideband and reconfigurable
antennas are a promising candidate for cognitive radio communication. Addition-
ally, compact-size antennas are the requirements for portable mobile devices.

A compact novel broadband antenna was presented in [152]. In this chapter, both
the discrete and continuous tuning was implemented to get a large frequency range.
The antenna consists of UWB monopole antenna with reconfigurable impedance
matching network as shown in Fig. 9.42. The proposed design has two independent
paths to cover the 430 MHz and 5 GHz frequency. The first path is directly connected
with a UWB antenna that covers the 1–5 GHz frequency range. The second path is
controlled through a varactor-diode-based matching network. Two discrete switches
are used to move between wideband and reconfigurable modes.

Fig. 9.42 Antenna prototype
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Fig. 9.43 Dimension of the proposed antenna

9.9.3 Reconfigurable Antenna for Millimetre-Wave
Communication

5G is the promising solution to address the modern wireless network demands
like higher data throughput and hence bandwidth. They also provide wide and un-
employed bandwidth. The mm-wave band lies between 30 and 300 GHz frequency
ranges. While using the higher frequency, the new challenges arise like an increase
in patch loss and complexity of the system including antennas, filter, and amplifiers.
The compact reconfigurable antenna with tunable radiation pattern is of great
interest to maintain the user requirements in an atmosphere-dependent scenario.

Figure 9.43 shows a polarization reconfigurable antenna, consisting of square
radiation patch, microstrip line, and two PIN diodes [153]. The proposed antenna
can switch between RHCP and LHCP by changing the states of pin diodes. The
antenna shows impedance bandwidth from 27.6 to 28.6 GHz. A good axial ration is
also achieved between 27.65 and 28.35 GHz.

9.10 Future of Reconfigurable Antenna

The reconfigurable antennas have attractive features and provide flexibility in
adjusting the functionality of the system, minimizing the overall system volume
and circuit complexity. It is desired to use the reconfigurable antenna to increase
the system capacity, spectrum, and energy efficiency. To make an antenna reconfig-
urable and change its three main properties (resonance frequency, radiation pattern,
and polarization), different methods and novel design ideas have been proposed in
the literature. However, there is still some imperfection, which adversely affects
the performance of the reconfigurable antennas. These imperfections include large
volume size, limited gain, and non-linear behaviour of RF switches, narrow
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bandwidth, complex impedance matching circuit, complicated biasing circuit, and
finite overall performance.

Future research in this field will need to focus on the problem, which has a
great impact on modern wireless communication systems. Since many antenna
designs for advanced communication systems employ antenna array, including
reconfigurable antenna array, metamaterial reconfigurable antenna array, and direc-
tional narrow beam antenna, hybrid (frequency, radiation pattern, and polarization)
reconfigurable antenna will lead another important research direction for future
endeavour.

9.11 Conclusion

This chapter starts with the brief history of reconfigurable antenna. The techniques
and properties for the reconfiguration of an antenna were explained in detail. Some
existing proposed reconfigurable antenna designs, methods, and their constraints are
also discussed. In addition, the applications and the benefits of the reconfigurable
antennas are highlighted.
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Chapter 10
Smart Antenna Design: Radiation
Pattern Agility by Branch-Line Coupler

L. Sane, I. Dioum, K. Tall, and M. M. Khouma

10.1 Introduction

5G is a real technological paradigm shift. It is in full development [1] and is
being implemented in some countries [2]. The major 5G services can be summed
up in three basic business models which are enhanced Mobile Broadband Access
(eMBB), Internet of Things connections (IoT), and Ultra-reliable low-latency
communication (uRLLC) [3].

The variety of its services involves the real-time use of at least 100 billion
devices [4]. These devices incorporate so-called smart, reconfigurable, or agile
antennas [5]. A smart antenna consists of an antenna array and signal processing
units with beamforming functionality as well as signal processing algorithms [6].
In other words, an antenna is reconfigurable if it can dynamically modify one
of its fundamental characteristics (frequency, polarization, radiation pattern) by
application of electric, mechanical, or optical control. Smart antennas offer many
advantages over conventional antennas. Indeed, reconfigurable antennas offer the
possibility of delegating to the antenna itself some of the functionalities generally
reserved for the radio stage or for digital signal processing. The agile antennas in
radiation pattern provide greater coverage, save energy, and avoid source noise.
The adoption of smart antenna techniques in future wireless systems is expected
to have a significant impact on the efficient use of spectrum, minimizing the costs
of establishing new wireless networks, optimizing the quality of service, and the
realization of a transparent multi-technology wireless operation [7, 8]. It is foreseen
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that SAs will be widely implemented in the smart city, 5G and sixth-generation (6G)
wireless communication systems, smart home, mobile satellite communication, IoT,
space Internet, automobile, and other fields [9].

The techniques used to achieve antenna agility depend on the characteristic
studied. For antennas that can be reconfigured in a radiation pattern, the techniques
most used in practice are the use of active components such as PIN-diodes and
Micro Electro Mechanical Systems (MEMS). However, although offering good
performance, the use of these components increases the cost and complexity of
manufacture but also induces the appearance of resistive effects which reduce the
performance of the antenna.

To overcome these constraints, this work proposes a new approach of agility
in radiation diagram by the use of components formed only from transmission
lines: Branch-Line Couplers. The principle of this new approach is to modify the
configuration of the antenna system radiation pattern by a single or a combination
of port excitations.

This manuscript is organized as follows: in Sect. 10.2, we present the character-
istics of a coupler and its principle of use for agility in radiation pattern. In Sect.
10.3, we apply this principle in the case of a single-band antenna system and the
case of a dual-band antenna system. The last part of this chapter is devoted to the
conclusion and perspectives of this work.

10.2 Principle of Agility in Radiation Pattern by Using
a Branch-Line Coupler

10.2.1 What Is Branch-Line Coupler?

Couplers are widely used in electronic systems as combiners or power dividers and
therefore constitute an essential element in electronic circuits [10]. In the antenna
field, couplers are used in the design of beam splitters (phase shifters) [11, 12].

A main distinction is made between 3-dB 90◦ hybrid couplers and 3-dB 180◦
hybrid couplers. At half the power (−3 dB) a 3-dB coupler divides the power equally
(within a certain tolerance) between the output ports [13]. A 3-dB quadrature hybrid
coupler is a four-port system, consisting of quarter-wave (λ/4) transmission lines
with impedance Z0 = 50 � and et Z0/

√
2 = 35.5 Ω as shown in Fig. 3.1 [14, 15].

In the system shown in Fig. 10.1, ports 1 and 4 are input ports and ports 2 and 3
are output ports. A 3-dB coupler divides the input power evenly between the output
ports and no power is passed to the isolated port. This is called a directional coupler.
Ports 1 and 4, as well as ports 2 and 3 are decoupled and out of phase by 90◦. This
phase difference makes these couplers useful in the design of several electronic
components such as modulators, microwave mixers, and particularly antenna feed
circuits [13].



10 Smart Antenna Design: Radiation Pattern Agility by Branch-Line Coupler 327

Fig. 10.1 Structure of standard hybrid BLC (3-dB, 90◦)

A BLC has a high degree of symmetry such that each port can be used as an input
port. The output ports will always be on the opposite side of the junction from the
input port, and the isolated port will be the remaining port on the same side as the
input port. This symmetry is reflected in the matrix [S]. Indeed, in the matrix [S]
(Eq. 10.1) each row can be obtained by a transposition of the first row [14].

The matrix [S] is used to determine the fundamental parameters such as the
adaptation, isolation, and coupling of the ports as well as the directivity of the
coupler.

The dispersion matrix can be obtained by breaking down the voltage and current
at the access ports of the junction into incident and reflected waves. Each access i,
delimited by a reference plane �i, is traversed by an incoming wave ai propagating
towards the junction and an outgoing wave bi propagating in the opposite direction.

The operation of directional couplers is based on the principle of constructive
and destructive interference of two waves. The incoming signal is divided into two
waves which arrive at the isolated port in phase opposition and consequently cancel
each other out. On the other hand, the two waves arrive in phase at the coupled port
and consequently, they add up.

Figure 10.2 illustrates a quadrupole with wave decompositions at the inputs.

[S] =

⎡
⎢⎢⎣

S11 S12

S21 S22

S13 S13

S23 S24

S31 S32

S41 S42

S33 S34

S43 S44

⎤
⎥⎥⎦ (10.1)

Equation (10.1) gives the general structure of the matrix [S] of the quadrupole.
The even-odd analysis allows to determine the different parameters Sii and Sij [15–
17]. This procedure makes it possible to determine the matrix of branch coupler
distribution parameters indicated in Eq. (10.2) below:
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Fig. 10.2 Quadrupole model
with wave decompositions at
port entrances

[S] = −1√
2

⎡
⎢⎢⎣

0 j

j 0
1 0
0 1

1 0
0 1

0 j

j 0

⎤
⎥⎥⎦ (10.2)

The main parameters of a real directional coupler are coupling, isolation,
and directivity. The equations of these parameters are given respectively by the
following equations (10.3, 10.4, and 10.5):

• Coupling:

C (dB) = 10 ∗ log

[
P3

P1

]
(10.3)

• Isolation:

I (dB) = 10 ∗ log

[
P4

P1

]
(10.4)

• Directivity:

D (dB) = 10 ∗ log

[
P4

P3

]
= 10 ∗ log

[
P4

P1
∗ P1

P3

]

D (dB) = I (dB) − C (dB) (10.5)
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Directivity measures the quality of the coupler and plays a very important role in
the accuracy of reflectometry measurements.

10.2.2 Agility Principle in Radiation Diagram by Branch-Line
Coupler

The principle of agility in radiation pattern for small communicating objects is
applicable for a system meeting the following three conditions:

• The system must consist of at least one pair of antennas
• The pair of antennas must be constituting of two identical antennas
• The pair of antennas must be arranged symmetrically

The excitation ports of the antennas that make up the pair are replaced by the
output ports of the coupler. The input ports of the coupler then become the excitation
ports of the antenna system. Radiation pattern agility is obtained in this case by
simply exciting each port in the system and then combining the excitation of the
ports.

The choice of the Branch-Line Coupler as an agility tool for the radiation pattern
of our proposed antenna system is guided by the characteristics of the antenna
radiation pattern. Indeed, its analysis shows that the excitation of port 1 makes it
possible to cover the directions Y-negative and X-positive, the excitation of port 2,
the directions X-negative and Y-positive. However, the antenna system is arranged
in a small ground plane thus inducing a strong coupling between the two antennas.

When using the 3-dB BLC, we will replace the antenna excitation port 1 with
the output port 2 of the BLC, respectively, and the antenna excitation port 2
with the output port 3 of the coupler. The fully decoupled ports 1 and 4 of the
coupler become the excitation ports of antennas 1 and 2, respectively. Thus, a fully
decoupled antenna system is obtained, the excitation of a port of the coupler makes
it possible to cover two directions and the simultaneous excitation of the two ports
makes it possible to cover the four directions as we will see in the study of the
reconfigurability of the proposed antenna system.

10.3 Implementation of the Proposed Technique

The principle of agility in the radiation pattern is implemented in the case of a mono
band antenna system then in the case of a dual-band antenna system.
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10.3.1 Case of Single Band System

In this part, we present the design of an antenna system reconfigurable in the
radiation pattern by Brach-Line Coupler. The proposed antenna system consists
of two identical antennas and operates in the LTE2600 band (2.5–2.69 GHz). The
single-band PIFA antenna which will be duplicated to form the antenna system is
called the reference antenna. It is designed using the High-Frequency Simulator
System (HFSS) electromagnetic simulator.

We will first present the justification for the choice of the type of antenna used
in this work. Then the design procedure of the reference antenna will be presented
before finishing with the design of the proposed antenna system.

10.3.1.1 Choice of the Reference Antenna Type

It should be noted that it is essential to make a judicious choice of the appropriate
type of antenna to use for a given application. A suitable antenna can improve
transmission and reception, reduce power consumption, and extend the life of the
device. It also improves the marketability of the communication device [18].

In modern mobile terminals, such as smartphones, tablets, and connected objects,
the most used types of antennas are monopole antennas [19–22] and PIFA (Planar
Inverted-F Antenna) antennas [23–26]. These two types of antennas are quarter-
wave and hold their popularity due to their compactness, ease of manufacture, ease
of integration into mobile terminals, and low cost. Also, space constraints mean that
the type of antenna that performs well while occupying the least space remains the
best candidate for small communicating objects.

Depending on the objectives of each job, some antenna parameters are put
forward over others. Our contribution concerning the reconfiguration in radiation
diagram then the metric of this work will be the radiation diagram. However,
requirements such as cover strips, minimum accepted efficiency for 5G are to be
met. Thus, compared to monopolies, PIFA antennas take up less space and offer
very high radiation efficiency and sufficient bandwidth while being compact. Also,
the PIFA antennas present quasi-omnidirectional radiation with a fairly high level
of cross-polarization [27].

A PIFA antenna is composed of a ground plane (PCB), a radiating element, a
power line, and a short circuit which are connected between the ground plane and
the top plate (radiating element). Figure 10.3 illustrates a typical PIFA configuration.
The antenna is fed at the base by a feed line at the point where the line is connected
to the ground plane. The addition of a short-circuit bar makes it possible to obtain a
good measurement of input impedance with an upper plate generally less than λ/4
[29]. The dimensions of a PIFA antenna depend on the width of its short circuit. Its
design is then done according to the equations given in the following part.
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Fig. 10.3 Standard PIFA antenna structure [28]

Fig. 10.4 Structure of a short-circuited PIFA antenna equal to the width of the radiation element
[27]

10.3.1.2 PIFA Antenna Design Equations

The resonant frequency of a PIFA antenna depends on the width of the short circuit.
Indeed, the expression of the resonant frequency of a PIFA changes according to the
following cases:

• The case where the width (W) of the short-circuit is equal to the width (L1) of the
radiating element W = L1 (Fig. 10.4)

Under this condition, the dimensions of the quarter-wave PIFA at resonance
are such as:

L2 + H = λ

4
(10.6)

Or

λ = c

fr
√

εr
(10.7)

where L2 is the length of the radiating element, H its height relative to the
substrate, and fr the resonant frequency.

From where:
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Fig. 10.5 Structure of an almost zero-width short-circuited PIFA antenna [27]
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uit
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Fig. 10.6 Structure of a medium-width short-circuited PIFA antenna [27]

fr = c

4 ∗ (L2 + H) ∗ √
εr

(10.8)

• The case where the width (W) of the short-circuit is almost zero (W ≈ 0)
(Fig. 10.5)

In this case, the short is similar to a wire. The effective length of the current
is then L1 + L2 + H. In this case, the resonance condition is expressed by:

L1 + L2 + H = λ

4
(10.9)

From where:

fr = c

4 ∗ (L1 + L2 + H) ∗ √
εr

(10.10)

• The case where the width of the short-circuit is between the two ends (Fig. 10.6)
The resonance frequency is a linear combination of the resonance frequencies

associated with the borderline cases and is given by:

fr = c

4 ∗ (L1 + L2 + H − W) ∗ √
εr

(10.11)
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10.3.1.3 Design of the Mono Band Antenna System

In this part, we present the different stages of the design of the reference antenna
and the multi-antenna system proposed in this work.

Design of the Reference Mono Band Antenna

The design variables of a PIFA antenna are the height, width, and length of the top
plate, the width and location of the shorting plate, and the location of the feed line
[28]. A difficult task in designing antennas with many different design variables is
determining the dimensions to achieve a specified input impedance at the center
design frequency. In their work entitled Analysis, Design, and Measurement of
Small Low-Profile Antennas, K. Hirasawa and M. Haneishi describe some of the
design parameters that affect the resonant frequency and bandwidth of PIFA and
particularly its height as the dominant factor determining the bandwidth.

As part of our work, the reference antenna is designed to be used in a small
communicating object compatible with 5G networks. This is why the standard
dimensions of a smartphone are initially chosen. These dimensions are 120 mm
long and 60 mm wide as shown in Fig. 10.7.

The initial model is a PIFA antenna with the radiating element folded back. Part
of the folding is printed on an FR4-epoxy substrate with a relative permittivity
εr = 4.4 and a thickness of 0.8 mm. On the underside of the substrate is printed
a ground plane having the same width as the substrate. The length of the PCB is
113 mm and corresponds to the length of the substrate minus the dimension reserved
for the antenna, namely 7 mm.

The antenna occupies a volume of 18 × 6 × 5 mm3 (L1 × L2 × H) and operates
at the center frequency fr = 2.6 GHz. The top plate material is nickel silver and the

Fig. 10.7 Initial antenna configuration



334 L. Sane et al.

printed part is 0.035 mm thick copper. The figure shows the initial model with the
dimensions (Figs. 10.8 and 10.9).

The initial model that we presented in Fig. 10.7 is obtained after several steps
that we describe according to the following three steps:

Step 1: Choice of the PIFA model and calculation of the initial dimensions
To reduce the design variables as much as possible, we have retained the second
case of the design equations, namely the case where the width of the short-circuit
resembles a wire. For this purpose, a minimum value of 0.5 mm width is assigned
to the short circuit.
Using Eq. (10.2), the effective length of the quarter-wave equivalent antenna at
the center frequency fr = 2.6 GHz is 17.5 mm where L1 + L2 + H = 17.5 mm.To
have a compact final structure, we have chosen a fixed width of 18 mm. The
power line is placed in the center of the width L1 to ensure an equitable

18 mm

5 mm

6 mm

0.8 mm

2.9 mm

Feed

Short-Circuit

Fig. 10.8 The geometry of the initial model
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Fig. 10.9 The reflection coefficient of the initial model
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Table 10.1 Initial values of the PIFA antenna and results (BP and fr)

L1 L2 H L3 Feed position BW at – 10 dB fr
18 6 6 3 9.5 2.28–2.89 2.56 GHz

distribution of the current. The radiating element is placed at a height H = 6 mm
above the substrate. Table 10.1 gives all the initial values.
The first simulation with the values of Table 10.1 gives a reflection coefficient
adapted to 3 GHz. This result means that the current distribution in the initial
configuration does not allow to have an effective length equal to a quarter-wave
of the central working frequency. To adapt the antenna to the desired frequency,
a parametric study is made on the position of the supply line.

Step 2: Parametric study on the position of the supply line and the height
The parametric study is made on the position of the power line starting from the
initial position (center of L1) towards the short circuit. The simulations results
presented in Fig. 10.10 show that the closer the power line approaches the short-
circuit, the more the resonant frequency moves towards fr. In other words, the
reduction of the gap between the power line and the short circuit induces a
decrease in the initial effective length which tends towards its 1/4 wave value
at 2.6 GHz.
Of all the simulations, only the position Xalim = 13.5 mm allows us to have
coverage of our entire working band (2.5–2.7 dB) at −10 dB. At this position,
the antenna resonates at 2.56 GHz and covers a 510 MHz band ranging from 2.28
to 2.89 GHz.
Still, to adapt the antenna to the central frequency 2.6 GHz, a parametric study
is carried out on the height H. The parametric study on the height is made by
taking Xalim = 13.5 mm while fixing the initial values of the other parameters.
It is noted in this case that the more the height of the antenna increases, the more
the gain increases and reaches 5.9 dB with an adaptation of −14.9 dB at 2.6 GHz
as shown in Fig. 10.11.
To obtain a better adaptation to the central frequency, a parametric study is
carried out this time simultaneously on several variables at the same time. These
variables are the position of the feed line Xalim, the height H, the length of the
top plate L2, and the length of the printed plate L3.

Step 3: Parametric study on the variables Xalim, H, L2, and L3.
The parameters of the parametric study are given in Table 10.2.
This parametric study makes it possible to have a resonance at the working
frequency with the following values of our parameters:

• Xalim = 13 mm
• H = 5 mm
• L2 = 5.4 mm
• L3 = 2.9 mm
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Fig. 10.10 Reflection coefficients of the parametric study on the position of the power line
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Fig. 10.11 Parametric study reflection coefficients on height

An adaptation of −22 dB is obtained in this state as well as a bandwidth of
580 MHz ranging from 2.34 to 2.92 GHz.

After having validated the impedance parameters, we study the radiation param-
eters of our antenna (Fig. 10.12).
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Table 10.2 Parametric study parameters in HFSS

Variables Condition on variables

Xalim Linear variation from 13 to 14 mm in steps of 0.2 mm
H Linear variation from 4 to 5 mm in steps of 0.2 mm
L2 Linear variation from 5 to 6 mm in steps of 0.2 mm
L3 Linear variation from 2.5 to 3.5 mm in steps of 0.2 mm
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Pb='-3,5mm' Xalim='13mm'
h='4mm' Lpifa='5,4mm'
Pb='-3,5mm' Xalim='13mm'
h='4mm' Lpifa='5,6mm'
Pb='-3,5mm' Xalim='13mm'
h='4,2mm' Lpifa='5mm'
Pb='-3,5mm' Xalim='13mm'
h='4,2mm' Lpifa='5,2mm'

Fig. 10.12 Parametric study S-parameters on Xalim, H, L2, and L3

Analysis of the Initial Model Radiation Pattern

Figure 10.13 shows the three-dimensional (3D) and two-dimensional (2D) repre-
sentations of the initial model radiation pattern.

To simplify the analysis of the radiation pattern and the various configurations
thereof, we agree in what follows in this document on the following notations:

• ϕ = 0◦ corresponds to the orientation along X-positive
• ϕ = 90◦ corresponds to the orientation along Y-positive
• X-positive corresponds to the orientation in the increasing direction of the x-axis
• X-negative corresponds to the orientation in the decreasing direction of the x-axis
• Y-positive corresponds to the orientation in the increasing direction of the y-axis
• Y-negative corresponds to the orientation in the increasing direction of the y-axis

Analysis of the configuration of the radiation pattern shows that the antenna
concentrates most of the radiated power along the opposite direction of the axis
on which it is placed. Placed in the XY plane along Y-positive, the antenna radiates
in the directions of the two planes which are perpendicular to it, namely X-positive
and Y-negative. At ϕ = 90◦, the antenna achieves a gain of 3.16 dB at θ = 270◦ or
in the direction of Y-negative. And at ϕ = 0◦, the antenna has a gain of −2.64 dB at
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Fig. 10.13 3D (a) and 2D (b) radiation pattern of the initial model

θ = 270◦ either in the direction of X-positive. This configuration is explained by the
position of the folded (vertical) part of the radiating element. Indeed, a visualization
of the current distribution in the circuit shows that in this plane, this part of the
radiating element acts as a reflector of the radiated energy. Thus, a parametric study
is made on the length of the ground plane to determine the behavior of the radiation
pattern.

The PCB, initially at 113 mm, is successively reduced in steps of 10 mm until a
square configuration of 60 × 60 mm2 is obtained. The different values of the gain
at ϕ = 0◦, ϕ = 90◦, and the maximum gain are given in Table 10.3.

An analysis of the parametric study on the length of the PCB shows variations in
the total gain both in the Ox direction and in the Oy direction.

At ϕ = 0◦, we note a progressive increase in the total gain ranging from −2.64 dB
(Lpcb = 113 mm) according to X-negative (θ = 270

◦
) to 1.93 dB (Lpcb = 53 mm)

according to X-positive (θ = 90
◦
). In other words, by comparing the values of the

total gain and the direction of orientation of the radiation pattern between the initial
configuration and the final configuration, we note a considerable increase in the total
gain (from −2.64 to 1.93 dB) and a change in the direction of the beam orientation
(from X-negative to X-positive).

At ϕ = 90◦, there is a clear decrease in the total gain which goes from 3.16 dB
(Lpcb = 113 mm) to 2.97 dB (Lpcb = 53 mm) following the same Y-negative
direction.

Likewise, there is a decrease in the total maximum gain between the initial
configuration and the final configuration. This reduction is materialized by a change
from the maximum total gain of 5.85 dB at ϕ = 90◦ and θ = 225◦ with an
almost unidirectional configuration to a total maximum gain with a bidirectional
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Table 10.3 Values of the gains obtained on the parametric study on the PCB

Lenght PCB 
(mm)

Gain total (dB) Gain total maximum
(dB)

φ = 0°, Θ = 270° φ = 90°, Θ = 
270°

113 – 2.64 3.16 5.85
(φ = 90°, Θ = 225°)

103 – 2.65 2.58 5.58
(φ = 90°, Θ = 225°)

93 – 1.82 2.41 5.19
(φ = 90°, Θ = 220°)

83 0.06 2.91 4.89
(φ = 90°, Θ = 220°)

73 1.57 3.54 4.57
(φ = 90°, Θ = 225°)

63
2.07
Et

1.93 
à φ = 0°, Θ = 

90°

3.63 4.29
(φ = 90°, Θ = 225°)

53

0.98
Et

3.11
à φ = 0°, Θ = 

90°

2.97

3.89
(φ = 90°, Θ = 220°)

Et
3.66

(φ = 0°, Θ = 135°)

configuration of 3.66 dB at ϕ = 0◦ and θ = 135◦, and 3.89 dB at ϕ = 90◦ and
θ = 220◦.

Although there is a considerable decrease in the total maximum gain, we obtain
a very interesting configuration of the radiation pattern, namely its bidirectional dis-
tribution. Indeed, the final configuration allows good coverage from two directions
with the use of a single antenna. This bidirectional configuration allows in case of
reproduction of the reference antenna to have coverage in all directions. Which is
one of the objectives of our work.

The decrease in PCB naturally induces an increase in the resonant frequency. An
optimization was then followed for an adaptation to the initial resonance frequency.
Thus, the final values of the antenna parameters are given in Fig. 10.14.
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Fig. 10.14 Optimal values of the final model geometry

Fig. 10.15 Final antenna system without coupler

Multi-antenna System Design

The multi-antenna system illustrated in Fig. 10.15 is obtained by reproducing the
same antenna symmetrically to the diagonal of the substrate. This configuration
allows for complete coverage of the X-negative, Y-negative, X-positive, and Y-
positive directions.

However, there is a strong coupling between the two excitation ports reflected
by the transmission coefficients S12 and S21 such that S12 = S21 = − 11.03 dB
at the working frequency as shown in Fig. 10.16. Remember that in 5G wireless
communication systems, it is necessary to obtain strong isolation between the
excitation ports of the antennas of the system to optimize the radiation of each
antenna.
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Fig. 10.16 Paramètres-S du système antennaire final sans coupleur

Also, it has been noted that if the ports are excited with a 90◦ phase shift, the
gain increases from 3 to 5 dB with the same configurations.

The use of the 3 dB, 90◦ hybrid coupler then presents itself as an excellent
solution not only to allow agility in the radiation pattern but also to achieve very
good isolation between the ports of our antenna system.

Design of the 3-dB, 90◦ Single-Band Coupler

The Advanced Design System (ADS) simulator is primarily used for the design
of the coupler. The dimensions of the coupler are obtained using Eqs. (10.12) and
(10.13):

Z0 = 50 Ω

(10.12)

Z0√
2

= 35.5 Ω

(10.13)

The length and width of each line of the coupler are calculated using ADS’
LineCalc tool. Theoretical values obtained for the impedance lines Z0 = 50 � and
Z0√

2
= 35.5 Ω are given in Table 10.4.

The initial values are optimized to have isolation between ports 1 and 4 of the
order of 40 dB. The configuration to achieve this high isolation under ADS is given
in Fig. 10.17.
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Table 10.4 Dimensions of
the length and width of the
coupler lines

Impedance Length (mm) Width (mm)

Z0 = 50 � 15.86 1.48
Z0√

2
= 35.5 � 15.43 2.57

Fig. 10.17 Configuration of the BLC under ADS
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Fig. 10.18 S-parameters of the coupler under ADS

This configuration allows having an adaptation of 60 dB and an isolation of 40 dB
between ports 1 and 4. It also has transmissions of −3.474 dB between port 1 and
port 2 and −3.747 dB between port 1 and port 3 (Fig. 10.18). This neck also offers
a 90◦ ± 2◦ phase shift throughout the working band as shown in Fig. 10.19.

The coupler designed with ADS is then exported and adapted to the antenna
system in HFSS. The configuration under HFSS is shown in Fig. 10.20. The coupler
is placed symmetrically to the diagonal so that the charging ports (port 2 and port 3)
have the same electrical length (Table 10.5).
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Fig. 10.20 Configuration of the coupler integrated into the antenna system

Figure 10.21 shows the configuration of the final system including the coupler.
The S-parameters of the antenna system with the coupler is shown in Fig. 10.22.

These results show that the system with the coupler has an adaptation better than
−10 dB over the entire working band. This adaptation is reflected by the reflection
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Table 10.5 Coupler
dimensions in HFSS

Variables m1 m2 m3 m4

Values (mm) 11.26 15.8484 16.1358 7.3866
Variables m5 w1 w2 w3

Values (mm) 19.1311 1.53 2.7326 1.7494

Antenna2

A
ntenna1

Fig. 10.21 Final antenna system with BLC

coefficients S11 and S22 (respectively red curve and orange curve) and correspond to
the capacity of the system to supply more than 90% of its source power as accepted
power. The coupling between the two antennas is reflected in the transmission
coefficients S12 and S21 (respectively blue curve and green curve). This coupling
corresponds respectively to the ratio of the wave transmitted to port 1 to the incident
wave to port 2 and the ratio of the wave transmitted to port 2 to the incident wave
to port 1. The use of the 3-dB coupler quadrature makes it possible to achieve
isolation between the excitation ports of the two antennas of 60 dB and a bandwidth
of 650 MHz to 2.6 GHz. These results are better than the results obtained in [30]
and [31] which are respectively 41 dB and 57 dB.

10.3.1.4 Principle of the Use of the 3 dB, 90◦ Coupler for Agility in the
Radiation Pattern

The choice of the coupler as an agility tool for the radiation pattern of our antenna
system is guided by the characteristics presented in the previous paragraph. Indeed,
the analysis of the radiation diagram of the final model shows that the excitation of
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Fig. 10.22 S-parameters of the antenna system with the BLC

port 1 covers the Y-negative and X-positive directions, the excitation of port 2, the
X-negative and Y-positive directions.

When using the 3-dB, 90◦ hybrid coupler, we will respectively replace the
excitation port of antenna 1 by the output port 2 of the coupler, and the excitation
port of antenna 2 by the port of output 3 of the coupler. Ports 1 and 4 of the
coupler, fully decoupled, become the excitation ports of antennas 1 and 2. If port
1 is excited, both antennas are fed with 90◦ phase delay to antenna 2. Likewise,
if port 2 is excited, both antenna 2 and antenna 1 are fed with a phase delay of
90◦ at antenna 1. Thus, we obtain a completely decoupled antenna system in which
the excitation of one port of the coupler makes it possible to cover two directions
and the simultaneous excitation of the two ports makes it possible to cover the four
directions as we will see in the study of the reconfigurability of the final antenna
system.

10.3.1.5 Study of the Antenna System Agility with the Coupler

The final antenna system being well adapted and fully decoupled, we present in
this part the different reconfigurations offered by the antenna system proposed in
this work. Figure 10.23 shows the different configurations obtained with our multi-
antenna system.

State A is the state where only port 1 is excited. This state allows coverage of
the Y-negative and X-positive directions. We note a total gain of 1.09 dB at ϕ = 0◦,
θ = 90◦ and a total gain of 2.72 dB at ϕ = 90◦, θ = 270◦. The maximum gains
of this state are respectively 2.09 dB obtained at ϕ = 0◦, θ = 150◦ and 4.18 dB
obtained at ϕ = 90◦, θ = 220◦.
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Fig. 10.23 The various reconfigurations of the antenna system radiation pattern
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Configuration B represents the state where only port 2 is energized. In this state,
we have coverage of the X-negative and Y-positive directions with respective gains
of 2.63 dB at ϕ = 0◦, θ = 270◦ and of 1.08 dB at ϕ = 90◦, θ = 90◦. The maximum
gains of the directions covered in this state are respectively 4.17 dB in the X-negative
direction at θ = 270◦ and 2.15 dB in the Y-positive direction at θ = 150◦.

State C is obtained by simultaneously exciting ports 1 and 2. This state results in
a configuration that covers the X-negative, Y-negative, X-positive, and Y-positive
directions. The 2D diagram of this state shows a distribution of the perfectly
symmetrical radiation pattern with gains of 2.31 dB at θ = 270◦ in the X-negative
and Y-positive directions, and 2.82 dB at θ = 90◦ in the X directions-positive and
Y-positive.

These different configurations obtained by excitation of the ports of the coupler
show that the latter makes it possible to complete the reconfiguration of the proposed
multi-antenna system while offering good at −10 dB and high isolation of the ports.
The various reconfigurations of the antenna system radiation pattern.

10.3.2 Case of Dual-Band Antenna System

In this part, we apply the principle of agility in radiation pattern for a dual-band
antenna system operating in the LTE2600 and LTE3600 bands and integrating a
dual-band coupler operating in its same bands. Indeed, the need to use wireless
communication systems operating on several standards is accelerating day by day
due to the increased development of new technologies and the limited space reserved
for the antenna system in the communicating object. However, the support of several
communication standards by a single antenna can be achieved by a multiband
antenna or by a wideband antenna [32]. Thus, it is important to make the most
appropriate choice according to the design constraints.

10.3.3 Criteria of Appropriate Antenna Model to Cover Several
Standards

Making a good choice between a multiband or a wideband antenna is a must for
the antenna operator depending on the objective of covering several standards. An
antenna is said to be multiband when it has several resonance frequencies and its
performance is highly dependent on its frequencies. A wideband antenna is an
antenna whose performance is independent or almost independent of frequency. It
is characterized by a bandwidth of at least 500 MHz [33].

In his thesis, Sami Hebib [32] proposes a procedure which makes it possible to
make the right choice according to the constraints imposed. This procedure is given
by the flowchart below:
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For a number n of frequency bands to be covered, three criteria (C1, C2, and C3)
apply in order of priority:

C1: the frequency difference between the first band (B1) and the last band (Bn)
This difference is calculated by taking the difference between the minimum
frequency of the last band and the maximum frequency of the first band. If
the frequency difference is at least about 1 GHz, it is more convenient to use a
multiband antenna model. Otherwise, the second criterion determines the choice
of the model.

C2: the number n of bands to cover
For a number of bands equal to two or three, the multiband model is suitable.
Beyond three bands, the wideband model is therefore the most convenient.

C3: the gap between the successive bands
In the case of covering many bands, the gap between successive bands becomes
a determining factor if the first two are not met.
It should be noted that it is possible to have to design a multi-broadband antenna.
When designing a dual-band antenna, all of the criteria boil down to the
first criterion, namely the frequency difference between the first band and the
last band. Therefore, the choice is easily deduced from the calculation of the
frequency difference.

: the frequency difference between the first band (B1) and the last 
band (Bn)

Multi-band 
technique

: the number n of bands to cover 

Wideband 
technique

: The gap between the successive 

Multi-band 
technique

Wideband 
technique
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10.3.3.1 Dual-Band Antenna and Dual-Band Antenna System Design

Dual-Band Antenna Design

There are several methods of dual-band antenna design. We adapt the slit insertion
method in this work. This technique consists of inserting a slit opening onto the
antenna structure to create a new resonance in the upper band. This technique is
applied to the reference antenna presented in the case of the single-band system.
Thus, a slit of arbitrary values such as the length Llit = 13 mm and the width
Wlit = 1.5 mm is inserted on the printed part of the antenna as illustrated in Fig.
10.24a. We notice a second resonance with the insertion of the slit. However, the
initial dimensions of the length and width of the slot do not allow us to cover our
two working bands, namely the 2.5–2.69 GHz band and the 3.4–3.8 GHz band as
shown in Fig. 10.24b.
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Fig. 10.24 Structure with slit (a), the reflection coefficient of the structure (b)



350 L. Sane et al.

To define the influence respectively of the length and the width of the slot on the
parameters of the antenna, a parametric study is made respectively on the length and
the width of this slot.

The parametric study on the length of the slot (Llit) shows that the more this
length increases, the more the two resonances are adapted and tend towards the
two central working frequencies. Indeed, this increase in (Llit) causes an increase in
the electrical length of the antenna and lowers the two resonant frequencies. This
increase also affects the width of each band. Table 10.6 shows the variation of the
bandwidth of the high band (HF BW) and the bandwidth of the low band (LF BW)
as a function of Llit.

It is noted for the high band that the passband increases successively de
Lslot = 13 mm to Lslot = 15 mm, going from 280 to 520 MHz. It decreases from
Lslot = 15.5 mm to Lslot = 16.5 mm passing from 500 to 490 MHz then increases
again and gives a maximum value of 530 MHz at Lslot = 17 mm. For the low band,
there is a linear decrease in the passband going from 530 MHz for L_fente = 13 mm
to 140 MHz for Lslot = 17 mm. We note a dual-band operation completely covering
the LTE2600 and LTE3600 tapes at a slot length Lslot = 15.5 mm. At this length, we
have a resonance at 2.59 GHz in the LTE2600 band with a bandwidth of 240 MHz
and a resonance at 3.61 GHz of the LTE3600 band with a bandwidth of 500 MHz
as shown in Fig. 10.25.

Table 10.6 Variations of the BW as a function of the length of the slot

Llit (mm) 13 13.5 14 14.5 15 15.5 16 16.5 17
BW BH (MHz) 280 370 440 500 520 500 500 490 530
BW BB (MHz) 530 480 400 340 290 240 190 170 140
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Fig. 10.25 S-parameters of the parametric study on Llit
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The parametric slit width study only influences the bandwidth widths of the two
bands but only slightly.

Dual-Band Antenna System Design

The dual-band antenna system is obtained by reproducing the same antenna
symmetrically to the diagonal of the substrate as shown in Fig. 10.32 (without the
coupler). We notice with the first simulation a shift towards the increasing values
of the resonance frequencies of the system. This shift is due to the inductive effect
caused by the addition of antenna 2. The system is then optimized to operate in the
working bands. The strong coupling between the two input ports is noted here only
at low frequency as in the case of the single-band system presented in Chap. 3. In
the 3.4–3.8 GHz band, we notice that the system presents a good decoupling of the
order of −20 dB over the whole band as shown in Fig. 10.26.

Dual-Band Coupler Design

In the literature, several couplers suitable for multiband applications are presented
and are proposed in particular in [34–40].

In [40] is presented the design of a new branch coupler able to operate at two
arbitrary frequencies. This property of operation at two arbitrary frequencies guided
our choice of reference for the design of the coupler adapted to our work.

In the proposed design, all transmission lines have a quarter-wavelength elec-
trical length and are rated at the average frequency of the two operating bands.

-60

-50

-40

-30

-20

-10

0

2 2.5 3 3.5 4

S-
]

Bd[
srete

maraP

Frequency [GHz]

dB(S(1,1))
dB(S(1,2))
dB(S(2,1))
dB(S(2,2))

Fig. 10.26 Dual-band antenna system without coupler S-parameters
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Fig. 10.27 The conventional structure of a BLC (a), Equivalent structure of a transmission line of
the BLC (b)

The design procedure consisted of replacing each transmission line, conventional
couplers of quarter-wavelength electrical length, and characteristic impedance Z
(Fig. 10.27a) by an equivalent structure with more compact stubs (Fig. 10.27b).
This structure consists of a transmission line of electrical length θ and characteristic
impedance ZA, connected to a pair of bypass elements (jY) called shunts. A shunt is
a device of very low impedance relative to the load that allows current to pass from
one point to another in an electrical circuit using very little energy. For analysis, the
proposed structure is assumed to be lossless and reciprocal.

By applying a matrix formulation, the parameters—ABCD of the structure
proposed by Fig. 10.27b can be written in the form of Eq. (10.14).

[
1 0

jY 1

] [
cos θ jZA sin θ

jYA sin θ cos θ

] [
1 0

jY 1

]
(10.14)

The development of Eq. (10.14) leads to Eq. (10.15):

[
cos θ − ZAY sin θ jZA sin θ

jZA sin θ
(
1 − Z2

AY 2 + 2ZAY cot θ
)

cos θ − ZAY sin θ

]
(10.15)

Simplified Eq. (10.15) gives Eq. (10.16):

[
0 jZA sin θ

j 1
ZA sin θ

0

]
=
[

0 ±jZT

± j 1
ZT

0

]
(10.16)

With:
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ZA sin θ = ±ZT (10.17)

Y = cot θ

ZA
(10.18)

Equation (10.16) implies that the proposed structure is equivalent to a transmis-
sion line section with a characteristic impedance ZT and an electrical length of ±90◦.

Therefore, for dual-band operation, the necessary conditions can simply be stated
as follows:

ZA sin θ1 = ±ZT (10.19)

ZA sin θ2 = ±ZT (10.20)

where

θ1 corresponds to the electrical length of the transmission line evaluated at the
central frequency f1 of the lower band.

θ2 corresponds to the electrical length of the transmission line evaluated at the
central frequency f2 of the upper band.

The general solutions of Eqs. (10.19) and (10.20) can then be expressed as
follows:

θ2 = nπ − θ1 (10.21)

With n = 1, 2, 3, . . . , Such that:

θ1

θ2
= f1

f2
(10.22)

So we get:

θ1 = nπ

2
(1 − δ) (10.23)

θ2 = nπ

2
(1 + δ) (10.24)

δ = f2 − f1

f2 + f1
(10.25)
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Subsequently, the electrical length θ_0 of a transmission line evaluated at the
average frequency of the center frequencies f1 and f2 can therefore be determined as
follows:

θ0 = θ1 + θ2

2
= nπ

2
(10.26)

Moreover, by replacing Eqs. (10.23) and (10.24) by Eqs. (10.17) and (10.18), for
any odd n, we have:

ZA = ZT∣∣cos
(

nδπ
2

)∣∣ (10.27)

Y =

⎧⎪⎨
⎪⎩

tan
(

nδπ
2

)
ZA

, f = f1

− tan
(

nδπ
2

)
ZA

, f = f2

(10.28)

And for any even n we have:

ZA = ZT∣∣sin
(

nδπ
2

)∣∣ (10.29)

Y =

⎧⎪⎨
⎪⎩

− cot
(

nδπ
2

)
ZA

, f = f1

cot
(

nδπ
2

)
ZA

, f = f2

(10.30)

The solutions of these equations give the analytical expressions for the design of
the dual-band coupler. These solutions also include the choice of n and the different
ways of making the shunt element with its input admittance Y, as defined by Eqs.
(10.28) and (10.30). Several coupler topologies can be realized with these solutions.
We present in this document only the open-circuit stub topology for n = 1. Using
Eqs. (10.23) and (10.24), the input admittance YCO of the corresponding stub can
thus be deduced as:

YCO =

⎧⎪⎨
⎪⎩

cot
(

δπ
2

)
ZB

, f = f1

− cot
(

δπ
2

)
ZB

, f = f2

(10.31)

where ZB is the characteristic impedance of the section. Therefore, by combining
Eqs. (10.28) and (10.31), we obtain:
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ZB = ZT

sin
(

δπ
2

)
tan

(
δπ
2

) (10.32)

Figure 10.28 shows the final structure of the dual-band coupler which is the result
of the fusion of all the transformations of the transmission lines by their equivalent
circuit. Thus, the values of Z1, Z2, and Z3 can be determined using the following
formulas:

Z1 = Z0√
2
.

1

cos
(

δπ
2

) (10.33)

Z2 = Z0.
1

cos
(

δπ
2

) (10.34)

Z3 = Z0

1 + √
2
.

1

sin
(

δπ
2

) • tan
(

δπ
2

) (10.35)

In the end, Eqs. (10.25), (10.33–10.35) make it possible in theory to design a
dual-band coupler of the open-circuit stub topology for any system operating at
two arbitrary frequency bands. However, this technique is optimal in the fractional
bandwidth range from 0.2 to 0.5 and in the impedance range from 30 to 90 � as
shown in Fig. 10.29.

Fig. 10.28 Structure of the
dual-band open-circuit stub
coupler
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Fig. 10.29 Variations of normalized impedance versus fractional bandwidth

Table 10.7 Design
parameters of the dual-band
BLC operating at frequencies
f1 and f2

Parameters Values

f1 2.6 GHz
f2 3.6 GHz
f0 3.1 GHz
δ 0.16
Z0 50 �

Z1 36.5 �

Z2 51.6 �

Z3 395.5 �

10.3.3.2 Design of the Dual-Band BLC Adapted to Our Antenna System

Based on the previously defined equations, we agree on the following notations:

• f1 is the center frequency of the low band (2.5–2.69 GHz).
• f2 is the center frequency of the high band (3.4–3.8 GHz).
• f0 is the average frequency of the two center frequencies.

The design parameters are then given in Table 10.7.
Concerning the constraints on the fractional bandwidths and impedances

required for an optimal design, we notice that our fractional bandwidth δ = 0.16
does not respect the constraint cited in the previous paragraph and illustrated by
Fig. 10.29. Likewise, the impedance Z3 = 395.5 � greatly exceeds the maximum
value of the permissible impedance range. The calculation of the dimensions of
the stub carried out with the impedance Z3 gives stub width values of the order of
10−5 mm. These values are not achievable in practice. Therefore, we have solved
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this constraint by greatly increasing the length of the stub and setting a minimum
value for the achievable stub width which is 0.2 mm. Figure 10.30 shows the dual-
band Branch-Line Coupler integrated into the antenna system. The dimensions of
the coupler are given in Table 10.8.

Figure 10.30 shows the S-parameters of the coupler produced under ADS. We
note good adaptation both in the low band and in the high band but also full coverage
of all the working bands. The transmissions from port 1 to port 2 (S12) and from port
4 to port 3 (S43) are perfectly combined. These transmissions are −2.8 dB at f1 and
−2.9 dB at f2.

There is a strong decoupling between input ports 1 and 4 which is respectively
−29 dB at f1 and −21 dB at f2.

It is also noted that the transmission curves (S12) and (S43) as well as the decou-
pling curve (S14) all have their minimum value at the mean frequency f0. Figure
10.31 shows the phase shifts between the ports of the dual-band coupler. We note a
perfect symmetry of the phase shifts. The coupler has a phase shift between ports 2
and 3 such that que phase(S(1, 2)) − phase(S(1, 3)) = 90.14

◦
. Likewise, the phase

shift between ports 3 and 2 is such that phase phase(S(4, 2)) − phase(S(4, 3)) = 90.43
◦
.

Figure 10.32 shows the antenna system realized integrating the dual-band coupler
that we proposed in [41]. The S-parameters of this system is given in Fig. 10.33. The
latter indicates a good agreement between the measured results and the simulated
results.
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Fig. 10.30 S-parameters of the dual-band coupler

Table 10.8 Dimensions of
the Dual-Band coupler

Variables L1 L2 L3 L4 L5 Lstub

Values 12.32 7.33 7.88 13.03 14.68 37.8
Variables W1 W2 W3 Wstub

Values 1.5 1.13 2 0.22
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Fig. 10.31 Phase shifts of the dual-band coupler

Fig. 10.32 Multi-antenna system manufactured with dual-band coupler

10.3.3.3 Study of Agility in the Two Bands

The antenna system with the dual-band coupler has the same reconfiguration
states as those of the low-band system and those of the high-band system. The
difference lies in the values obtained for each configuration. We summarize all of
the configurations obtained in the two bands in Table 10.9.
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Fig. 10.33 Measured and simulated S-parameters of the system with dual-band BLC

Note that it would be even more interesting to present the results of radiation
pattern measurements. However, for technical reasons linked to the availability of
equipment and staff in our associated laboratory, these measurements have still not
been able to be carried out.

10.4 Conclusion

In this chapter, we presented a new approach for agility in the radiation pattern
of small communicating objects. The technique consists of using a Branch-Line
Coupler to reconfigure the radiation pattern. The principle is easy to implement and
corresponds to simple excitations of ports.

The proposed technique is first implemented in a single-band antenna system
composed of two PIFA antennas integrating a coupler operating at the same 2.6 GHz
central frequency. It has three configuration states and offers a maximum gain
of 4.5 dB. Then the proposed technique is implemented in a dual-band system
operating in the LTE2600 and LTE3600 bands. The dual-band system is obtained
using the slot insertion technique. A dual-band coupler operating in the same bands
is then integrated into the antenna system and manufactured. The S-parameters
measurements carried out show good agreement with the simulations. This system
has three configuration states in each band. It offers an efficiency of 64% in the low
band and 44% in the high band.

The perspective of this work is to move away from the use of miniature BLC
to save more space for the other electronic components integrated into small
communicating objects. It is also envisaged to use the couplers in antenna systems
having an infinite ground plane compared to standard couplers.
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Table 10.9 Different reconfigurations of the radiation pattern in the two bands

Reconfigurations in 2.5-2.69 GHz band

Excited 
Port(s)

Couvered directions Gain maximal 
(dB)

Efficiency 
(%)

+ X + Y – X – Y

Only Port 1 Yes No No Yes 2.74

À = 90° et  
= 215°.

64
Only Port 2 No Yes Yes No 2.73

À = 0° et  =

225°.

Port1 and 
Port2 simulta-
neously

Yes Yes Yes Yes 2.42

À = 0° et  
= 270°

= 90° et  =

270°

Reconfigurations in 3.4–3.8 GHz band

Excited 
Port(s)

Covered directions Gain maximal 
(dB)

Efficiency 
(%)

+ X + Y – X – Y

Only Port 1 No Yes Yes Yes 1.95

À = 0° et  =

215°.
44

Only Port 2 Yes No Yes Yes 1.51

À = 90° et  
= 215°.

Port1 and 
Port2 simulta-
neously

No No Yes Yes 2.03

À = 0° et  =

.235°
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Chapter 11
Time-Domain Approach Towards Smart
Antenna Design

Avishek Chakraborty, Gopi Ram, and Durbadal Mandal

11.1 Introduction

The demand for modern-age communication has encouraged the use of antenna
arrays due to its larger gain and highly directional radiation characteristics compared
to a single element antenna. Synthesis of different radiation patterns with amplitude
and phase weightings suffer from high dynamic range ratio and quantization errors.
The traditional methods of array synthesis also increase the complexity and cost of
implementation. To overcome these problems, another control parameter “Time” is
introduced as a fourth dimension [1]. Modulation of “Time” along with other control
parameters adds an extra degree of freedom in array synthesis [2]. The simple idea
behind “Time-modulation” is to control the high-speed RF switches connected with
the elements of the array in a periodic manner [3]. By switching ON and OFF the
elements for a certain period, equivalent amplitude and phase weightings can be
generated for the desired pattern [4]. Time-modulated arrays (TMAs) are capable of
steering the radiation pattern with appropriate switching sequence which implies a
less complex array feeding network as no phase shifters are needed [5]. Moreover,
the rapidly adjustable nature of “Time” parameter also enhances the adaptability
and reconfigurability of the array [6].

The concept of the fourth dimension in antenna array synthesis was introduced by
Shanks and Bickmore [7]. It has been emerged as a new way of electronic scanning
by eliminating the need for mechanical movements of the array elements [8]. Earlier
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works with TMAs to reduce the sidelobe level (SLL) have opened up the possibil-
ities of designing an efficient antenna system with interference rejection capability
[9]. The emergence of evolutionary computation techniques and the availability of
high-speed RF switches have accelerated the research on TMAs [10]. Evolutionary
algorithms such as differential evolution (DE), particle swarm optimization (PSO),
and genetic algorithms (GA) are extensively used for the desired pattern synthesis
with reduced SLLs [10–13]. The simple way of controlling the radiation pattern with
ON-OFF switching comes with a drawback of sideband radiations (SRs) generated
at multiple harmonic frequencies due to periodic switching sequences [14]. These
SRs are usually considered as a loss of power and reduce the efficiency of the array if
not suppressed [15]. Several contributions have been made towards reducing the SRs
with the help of optimization algorithms [16–20]. Different time schemes have been
developed to reduce the power dissipation in unwanted sidebands [20–22]. To obtain
the desired solution, switching sequences with shifted pulse [23] and subsectioned
pulses [24] have been considered. Further advances have been reported with optimal
pulse shifting of outer elements for the simultaneous reduction of SRs and SLL
[25]. Apart from the reduction of SRs, some research works in recent times have
also discussed the possibility of utilizing the sideband patterns for multichannel
communication [26–28]. By exploiting the SRs with suitable switching sequence,
steered beam patterns have been generated [29–31]. The idea is further extended
with adaptive beamforming [32] and direction-finding applications [33]. This time-
domain approach has also been used for shaped pattern synthesis [34, 35], sum and
difference pattern generation [36, 37], adaptive nulling [38–40], and placement of
broad nulls [41–43]. Cutting-edge applications like cognitive radio systems [44]
and radar signal processing [45] have been addressed in several research works with
appropriately designed switching schemes. The diversity and feasibility of TMAs
have also been explored with different array geometries such as linear [24–32],
planar [34, 35], circular [46–48], and concentric circular arrays [49, 50].

This chapter deals with the feasibility of time-modulated linear arrays (TMLAs)
for different applications by optimizing several parameters of the array. Pattern
synthesis with or without suppressing the SRs as well as exploiting the sidebands
are briefly described with several examples. Towards this aim, this chapter is divided
into separate sections. The theoretical insights of TMLA are presented in Sect. 11.2.
In Sect. 11.3, evolutionary algorithms employed for optimizing the TMLA param-
eters are discussed. Section 11.4 deals with the numerical results and is divided
into separate subsections. Section 11.4.1 describes the pattern synthesis of TMLA
without suppressing the SRs. Separate examples are presented to discuss the overall
reduction in SLL and reduction of SLL in a specific region for interference rejection.
Section 11.4.2 is devoted to simultaneous reduction of SLL and suppression of
SRs with suitably optimized TMLA parameters. Section 11.4.3 briefly describes the
exploitation of SRs towards more advanced applications of TMLAs. In this regard,
multipattern synthesis of TMLAs with simultaneous sum-difference pattern and
multi-harmonic beam steering are addressed in separate subsections. Finally, some
conclusive remarks are presented in Sect. 11.5. Throughout this discussion, 16-
element TMLAs are considered and a wavelet mutation-based differential evolution
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(DEWM) is used for optimal solution. Other well-known optimization techniques
for electromagnetic problems such as PSO and real-coded GA (RGA) based results
are also presented for comparison.

11.2 Theoretical Background

Consider a TMLA of N uniformly spaced isotropic elements aligned towards the
positive z axis where each array element is connected with attenuators and high-
speed RF switches, shown in Fig. 11.1. The array factor can be expressed as [6]

AF (θ, t) = ej(2πf0)t
N∑

n=1

InUn(t)e
jk(n−1)dcosθ (11.1)

Fig. 11.1 Configuration of N-element TMLA with attenuators and RF switches
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where In is the static amplitude coefficients of nth element, Un(t) denotes the
time switching function, f0 is the center frequency, k resembles the free space
wavenumber, d is the separation between array elements, and θ is the angle of arrival
measured from broadside direction. Due to the periodic nature of time-modulation,
SRs are generated at the multiples of modulating frequency fp (f0 � fp). The time
switching function Un(t) can be expanded into frequency domain as [6]

Un(t) =
∞∑

m=−∞
amnejm(2πfp)t (11.2)

where amn is the complex Fourier excitation of the nth element for mth order
frequency (where, m = 0, ±1, ±2, . . . , ±∞). The complex excitation coefficient
amn can be decomposed into Fourier series as

amn = 1

Tp

Tp∫
0

Un(t)e
−jm(2πfp)tdt (11.3)

where Tp is the modulation period and the array factor of Eq. (11.1) becomes

AF (θ, t) =
∞∑

m=−∞

N∑
n=1

Inamn

{
ejk(n−1)d cos θ

}
ej2π(f0+mfp)t (11.4)

The time-averaged response of the array factor for the mth order frequency can
be simplified as

AFm (θ, t) = ej2π(f0+mfp)t
N∑

n=1

Inamnejk(n−1)d cos θ (11.5)

The central frequency pattern can be obtained from Eq. (11.5) by putting m = 0
and the harmonic or sideband patterns can be generated with m = ±1, ±2, . . . ,
±∞. This also implies that some portion of the total radiated power is shifted from
the central frequency to sidebands due to the periodic nature of time-modulation.

The power associated with the central pattern (P0), the total radiated power due
to all harmonic components including the central pattern (PT), and the directivity of
the N-element TMLA can be expressed as

P0 =
∫ 2π

0

∫ π

0
|AF 0 (θ, φ)|2 sin θdθdφ (11.6)



11 Time-Domain Approach Towards Smart Antenna Design 367

PT =
∞∑

m=−∞

∫ 2π

0

∫ π

0
|AFm (θ, φ)|2 sin θdθdφ (11.7)

D = 4π |AF 0 (θ0, φ0)|2∑∞
m=−∞

∫ 2π

0

∫ π

0 |AFm (θ, φ)|2 sin θdθdφ
(11.8)

where, the central pattern (m = 0) is directed along θ = θ0, φ = φ0, and AFm(θ , φ)
represents the mth harmonic radiation pattern (m �= 0).

11.2.1 Switching Configuration

The periodic time switching function Un(t) can be modified with different sequences
for distinct applications. The general time scheme and the combination of various
optimized time schemes are explored in this chapter to address the different TMLA
applications. The simplest time scheme consisting of switching ON and OFF the
elements of a TMLA is presented in Fig. 11.2a. Shifted time sequence within the
stipulated modulation period is also shown in Fig. 11.2b which enables an additional
control for desired pattern generation.

The normalized time scheme for the nth element is shown in Fig. 11.2a where
the element is switched ON for a period of τ n within the modulation period Tp
(0 ≤ τ n ≤ Tp). The switch ON and switch OFF instants are τ 1

n and τ 2
n respectively,

Fig. 11.2 (a) Generalized time sequence and (b) Pulse shifted time sequence for nth element
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and the switching function Un(t) can be mathematically presented as

Un(t) =
{

1, τ 1
n ≤ t ≤ τ 2

n ≤ Tp where τ 1
n = 0

0, otherwise
(11.9)

The ON-time duration of the nth element can be calculated as τn = (
τ 2
n − τ 1

n

)
,

and the complex excitation amn can be expressed as

amn = Inτn

Tp

{
sin c

(
mπfpτn

)}
e−jmπfp(τn) (11.10)

The same time sequence is shifted within Tp and shown in Fig. 11.2b. The
switching function Un(t) for the shifted time sequence can be mathematically
described as

Un(t) =
{

1, 0 < τ 1
n ≤ t ≤ τ 2

n ≤ Tp where τ 1
n �= 0

0, otherwise
(11.11)

The expression of complex excitation amn for the shifted sequence can be given
as

amn = In

(
τ 2
n − τ 1

n

)
Tp

[
sin c

{
mπfp

(
τ 2
n − τ 1

n

)}]
e−jmπfp

(
τ 1
n +τ 2

n

)
(11.12)

The term e−jmπfp
(
τ 1
n +τ 2

n

)
is equivalent to the phase weightings of the conven-

tional phased arrays, and the harmonic patterns (m = ±1, ±2, . . . , ±∞) can be
controlled by ON-OFF instants to generate the shifted or steered patterns which
also eliminates the need of expensive phase shifters.

11.3 Evolutionary Optimization Employed

Evolutionary algorithms are population-based multidimensional search techniques
inspired by natural phenomena. These meta-heuristics optimization processes have
gained momentum in many fields of research due to the capability of finding global
solutions by minimizing or maximizing the suitable objective functions.

Differential evolution (DE) algorithm is one of the most familiar stochastic opti-
mization processes based on mutation, crossover, and natural selection to optimize
the continuous variables in a multidimensional space. DE has been extensively used
over the years for solving electromagnetic problems [51]. In this chapter, DE with
wavelet mutation strategy (DEWM) is used for fine tuning the desired solution. In
wavelet mutation (WM), certain seismic signals are modeled with a combination
of translations and dilations of an oscillating function. The oscillating function has
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a finite duration, termed as a “wavelet.” A continuous wavelet ψ(x), also called as
“mother wavelet,” satisfies the following properties [52]:

1. The total positive momentum and the total negative momentum with respect to
the center of the wavelet is equal.

+∞∫
−∞

ψ(x)dx = 0 (11.13)

2. The energy of the continuous wavelet ψ(x) is finite and bounded.

+∞∫
−∞

|ψ(x)|2dx < ∞ (11.14)

To control the magnitude and position of the continuous function ψ(x), the
dilation (scaling) and translation (shifting) properties of oscillating function is
associated with wavelet as [52]

ψa,b(x) = 1√
a
ψ

(
x − b

a

)
(11.15)

where a and b are the dilation and translation parameters, respectively. The dilation
parameter a controls the scaling of the wavelet and the translation parameter b is
used to control the positional shifting of the wavelet with respect to its center.
The WM operation is associated with DE such that every particle element of the
population will have a chance to mutate with a mutation probability pm∈ [0, 1]. For
each randomly selected particle element, if the mutation probability is less than or
equal to pm, the WM will take place. The selected pth particle and its jth element
within the specified limits [paraj_min, paraj_max] will undergo the wavelet mutation
process and the resulting particle for the ith iteration can be given as [52]

S
p

j (i) =
⎧⎨
⎩

S
p
j (i) + σ ×

(
parajmax

− S
p
j (i)

)
, if σ > 0

S
p
j (i) + σ ×

(
S

p
j (i) − parajmin

)
, if σ ≤ 0

(11.16)

where σ = ψa,0(x) = 1√
a
ψ
(x

a

)
(11.17)

The mother wavelet is defined as [52]

ψ(x) = e−x2/2 cos(5x) (11.18)
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and, σ = 1√
a

e−( x
a )

2
/2 cos

(
5
(x

a

))
(11.19)

It is clear from Eq. (11.19) that if a increases, the wavelet will be scaled down
and the value of σ will be smaller which also implies a smaller searching space
with more fine tuning of a solution. This new mutation strategy is different from
conventional mutation strategy of DM and a better global solution can be achieved
with DEWM by controlling the dilation parameter a according to the following
equation [52]

a = e
− ln(g)×

(
1− i

T

)ξwm+ln(g)
(11.20)

where ξwm is a monotonically increasing function called shape parameter and g
represents the upper limit of the dilation parameter a. The value of g is 10,000
and the dilation parameter a varies within 1 and 10,000. For the fine tuning of the
solution, the dilation parameter also varies with i/T, where i is the current iteration,
and T denotes the total number of iterations. It also ensures that as the number
of iterations increase, the value of a also increases which eventually decreases the
value of σ and the search space becomes smaller. In this way, finely tuned global
solutions can be achieved with DEWM.

In this chapter, DEWM is used to optimize the various parameters of TMLA for
different applications. Other familiar optimization techniques like PSO and RGA-
based results are also presented along with DEWM-based results for comparison. A
detailed discussion of PSO and RGA for solving electromagnetic problems can be
found in [53, 54]. The best-proven values of control parameters for DEWM, PSO,
and RGA are presented in Table 11.1.

Table 11.1 Best-proven
control parameters of RGA,
PSO, and DEWM obtained
after several runs

Algorithms Control parameters Values

RGA Size of population (np) 100
Number of iterations (T) 300
Rate of mutation (pm) 0.01
Rate of crossover (Cr) 0.8
Probability of selection (ps) 1/3

PSO Size of population (np) 100
Number of iterations (T) 300
Weight of inertia (wi) 0.5
Acceleration constants (C1, C2) 2.05

DEWM Size of population (np) 100
Number of iterations (T) 300
Rate of crossover (Cr) 0.25
Shape parameter (ξwm) 2.0
Probability of mutation (pm) 0.05
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11.4 Results and Discussion

This section is devoted to the different applications of TMLA with distinct
examples where the DEWM-based optimal numerical outcomes are presented and
compared with PSO and RGA-based results. The adaptability of TMLA is explored
by optimizing the parameters of the array. Sixteen-element TMLA structure is
considered with a central frequency (f0) of 3 GHz and a modulation frequency (fp) of
1 GHz. The uniformly excited (In = 1) and evenly spaced (d = 0.5 λ) array has the
following properties: SLL = −13.15 dB, half power beamwidth (HPBW) = 6.48◦,
first null beamwidth (FNBW) = 14.4◦, and directivity = 12.04 dB. All the numerical
outcomes are obtained with MATLAB.

11.4.1 Pattern Synthesis of TMLA Without SR Suppression

Modulation of “Time” along with other control parameters such as amplitude, phase,
and position of the array elements distinguishes the concept of “Time-modulation”
from conventional methods of array synthesis. TMLAs can be implemented with
periodical ON-OFF time sequences of array elements in a predefined manner. These
time-domain antenna arrays are capable of achieving ultra-low sidelobe level (SLL),
which is an important aspect of antenna design for modern-age applications. Two
separate examples are presented in this section. The first example discusses the
overall SLL reduction of a 16-element TMLA and the second one is concerned
with the placement of broad nulls for a specific region.

11.4.1.1 SLL Reduction with Directivity Improvement

Suppression of SLL is an important issue in antenna array design. Low or ultra-
low SLL is particularly important for point-to-point communication where a highly
directed main beam or pencil beam is required. Ultra-low SLL with an improvement
in directivity can be achieved by properly optimizing the switching sequences along
with the spacing between array elements of TMLAs. To address this, a uniformly
excited (In = 1) and evenly spaced 16-element TMLA is used. The total ON-time
durations (τ n) of each element and the spacing (d) between them are considered for
optimization. The desired objective is cast into a minimization problem and the cost
function (CF) is derived as

CF1 = w1 ∗
(

SLL(i)
max

)∣∣∣
f0

+ w2 ∗ (1/Dmax) (11.21)

where the maximum level of sidelobe SLLmax is calculated at central frequency f0, i
denotes the current iteration number, Dmax is the maximum directivity of the central
pattern, and w1, w2 are the equally weighted tuning parameters (w1 = w2 = 1). CF1
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is minimized with DEWM to get the optimal time sequence for the desired ultra-low
SLL radiation pattern at the center frequency (f0). The optimal switching sequence
and the corresponding radiation patterns at f0 and the first two positive harmonics
(f0 + mfp, m = 1, 2) with optimized element spacing of 0.8813 λ are shown in
Figs. 11.3 and 11.4, respectively. The values obtained for SLL and directivity are
improved to −43.29 and 12.4921 dB compared to −13.15 and 12.04 dB of uniform
TMLA pattern. The HPBW and FNBW of the optimal pattern at f0 are reported as
5.40◦ and 16.40◦, respectively. PSO and RGA are also employed and the outcomes
of these optimization techniques along with DEWM-based results are presented in
Table 11.2 for a fair comparison. Although the sideband patterns (f0 + mfp, m = 1,
2) are not considered for optimization in this example, the nature of first 20 positive
sidebands are presented in Fig. 11.5. The nature of unoptimized SBLs will be helpful
for comparative analysis in a later section where suppression of SRs is addressed.
The percentage of total radiated power used in the desired pattern and the unwanted
power wasted in higher sidebands are shown in Fig. 11.6. The convergence profiles
are presented in Fig. 11.7 to show that the optimization processes of different
algorithms are well converged.

Fig. 11.3 Optimized ON-time sequence of 16-element TMLA for SLL reduction
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Fig. 11.4 Normalized power patterns for 16-element TMLA with optimal time sequence of Fig.
11.3

Table 11.2 Optimized results obtained with RGA, PSO, and DEWM for SLL reduction

Algorithms SLL (dB) SBL1 (dB) SBL2 (dB) FNBW (◦) Element spacing (λ) Directivity (dB)

DEWM −43.29 −12.72 −17.61 16.20 0.8813 12.4921

PSO −38.43 −11.18 −15.72 14.76 0.8732 12.5608

RGA −37.30 −12.46 −17.35 14.76 0.8682 12.6890

11.4.1.2 Broad Null Placement with SLL Reduction

This section discusses the possibility of placing broad nulls for a specific region as
well as the reduction of SLL in all other regions of angle of arrival for a 16-element
TMLA. Broad null placement is particularly useful in jamming environment where
ultra-low SLLs are required for a particular region by rejecting all other interfering
signals to establish a secure communication. The objectives of placing nulls for a
specific region of 40◦–70◦ and 110◦–140◦ along with an overall reduction of the
maximum SLL is cast into a minimization problem according to the following CF:



Fig. 11.5 Behavior of first 20 positive sideband patterns for 16-element TMLA

Fig. 11.6 Percentage of total radiated power for desired pattern and unwanted power at sidebands
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Fig. 11.7 Convergence profiles of RGA, PSO, and DEWM for CF1

CF2 = w1 ∗
{

θ=70◦∏
θ=40◦

(
SLL(i)

max l

)}∣∣∣∣∣
f0

+ w2 ∗
{

θ=140◦∏
θ=110◦

(
SLL(i)

max r

)}∣∣∣∣∣
f0

(11.22)

The first term in CF2 represents the maximum SLL for a specific region between
40◦ and 70◦ as well as the second term denotes the same for the region of 110◦–140◦.
Tuning parameters of CF2 are considered as equal (w1 = w2 = 1). DEWM-based
optimized time sequence of each element and the normalized power patterns are
shown in Figs. 11.8 and 11.9, respectively. Broad nulls are obtained for both the
specified regions with a maximum SLL of −80.96 dB. An overall SLL of −25.72 dB
as compared to the −13.15 dB SLL of the corresponding uniform pattern is achieved
for the entire angle of arrival region apart from the specified regions. PSO and RGA-
based results from an already published literature is compared with the DEWM-
based results and the outcomes are summarized in Table 11.3. The convergence
profile of DEWM for the minimization of CF2 is presented in Fig. 11.10.



Fig. 11.8 Optimized ON-time sequence of 16-element TMLA for broad null placement

Fig. 11.9 Normalized power patterns of 16-element TMLA for broad nulls with reduced SLL
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Table 11.3 Optimized results obtained with RGA, PSO, and DEWM for broad null placement

Algorithms

SLL in the region
of 40◦–70◦ and
110◦–140◦ (dB)

SLL in the entire
angle of arrival
region (dB) FNBW (◦)

Element
spacing (λ) Directivity (dB)

DEWM −80.96 −25.72 17.64 0.8588 11.9604
PSO [42] −34.11 −15.89 NA 0.9252 11.5087
RGA [42] −31.07 −14.06 NA 0.8595 10.0933

Fig. 11.10 Convergence profile of DEWM for CF2

11.4.2 Pattern Synthesis of TMLA with SR Suppression

Sideband patterns are generated due to the periodic nature of switching sequences
associated with “Time-modulation” and usually considered as a loss. Suppression
of SRs can be achieved by lowering the SBLs of the harmonic patterns with pulse
shifted switching sequences for efficient analysis of TMLAs. In this section, SRs
and the SLL of a 16-element TMLA are suppressed along with enhanced directivity.
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11.4.2.1 Simultaneous Suppression of SLL and SBLs

A simultaneous reduction of SLL and SBLs is performed by properly optimizing
the excitations and the edge elements of the array. The desired radiation pattern can
be generated by properly optimizing the ON-time instants and the total duration of
ON-times of array elements. The ON-time durations of each element of TMLA are
generally termed as pulses. Shifting of pulses within the modulation period gives
additional control over the harmonic radiation patterns. The optimized excitation
amplitudes along with pulse shifting of the edge elements are employed to achieve
simultaneously suppressed SLL and SBLs with enhanced directivity. The CF to be
minimized for this particular problem is designed as

CF3 = w1 ∗
(

SLL(i)
max

)∣∣∣
f0

+ w2 ∗
(

SBL(i)
max

)∣∣∣
f0+mfp(m=1,2)

+ w3 ∗ (1/Dmax)

(11.23)

where the maximum level of sidebands SBLmax at first two harmonics are optimized
along with equally weighted other parameters described in Eq. (11.21). DEWM
is used to get the optimal solution for excitations, time sequences, and spacing
between elements. The ON-time instants or the starting times of the pulse shifted
sequence and the total ON-time durations of element number 1, 2, 15, and 16 (i.e.,
edge elements of the array) are considered for optimization. For the remaining
elements (i.e., elements from 3 to 14), uniform time sequence is applied. The
amplitude excitations for all the elements along with uniform spacing between
them are also optimized to achieve the desired pattern. The optimized excitations,
switching sequence, and the radiation patterns obtained are shown in Figs. 11.11,
11.12, and 11.13, respectively. A reduced SLL of −44.88 dB for the central pattern
is achieved along with suppressed SBLs of −31.84 dB and −34.98 dB for the first
two sidebands. The directivity is improved to 12.7945 dB from 12.04 dB of the
corresponding uniform radiation pattern. The maximum level of sidebands for first
20 harmonic patterns are reported in Fig. 11.14, which shows that all the higher
order SBLs are below the level of first SBL. A comparison between Figs. 11.5
and 11.13 can be drawn to show the improvements for SBL reduction. In Fig.
11.5, first two SBLs of −12.72 dB and −17.61 dB is reported as compared to
the −31.84 dB and −34.98 dB SBLs of Fig. 11.13. PSO and RGA-based results
along with the DEWM-based optimal results are summarized in Table 11.4. The
convergence profiles are presented in Fig. 11.15.

11.4.3 Pattern Synthesis of TMLA with SR Exploitation

SR is generally considered an undesired aspect of TMLAs, but it can be exploited
for specific applications as an advantage. Two separate examples are discussed in
this section by exploiting the harmonic radiation patterns for advanced applications
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Fig. 11.11 Optimized excitations for the simultaneous suppression of SLL and SBLs

of TMLAs rather than suppressing it. The first example evaluates a simultaneous
sum-difference pattern by profitably exploiting the first harmonic radiation pattern
for monopulse antenna systems. The second example discusses the possibility of
generating multiple steered patterns simultaneously by controlling the sideband
patterns with optimized time sequences.

11.4.3.1 Simultaneous Sum and Difference Pattern Generation

Simultaneously generated sum and difference pattern at central frequency (f0) and
first sideband (f0 ± fp) is discussed in this section. Simultaneous sum-difference
patterns are useful for monopulse tracking systems [53] where a sum pattern and
a squinted beam difference pattern are generated at the same time. By optimizing
time sequences of each element, multiple patterns can be generated with TMLA.
DEWM is used to optimize the switching sequence of 16-element TMLA in a
way such that an equivalent in-phase and out-of-phase excitations for the first and
the second half of the array elements can be generated. To achieve this, ON-time
durations of the first half of the array is divided into two parts and shifted according
to the optimized ON-time instants. For the rest half of the array, only pulse shifted



Fig. 11.12 Optimized pulse shifted ON-time sequence for SLL and SBL reduction

Fig. 11.13 Normalized power patterns of 16-element TMLA with reduced SLL and SBLs



Fig. 11.14 Behavior of first 20 positive sideband patterns for 16-element TMLA

Fig. 11.15 Convergence profiles of RGA, PSO, and DEWM for CF3
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Table 11.4 Optimized results obtained with RGA, PSO, and DEWM for SLL and SBL reduction

Algorithms SLL (dB) SBL1 (dB) SBL2 (dB) FNBW (◦)
Element
spacing (λ)

Directivity
(dB)

DEWM −44.88 −31.84 −34.98 17.64 0.8253 12.7945
PSO −38.45 −28.41 −31.57 15.48 0.8279 13.0722
RGA −33.88 −26.72 −29.85 14.76 0.8153 13.1395

sequence is used. The array is considered to be uniformly excited (In = 1) and the
spacing between elements is optimized. Reduction of SLLs for both the patterns
are also considered as an important objective, and this multi-objective problem is
addressed by designing a suitable CF as

CF4 = w1 ∗
(

SLL(i)
max

)∣∣∣
f0

+ w2 ∗
(

SLL(i)
max

)∣∣∣
f0+mfp(|m|=1)

(11.24)

In Eq. (11.24), SLLs at the central frequency as well as first sidebands are con-
sidered for minimization with equally weighted tuning parameters (w1 = w2 = 1).

The optimized time sequence and the normalized power patterns are shown in
Figs. 11.16 and 11.17, respectively. An ultra-low SLL of −40.34 dB is achieved for
the sum pattern (at f0). The SBL (i.e., the peak level) of the difference pattern (at
f0 ± fp) is obtained as −9.38 dB. The SLL of the difference pattern with respect
to the peak level (SBL) is −21.84 dB. The HPBW and FNBW of the sum and
difference patterns are 5.76◦, 16.20◦, and 4.14◦, 9.18◦, respectively. The behavior
of first 20 SBLs are presented in Fig. 11.18. The percentage of power associated
with central pattern, first sideband, and the unwanted power radiated at higher order
sidebands are shown in Fig. 11.19. 77.9148% of the total radiated power is used
for desired sum-difference pattern and 22.0852% power is radiated in higher order
sidebands. PSO and RGA-based results along with optimal DEWM-based results
are summarized in Table 11.5. The power associated with the desired pattern and the
undesired power at higher order sidebands obtained with DEWM, PSO, and RGA
are reported in Fig. 11.20. The convergence profiles are presented in Fig. 11.21.

11.4.3.2 Multi-harmonic Beam Steering

The potentialities of TMLAs are explored in this section with the exploitation of
lower order harmonics for beam steering. The undesired SR at multiple harmonic
frequencies can be exploited with suitably designed time schemes to get a steered
beam pattern for multipoint communication [5]. Generally, progressive switching
sequences are used to get a steered multi-harmonic pattern in TMLAs [55]. In
this chapter, steered patterns at some prespecified direction are addressed. The
desired objective is to generate steered patterns with ±30◦ shift from the broadside
direction. The first negative (f0 − fp) and the first positive (f0 + fp) sidebands are
optimized to get the desired steered patterns at 60◦ (−30◦ shift) and 120◦ (+30◦
shift) while the main beam at the center frequency (f0) is pointed towards 90◦. The
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Fig. 11.16 Optimized ON-time durations for the simultaneous sum-difference pattern

Fig. 11.17 Simultaneous sum-difference pattern using optimized time sequence of Fig. 11.16



Fig. 11.18 Behavior of first 20 positive sideband patterns for 16-element TMLA

Fig. 11.19 Percentage of total radiated power for fundamental and harmonic patterns
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pulse shifted sequence for beam steering at a specific direction can be calculated by
combining Eqs. (11.5) and (11.12) as

τ 1
n =

[
(n − 1) kd cos θ0

2π
− τn

2

]
mod 1 (11.25)

where τ 1
n is the starting instants or the ON-time instants of each element, τ n is

the optimized ON-time durations, θ0 is the predefined steering angle for sideband
patterns, mod is the modulo operation to get the normalized starting instants of each
pulse within the stipulated modulation period.

Multiple objectives such as reduction of SLLs for the central and the sideband
patterns along with the steering of first sideband patterns are considered for
optimization by designing the CF as

CF5 = w1 ∗
(

SLL(i)
max

)∣∣∣
f0

+ w2 ∗
(

SLL(i)
max

)∣∣∣
f0±fp

(11.26)

Uniformly excited (In = 1) and evenly spaced (d = 0.5 λ) 16-element TMLA is
optimized with DEWM to get the optimal switching sequence for multi-harmonic
steered patterns with reduced SLLs. The optimal time sequence and the normalized
power patterns obtained are shown in Figs. 11.22 and 11.23, respectively. The
pattern at the central frequency has achieved a low SLL of −39.86 dB. The SBLs
for both the first sidebands (|m| = 1) are reported as −9.90 dB and the SLLs of
−25.63 dB is achieved for the steered patterns with respect to the peak level of
the corresponding pattern (i.e., SBL). 73.1592% of the total radiated power is used
to generate the desired patterns and 26.8408% power is radiated in higher order
sidebands. The power associated with the central pattern, first positive sideband,
and first negative sideband are 31.0972%, 23.0310%, and 23.0310% of the total
power, shown in Fig. 11.24. DEWM, PSO, and RGA-based results are summarized
in Table 11.6. The power associated with the desired pattern and the power at higher
order sidebands obtained with DEWM, PSO, and RGA are shown in Fig. 11.25. The
convergence profiles for all optimization processes are presented in Fig. 11.26.

11.5 Conclusion

A “Time-domain” approach of antenna array design is addressed in this chapter. The
applicability of time-modulated linear arrays (TMLAs) for advanced communica-
tion applications are discussed with several examples. A wavelet mutation-based
differential evolution (DEWM) algorithm is used to optimize different parameters
of 16-element TMLA for desired solutions. Towards this aim, distinct approaches
are developed to address the multiple objectives by appropriately designed cost
functions (CFs). Particle swarm optimization (PSO) and real-coded genetic algo-
rithm (RGA) are also employed for all the problems, and the results are compared
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Table 11.5 Optimized results obtained with RGA, PSO, and DEWM for sum-difference pattern

Algorithms
SLLf0
(dB)

SBLf0 ± fp
(dB)

SLLf0 ± fp
(dB) FNBWf0 (◦)

Element
spacing
(λ)

Pdesired
(%)

Pundesired
(%)

DEWM −40.34 −9.38 −21.84 16.20 0.8169 77.9148 22.0852
PSO −39.50 −9.42 −22.35 16.56 0.8135 78.2729 21.7271
RGA −37.81 −10.39 −15.09 15.48 0.8263 81.2289 18.7711

Fig. 11.20 Percentage of total radiated power for desired pattern and unwanted power at sidebands

Table 11.6 Optimized results obtained with RGA, PSO, and DEWM for harmonic beam steering

Algorithms SLLf0 (dB)
SBLf0 ± fp
(dB)

SLLf0 ± fp
(dB) Pf0 (%) Pf0 ± fp (%) Pdesired (%)

Pundesired
(%)

DEWM −39.86 −1.44 −25.63 31.0972 21.0310 73.1592 26.8408
PSO −38.99 −1.45 −25.44 31.1263 21.0406 73.2075 26.7925
RGA −37.31 −1.41 −25.17 30.7621 21.0107 72.7835 27.2165



Fig. 11.21 Convergence profiles of RGA, PSO, and DEWM for CF4

Fig. 11.22 Optimized ON-time durations for multi-harmonic beam steering
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Fig. 11.23 Multi-harmonic beam steered patterns with optimized time sequence of Fig. 11.22

Fig. 11.24 Percentage of total radiated power for fundamental and harmonic patterns
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Fig. 11.25 Percentage of total radiated power for desired pattern and unwanted power at sidebands

Fig. 11.26 Convergence profiles of RGA, PSO, and DEWM for CF5
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with DEWM-based results. Different examples like sidelobe level (SLL) reduction
and placing broad nulls for interference rejection, efficient analysis of TMLAs with
simultaneously suppressed SLL and sideband radiations (SRs) are briefly discussed
with proposed methods to explore the potentialities of TMLAs. Simultaneously
generated multiple beams such as the sum pattern and the difference pattern with
reduced SLL is achieved which is beneficial for monopulse tracking radar systems.
The feasibility of TMLAs is further enhanced with harmonic beamforming where
lower order sidebands are steered to a predefined direction. Beam steering with low
SLL and highly directed main beam is achieved which also implies that the TMLAs
can be designed for multipoint communication systems. For all these examples,
switching schemes of TMLAs along with other control parameters are optimized
and multiple objectives are addressed with suitably designed CFs. In this way, the
fourth dimension—“Time” is explored as an efficient control parameter for pattern
synthesis of antenna arrays to make it more adaptable and reconfigurable with smart
design approach.
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Chapter 12
Wireless Power Transfer for Implantable
and Wearable Medical Devices

Mohammad Haerinia, Reem Shadid, and Sima Noghanian

12.1 Introduction

With the growth of biotechnology and materials, the biomedical implantable
industry devices are improved. For instance, in the USA, 8–10% of people deal with
implantable medical devices. Practically, there are two main ways to provide power
for implantable medical devices. The common method is to provide the devices with
implantable batteries to be used as a power supply. For implantable batteries, their
lifetime, size, and toxic composition would lead to potential hazards to patients.
WPT is an alternative way that overcomes the energy storage problem and supplies
power for the implanted device through the skin and body tissues.

As rapid growth in wearable and implanted sensors, low power integrated
circuits and wireless communications have enabled the use of biomedical electronic
sensors. Typically, these sensors can be used to monitor and deliver the healthcare
information of a human body. Accordingly, WPT is used to supply power for
implantable and wearable medical devices. In addition to WPT, the system may
be used to send/receive data communication between antenna/coil combination that
is externally located outside the human body (EX) and may be called the transmitter
(TX), and the implanted antenna/coil combination (IM) that may be called the
receiver (RX).
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Although WPT is a promising technique to provide energy and communication
for biomedical microsystems, it still suffers from some problems including unsatis-
fied power efficiency, transfer distance limitation, and unpredictable reliability due
to mismatch and variable coupling. In this section, we will investigate more the
challenges that face the WPT due to changes in the biological environment or body
movement. This has an immediate effect on coil and antenna coupling between EX
and IM devices part.

Ensuring a stable power transfer and data communication in implanted devices,
under all conditions, is challenging. Figure 12.1 summarizes the two main factors
that affect the efficiency of the WPT link due to mismatch coupling: the first
challenge is the misalignment in the position of EX/IM and the second one is
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Fig. 12.1 Type of challenges that EX/IM coupling is facing
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the curvature bending. Both challenges will be discussed in more detail in the
subsequent sections.

12.2 Wireless Power Transfer Techniques for Medical
Implants

Inductive coupling is a common and efficient way to transfer data and power
into implantable medical instruments, including cardiac pacemakers, implantable
cardioverter defibrillators, recording devices, neuromuscular stimulators, cochlear,
and retinal implants. The development of an inductive link with a power amplifier is
applied-based and can be adjusted with operating frequency, range, and form factor,
and output power. The bandwidth to support data communication and reasonable
efficacy for power transfer, insensitivity to misalignments, and biocompatibility are
needed for a robust inductive link for medical implants [1]. In general, an inductive-
based wireless power transfer system for IMDs has a pair of coils to inductively
couple the power from a primary coil outside the body to a secondary implanted
coil. Hundreds of kilohertz (kHz) to a few megahertz (MHz) is the operating
frequency, and the size of the implanted coil is between several millimeters to a few
centimeters. As the frequency increases, the electromagnetic wavelength gets more
commensurate with the coil dimensions and the space between the coils. In this
stance, the radiative and non-radiative components are part of the electromagnetic
waves. Biological tissues also create significant problems for the propagation of
electromagnetic fields and dilute the electrical field thus affecting the efficiency of
the inductive link [2]. According to Faraday’s induction law, increasing the size of
coils and the number of turns boosts inductive link efficiency [2]. In case that the
transmitting coil and the receiving coil have the same size, the maximum coupling is
achievable. Although, in practice, the implanted coil is significantly smaller than the
transmitting coil [3]. Moreover, implanted devices need a DC power source, while
the power transmission is performed using AC signals. Therefore, there is a need
for a rectifying unit to convert AC to DC [4]. Mainly, the inductive-based wireless
power transfer system is used for medical devices such as brain and spinal cord
stimulators. Lyu et al. [5] developed a stimulator, which occupies an area with the
dimensions of 5 mm × 7.5 mm and operates at the resonant frequency of 198 MHz
while having a 14 cm distance from the transmitter which is located outside of the
body as shown in Fig. 12.2. The stimulator gets the energy that has already been
stored by a switched capacitor and releases the energy as an output stimulus once the
voltage reaches a threshold. The control unit utilizes positive feedback to trigger the
circuit, so no stimulation control circuit block is needed. An in vivo experiment was
performed to demonstrate the performance of the stimulator. Two electromyography
(EMG) recording electrodes were implanted into the gastrocnemius muscle of a rat
while the ground electrode was attached to the skin. A free-floating neural implant,
which is insensitive to the location, is provided as an inductive link in [6] for
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Fig. 12.2 A stimulator is implanted on the sciatic nerve of a pig

wireless energy transmission. The placement of a neurostimulator can be performed
by a neurosurgical procedure called Deep Brain Stimulation (DBS) [7] as shown
in Fig. 12.3.

The system works with a power transfer efficiency of 2.4% at 60 MHz and
provides 1.3 mW power to the implant 14–18 mm away from the transmitter. Their
coil link is stable against the lateral and angular misalignments of the floating
implants if the coils continue to have the high-Q resonator. The extra heat produced
by the resonator coil also does not exceed safety limits. The panel consists of
printed and 3D coils. Printed coils maintain acceptable performance under lateral
misalignment and are reliable for implants [8]. The shape of coils can affect overall
wireless power transfer efficiency. The authors studied these effects in [9–11].
Another way to efficiently transmit power wirelessly over long distances in the order
of meters to kilometers is microwave power transmission. The challenges for this
technique in the present-day include the minimization of energy loss, protecting
both humans and animals against exposure to excessive microwave radiation, and
reconfiguring of a wireless transmission system in reaction to modifications such as
a shift in a range between transmitter and receiver [12]. Pacemaker implantation is
a popular method to cure people with cardiac insufficiency. Although, the lifetime
of the pacemaker is restricted to the lifespan of the battery and the installation of a
subcutaneous pocket [13]. Asif et al. [13] built a rectenna-based leadless pacemaker
prototype as shown in Fig. 12.4. For energy transmission to the implanted unit,
a wearable transmitting antenna range was fabricated. To evaluate the system’s
efficiency through Vivo ECG (Electrocardiogram) outcomes, an animal study is
implemented.
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Fig. 12.3 Deep brain stimulation probes are shown in the X-ray of the skull [7]

Fig. 12.4 A rectenna-based
leadless pacemaker and the
wearable antenna were
proposed by Asif et al. [13]

Wearable transmit-antenna array

Implanted rectenna
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Ultrasound imaging is a well-known tool for evaluating patients’ physiological
and pathological conditions. In the passive ultrasonic recorder, the backscattered
echo is derived from the reaction of biological tissue’s acoustic properties to sound
waves. Besides, the acoustic emission can be used for supplying energy wirelessly in
the active biological environment [14]. The ultrasonic-based wireless power transfer
system has a transmitter converting electrical energy to ultrasonic energy, and a
receiver converting back the ultrasonic energy to electrical energy. The ultrasonic-
based WPT system is an effective way for medical applications such as a cardiac
defibrillator and a deep brain stimulator [15]. The advantage of ultrasound compared
to magnetic resonance and induction coupling is that those methods are restricted to
a short transfer distance, the misalignment issues [16], and magnetic field intensity
should be under specified limitations for the safety of the body exposure. In the
ultrasonic method, the operating frequency needs to be changed according to sound
radiation and pressure distribution to obtain the optimum energy transition situation
[15]. In the range of frequencies that individuals can hear, Kim et al. [16] have
developed an implantable pressure sensing system driven by mechanical vibration.
The pressure inductor has a planar coil with a ferrite core in which its distance differs
from the involved stress. An implantable pressure sensor prototype is designed, as
shown in Fig. 12.5, and examined in vitro and in vivo. The acoustic receiver is
a piezoelectric cantilever and charges a capacitor by converting sound vibration
harmonics to electrical energy. The stored electric charge will be discharged across
an LC tank with an inductor sensitive to pressure during the period that the cantilever
is not shaking.

Fig. 12.5 An implantable pressure sensing system
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Fig. 12.6 Antennas printed on Kapton substrate [19]

WPT and communication both need bulky transmitters and receivers. Therefore,
our major challenge is miniaturizing the communication and WPT systems. The
unification and combination of the two systems provide the means of miniaturization
of the overall system [17]. A hybrid inductive-based and microwave-based WPT
system are presented in [18]. One of the current challenges for wireless transfer
for small sensors is to minimize the system size. The authors decreased the size
of the compact system, at the same time implementing multi-functionality. This
goal is obtained by designing antennas having a 14 mm × 15 mm area and a
20 mm × 20 mm area for the hybrid system including antennas and coils. The coils’
operating frequencies are 510 MHz and the antennas work at 2.48 and 4.66 GHz. In
case the receiver dimension is larger than 40 mm, such a design can be printed on a
flexible material substrate such as Kapton to facilitate the surgery procedures [19] as
shown in Fig. 12.6. It is worth mentioning that rotational/lateral misalignment and
bending are two conditions that may happen because of changes in the implanted
antenna location or the person’s movement [20]. Therefore, the bending of a flexible
substrate and misalignment effect must be investigated precisely [21, 22].
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12.3 Study of Misalignments

Implantable biomedical devices suffer from misalignment issues due to the curved
surface of the anatomical system and body movement during daily life. Based on
[23], there are three main types of patient movements that cause misalignments as
follows:

(a) Slow irregular misalignment resulted from changes in the state of biological
tissue at the location of implanted coils such as inflammation and implant
migration.

(b) Rapid irregular misalignment due to the movement of the patient’s position such
as changing position from lying down to sitting.

(c) Rapid regular misalignment due to breathing.

Misalignments can also be classified according to their geometry into the three
main types of misalignment: lateral, angular, and rotational between the TX and the
RX or the EX and the IM. The definitions of the lateral and angle misalignments are
as follows:

1. Lateral Misalignment
In lateral misalignment, both the EX and IM are in parallel planes and

separated by a certain depth, while the lateral distance between their centers is L
as shown in Fig. 12.7a.

2. Angular Misalignment
In angular misalignment, the plane of IM is tilted by an inclined angle ∅,

while keeping the EX plane unchanged as shown in Fig. 12.7b.
3. Rotational Misalignment

In rotational misalignment, the plane of IM is in parallel planes and separated
by a certain depth, while the rotation angle is changed around itself (z-axis) as
shown in Fig. 12.7c.

The three types of misalignments affect the coupling factor (k) between the TX
and the RX and decrease its value. As a result, the transfer efficiency decreases.
Therefore, ensuring a stable system design under certain misalignments is very
important. A lot of research has been done regarding this topic. Moreover, for
endoscopy capsule implantable devices that randomly rotate in the digestive tract,
special coils/antennas, and circuits should be considered. Some of the techniques
have been studied to improve the robustness due to misalignment and they are
summarized in Table 12.1.

Since coil misalignment can result in an increase or decrease in the electrical
power efficiency, the following section will explain in more detail the coupling
calculation and presents some case studies. We will concentrate more on lateral
and angular misalignments.



12 Wireless Power Transfer for Implantable and Wearable Medical Devices 403

z

z

L

z’

z

c

C
f

a

b

y’

y’

y

y

y

x

x

x

O

O

O

Transmitter

(a) (b)

(c)

Transmitter

Transmitter

Receiver Receiver

Receiver

C(xc,yc,zc)

Fig. 12.7 Misalignment types (a) lateral, (b) angular, and (c) rotational [24]

12.4 Coupling Effects and Mutual Inductance Calculations

To calculate a mutual inductance (M) of A printed spiral coil (PSC) as shown in
Fig. 12.8, PSC can be considered as a set of single-turn coils with a concentric
diameter equal to (di + n(w + s)), connected in series, where di is the inner coil
diameter, n is the number of coil’s turns, w is the width of conductor trace, and s
is the space between each conductor turn. Accordingly, to study the effect of lateral
and angular misalignment between the pair of single-turn coils to calculate M based
on Fig. 12.4, the following parameters have been defined to calculate the mutual
inductance between an inclined circular loop in any position:

• The outer diameter of the TX and RX loops, doTX(i), doRX(i).

• The parameters −→
a ,

−→
b , and −→

c defining the normal vectors of the plane contain-
ing the RX coil.

• The center of the RX coil (xc, yc, zc).

The partial mutual inductance M between every two turns of the PSC pair can be
expressed as follows:
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Table 12.1 Research studies on the misalignment between transmitter and receiver

Ref Journal/conference
Pub.
year

Type of
studied
misalignment

Distance
between coils

The proposed solution to
overcome the misalignment
problems

[25] Biosensors and
Bioelectronics

2019 Lateral and
angular

10 mm The authors proposed a
multi-coil solution. They
used a 3-coil system having
a circular-shaped external
and miniaturized spherical
shaped implantable coil at
13.56 MHz.

[26] IEEE Transactions
on Power
Electronics

2017 Lateral and
angular

The different
distance starts
from 120 mm

The authors proposed a
Strongly Coupled Magnetic
Resonance (SCMR)
system. Specifically, they
used two orthogonal coils
3D model instead of using
planar coils for TX and RX
to provide misalignment
insensitivity.

[27] Journal of Physics
D: Applied
Physics

2015 Lateral and
angular

Mid-range The authors applied a
metamaterial to enhance
the WPT efficiency.

[28] IEEE Transactions
on Power
Electronics

2014 Lateral and
angular

25 mm The authors proposed a
frequency control
technique method by
electronically turning a
Class E inverter used as the
primary coil.

Mij = μdoRX(j)

2π

∫ 2π

0

[p1 cos ϕ + p2 sin ϕ + p3] Ψ (∇)

k
√

V 3
o

dϕ (12.1)

where Mij is the mutual inductance between TX coil number i and RX coil number
j, ϕ ∈ [0, 2π ] is a parameter angle and the following sequence of definitions should
be calculated prior to evaluate (12.1) as follows:

Where K(∇) and E(∇) are the complete elliptic integrals of the first and second
kind, respectively. Once the mutual inductance between a pair of single-turn coils
have been calculated, the overall mutual inductance can be generated by the
summation of the partial mutual inductances between every turn on one coil (TX
i), and all the other turns of the other coil (RX j). By adding all the values of partial
mutual inductance M is obtained as:

M =
n1∑
i=1

n2∑
j=1

Mij

(
doTX(i), doRX(j)

)
(12.2)
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Fig. 12.8 Geometrical parameters of a circular planar spiral coil
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and

k = M√
L1L2

(12.3)

where L1 and L2 are the inductance of the TX coil and RX coil, respectively,
calculated as follows:

Ls = μ n2davg

[
ln

(
2.46

u

)
+ 0.2u2

]
(12.4)

davg = do − di

do + di
(12.5)

u = do + di

2
(12.6)

where μ is the permeability of the conductor and u is a parameter known as fill-
factor, which takes values in the range of 0 (when all the turns concentrated on the
perimeter) to 1 (when the first turn starts from the center of the spiral coil and di is
equal to zero).

12.5 Case Studies: Calculating Coupling Coefficient Under
Misalignment Conditions

12.5.1 Lateral Misalignments

In the first case study, we are calculating the value of coupling coefficient (k12)
generated from MATLAB software, under misalignment condition, the following
model was used:

• The TX and RX coils are spiral shapes.
• The value of doTX is 40 mm and doRX is 20 mm.
• diTX and diRX values are specified relative to the total value of doTX and doRX. In

this work, it is assumed that di = 0.34do for both TX and RX.
• Twenty-one turns for the TX coil and 9 turns for the RX coil were considered.
• The distance between the TX and RX coils is 10 mm.

Both coils were simulated and the value of the coupling coefficient under lateral
misalignments conditions along sweeping X- and Y-axes are recorded. Figure 12.9
shows the result. As seen that the maximum coupling happened at L = 0, as the L
increased the value of M will decrease too.
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12.5.2 Angular Misalignment

For angular misalignment, the value of k12 is calculated between two identical
single-turn circular coils and we assumed a 1.4 mm diameter in this example. The
distance between the TX and RX is 10 mm, the same as the lateral case. The system
was simulated to calculate the k12 for three positions as shown in Fig. 12.10:

• Position A: Coils are in parallel.
• Position B: Coils are perpendicular.
• Position C: Coils are on the same plane.
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Table 12.2 provides the values of the coupling coefficient for single-turn identical
circular coils of 1.4 mm diameter at three different position vector cases. It can be
concluded that the maximum coupling occurred at Position A and the minimum
coupling occurred at Position B.

12.5.3 Model of WPT Inside Body Tissue

In the following design and example, we will present a design model of TX and
RX inside a body tissue model as presented in [29, 30]. As seen in Fig. 12.11, a
system is a dual-band design consists of an EX antenna/coil combination placed
directly at the upper surface of the skin, whereas the IM antenna/coil combination
is embedded in the body tissue. We assumed that the layered body model consisting
of three tissue layers: the skin layer (3 mm), the fat layer (7 mm), and the muscle
layer (125 mm). Moreover, the geometry and dimensions of TX and RX coils and
antennas are indicated in the same figure.

The EX and IM coils can transfer power at 13.56 MHz, and the pair of antennas
is sending/receiving data at 905 MHz (please note that both TX and RX antennas
have a shorting pin to determine their operating frequencies as shown in Fig.
12.11). Moreover, the electromagnetic properties of each layer at each frequency
were obtained from the Institute of Applied Physics (IFAC) database [31] and are
summarized in Table 12.3.

The impacts of coil/antenna misalignments between the EX and IM combinations
are investigated to observe the changes in k, insertion loss (S21), and η resulting from
the following cases:

Table 12.2 Coupling coefficient between two single-turn identical circular coils of 1.4 mm
diameter at three different position vector cases

Position
Center of the receiver
(xc, yc, zc) (mm)

Angular
misalignment normal

vector (−→a ,
−→
b ,

−→
c ) Coupling coefficient (k)

A (Parallel) (0,0,10) (0,0,1) 2.5 × 10−4

B (Perpendicular) (0,0,10) (0,−1,0) 0
C (Coils in same plane) (0,10,0) (0,0,−1) 1.25 × 10−4

Table 12.3 Electromagnetic properties for the body tissues in the layer tissue model at different
frequencies

Frequency 13.56 MHz 905 MHz
Parameter Muscle Fat Skin Muscle Fat Skin

εr 138.4 11.83 285.25 55 5.46 41.4
σ (S/m) 0.63 0.03 0.24 0.94 0.05 0.87
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Fig. 12.11 The proposed WPT system and body tissue model

• A lateral misalignment by varying L in Fig. 12.4a from −60 to 60 mm in steps of
10 mm in direction of the y-axis. The distance between EX and IM combinations
is 30 mm.

• An angular misalignment by varying φ in Fig. 12.4b from −60◦ to 60◦ in steps
of 10◦ rotating around the z-axis at L = 0. The distance between EX and IM
combinations is 30 mm.

After simulated the above two cases of alignment, Fig. 12.12 shows S21 and η

versus L for both antenna and coil pairs. It can be noted that the lateral misalignment
has a small effect on the values of S21 and η for the coil in the range of L= [−20 mm
to 20 mm]. They reach their maximum of S21 = − 17.26 dB and η = 1.88%
at L = 0, then these values drop rapidly after L increases to more than 30 mm.
Similarly, the value of S21 for the antenna is maximum at L = 0 (S21 = − 37.18 to
37.18 dB).

Figure 12.13 shows S21 and η versus ϕ for both antenna and coil pairs. The
maximum η occurred at ϕ = 0◦ for the coil while it occurred at ϕ = 40◦ for the
antenna. Please note that while the angular misalignment moving counterclockwise
around the z-axis, the antenna’s performance is improved due to the distance
between the TX and RX will be closer. In this study case, please pay attention to
two important points. First, due to the shorting pin, the value of S21 for the antenna
are not symmetrical around the y-axis, whereas it is symmetrical in the coil case.
Second, since the antenna is used for data communication only, the required value
of S21 and η for antennas pair is less than that required for coils pair.



410 M. Haerinia et al.

-0.5

0

0.5

1

1.5

2

-70

-60

-50

-40

-30

-20

-10

0

-60 -40 -20 0 20 40 60

[%
]

S2
1 

[d
B

]

Lateral misalignment L [mm]

S21 Antenna
S21 Coil
Transmission Efficiency Antenna

Fig. 12.12 η and S21 under lateral misalignment condition at 30 mm depth

12.6 Coil Geometry Optimizations Under Misalignment
Condition

In the most biomedical applications, there is a very limited and available volume
for the implanted part. For example, the capsule endoscopy maximum dimension is
approximately 11–27 mm. Accordingly, optimization procedures should be applied
to the RX and TX coils sizes to increase WPT efficiency for a limited coil size.
Usually, the optimization methods include the following procedures:

1. The first step is to determine the maximum dimensions in the geometry of the
RX and TX coils. RX size limitation depends on the location of the implanted
part, whereas the TX limitation depends mainly on the fabrication method.

2. Then optimization of the TX coil geometry is applied. In this step, the coupling
factor between the TX and the RX coils is calculated.

3. The third step is to conduct an estimated iterative experiment. The number of
turns for the TX and RX coils and the quality factor could be determined.

4. The fourth step is to calculate the estimated efficiency transferred to the RX coil
at a certain frequency.

5. The fifth step is to optimize the frequency in order to increase power efficiency.

In [32], optimization is done for both TX and RX to find the optimal PSC
geometries under a well-aligned condition. In the same manner, the optimization
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of TX and RX geometries could be done but under misalignment, conditions using
iterative design procedures to perform the optimization process. Please refer to
Fig. 12.14 which shows an example of an optimization flowchart. The flowchart
procedure starts with a set of initial values, depending on design constraints
and restrictions, taking into consideration the effects of the lateral and angular
misalignment, and ends with the optimal PSC geometries for the TX and RX coils.

12.7 Bending

Due to the advancement of medical technologies, and the increasing demand for
implants, advanced technologies are required to make the patient more comfortable
by fabricating the implant devices on flexible substrates instead of rigid ones.
Therefore, it can slightly vary its shape based on the patient’s movement and
ease surgical difficulties and mitigate injuries caused by rigid implants. Moreover,
devices can be made smaller and implanted in a wider variety of locations. However,
real-time flexion of the implant coils reduces transmission efficiency. There are two
types of bending: concave and convex, other types of surfaces may be a combination
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1- Applying design values depending on implantable device 
application and machine fabrication process for parameters 
such as 

3- Applying the worst-case lateral and angular mis-
alignments Parameters: CenterRX, Normal PlaneRX

2- Applying initial values for PSC geometries for 
both transmitter and receiver coils such as 

5- Optimization of the outer diameter and trace of the 
transmitter coil, Parameters: 

4- Optimization of the inner diameter and trace of the re-
ceiver coil, Parameters: 

6- Optimization the outer and inner diameter of the trans-
mitter coil, Parameters: 

7- Is the efficiency improvement less than a certain value 
such as (15%)?

Validate the design geometries via measurements

Yes

No

Fig. 12.14 Optimization method to determine PSC geometry flowchart

of the concave and convex surfaces. Efficiency, η, depends on the type of bending
of the IM device since it will be closer or farther from the TX.

12.7.1 Bending Model

In this case study, we will present a design model of TX and RX inside a body
tissue model [22]. The same EX and IM coil/antenna combinations and body tissue
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Fig. 12.15 The IM hybrid design under three bending conditions. (a) Rad = 40 mm, (b)
Rad = 80 mm, and (c) Rad = 120 mm

Table 12.4 Coils coupling coefficient (k) under three bending conditions

Rad (mm) Flat 40 80 120

k 0.057 0.054 0.052 0.054

models as seen in Fig. 12.9 have been used. But the substrate of the IM combination
is changed to be flexible of Kapton type.

The impact of bending the IM coil/antenna on the performance was investigated
under three bending conditions (Rad = 40, 80, and 120 mm, where Rad is the radius
of bending), as shown in Fig. 12.15.

Figure 12.16 shows the simulation results of S22 versus frequency, where port
2 is assumed to be at the IM coil. Although the level of S22 matching is changing
due to the bending, the center frequency is not showing a significant change. As
the bending depth increases (for smaller Rad values) the −10 dB bandwidth is
decreasing, as is expected. Figure 12.17 presents the result of S21 versus frequency
(assuming port 2 is IM and port 1 is EX), under three bending conditions. It can
be noted that the IM resonance frequency (foIM) varied as much as +15 MHz at
Rad = 120 mm to −100 MHz at Rad = 80 mm, compared to its value at foIM for the
flat case. It is also noted that the larger the Rad value, the closer the coil was to the
flat case, while S21 did not vary more than 1.57 dB, and it is almost the same over a
frequency range.

Table 12.4 shows k values under all three bending conditions for the coils pair at
13.56 MHz. It can be noted that bending had a very small and negligible effect on
the performance of the inductive coils link.

12.8 Multi-coils

To overcome the problem of misalignment and bending challenges, using multiple
transmitters is a promising technology to increase the transfer efficiencies over
a SISO (Single-Input, Single-Output) WPT system. Multiple transmitters provide



414 M. Haerinia et al.

-30

-25

-20

-15

-10

-5

0

0.6 0.8 1 1.2 1.4

S2
2 

[d
B]

Freq [GHz]

S22 Flat S22 Rad 40mm
S22 Rad 80mm S22 Rad 120mm

Fig. 12.16 Simulated S22 for the IM under three bending cases of Kapton substrate

0

–10

–20

–30

S
21

 (
d

B
)

–40

–50

–60

0.6 0.8

Freq (GHz)
S21 Rad 0mm

S21 Rad 80mm

S21 Rad 40mm

S21 Rad 120mm

1 1.2 1.4

Fig. 12.17 Simulated S21 for the IM under three bending cases of Kapton substrate

more degrees of freedom of the primary field or current distribution, and, therefore,
the performance of this system will be enhanced.

Recently, many techniques proposed to use multiple transmit coils to focus
the energy of the magnetic field towards the receiver. This idea is similar to
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beamforming from phased array antennas which will be discussed more in Sect.
12.9. However, it is important to note that the scientific theory principles of radiative
electromagnetic fields from antennas are different from that of magnetic near-fields
[33]. There are many types of multi-coils that the research focuses on as follows
(shown in Fig. 12.18):

1. Multiple-input/single-output (MISO) WPT systems that deal with multiple trans-
mitters and one receiver: MISO configuration can minimize the magnetic flux
leakage and orientate the magnetic field to the RX coil by powering the neighbor
coils of the active ones in opposite directions. Moreover, the MISO system
replaces the large sending coil with small ones occupying the same size of the
surface.

2. Single-input/multiple-output (SIMO) WPT systems that deal with one transmitter
and multiple receivers: For many WPT applications, it is practical to use multiple
RXs and the power could be transferred to all RX devices simultaneously.

3. Multiple-input/multiple-output (MISO) WPT systems that deal with multiple
transmitters and receivers: The MIMO system is used as a solution for achieving
high power efficiency and data rates. Moreover, MIMO is a promising method to
increase a channel capacity that can work on multi-operating frequency. Indeed,
the MIMO system is a more complicated system than MISO or SIMO systems
(Table 12.5).

12.8.1 A Case Study: SIMO Model

In this case study, we will present a SIMO design model that consists of one TX
placed directly on the outer surface of the skin layer. The system is enhanced
by adding three RX embedded in the muscle tissue [34]. The same EX and IM
coil/antenna combinations and body tissue model as shown in Fig. 12.9 have been
used but the diameter of the TX coil has been increased to 93.5 mm. Figure 12.19
illustrates the system model.

To investigate the enhancement impacts for adding multiple IM coils/antennas on
system stability, a lateral misalignment is applied by varying L from −60 to 60 mm
in steps of 10 mm in direction of the y-axis if Fig. 12.7a at a distance of 30 mm
between the EX and IM combinations.

Simulations are conducted to observe the changes in S21 resulting in both antenna
and coil pair. Figure 12.20 shows S21 vs. L of antenna pair for both the single and
multiple IM combination under lateral misalignment conditions. It can be noted
that for SIMO multiple IM designs, the values of S21 varied between −33.19 dB at
L = 0 to −46.05 dB at L = 60 mm; whereas, for the SISO case, it varied between
−37.18 dB at L = 0 to –63.3 dB at L = 60 mm. Therefore, it can be noted that the
stability of system design has been increased by using SIMO multiple IM comparing
to SISO one. For all the values of L, the S21 is better for the SIMO multiple IM case
than the SISO system.
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Fig. 12.18 Fundamental elements of a WPT network topology (a) SISO system, (b) MISO
system, (c) SIMO system, and (d) MIMO system

EX Antenna/Coil

IM Multiple An-
tenna/Coil

Skin 3 mm
Fat   7 mm

Muscle 125 mm

Fig. 12.19 SIMO hybrid system with body tissue

We noted that the values of S21 for the antenna are not symmetrical around the
y-axis for both cases due to the existence of the shorting pin. The transmission
efficiency is still acceptable for antenna pair since it is used for data communication
only.
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Figure 12.21 shows S21 1 versus L for both SIMO and SISO systems under lateral
misalignment for coil pair. It can be noted that at SIMO design, the values of S21
varied between −13.65 dB at L = 0 to −23.36 dB at L = 60 mm, and between
−17.26 dB at L = 0 to −49.41 dB at L = 60 mm. Similarly, as in the antenna pair,
in this case, the stability of the SISO system has been increased by using multiple
IM combinations. Moreover, the system model for coils is symmetrical. From both
Figs. 12.21 and 12.22, it can be concluded that the stability of WPT systems is
improved using multi-coils.
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Fig. 12.22 The quadrupole loop creates a cancelation plane

12.9 MIMO Beamforming

To increase the charging distance in wireless power transfer for medical applica-
tions, various signal processing and beamforming methods have been proposed. The
beamforming increases the power transfer efficiency and the range of transmission.
Some of these methods are based on communication methods. In communication
the concept of multiple-input multiple-output (MIMO) is well-known. In [39] the
authors introduced the concept of Magnetic MIMO (MagMIMO). MagMIMO uses
a magnetic charging method, but instead of one coil, it uses multiple transmitting
coils. In a communication MIMO system, a channel (the propagation patch between
the transmitter and receiver) needs to be known or estimated. Therefore, a lot of time
a pilot signal is sent from the transmitter and sent back to the user to estimate the
channel. In MagMIMO however, having the information about the loading effect of
the coils the channel can be estimated without sending and receiving signals. Let us
consider two transmitters and one receiver.

Ir

(
Rr + jωLr + 1

jωCr
+ zL

)
= jω (M1 + M2) It (12.7)
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where Ir and It are the receiver and transmitter currents, respectively. Rr, Lr, and
Cr are the resistance, inductance, and capacitance of the receiver and zL is the load
impedance. In the situation that the receiver is tuned, the inductive and capacitive
terms will cancel each other out. The two terms M1 and M2 are the mutual
inductances between the receiver coil and the two transmitter coils. In a maximum
ratio combining (MRC) the coefficients for the transmitter currents are defined

as
m∗

i∑2
i=1 |mi |2 , where m∗

i is the complex conjugate of mi. To do this optimization

an estimate of mutual inductances is needed. This chapter presents a method of
channel measurement by keeping one source active at each given time and leave the
other transmitters open. Measuring the active transmitter impedance will provide the
mutual inductance term. In [40] the authors extended the MagMIMO to multiple
receivers and used the term MultiSpot for this system. In a MultiSpot system,
multiple transmitters and multiple receivers will interact with each other. Despite
the wireless communication beamforming that the users do not interact with each
other, in MultiSpot the receiver coils have effects on each other as well as on the
transmitters. In this system, the equations will be in a matrix format where the vector
representing the receiver currents will be given by multiplication of the channel
matrix by the transmitting current vector I r = (

jωZ−1
r

)
MI t. Because of the

interaction between the receivers and transmitters the channel matrix is written as
H = Hr − rHr − t, where =Hr − r contains the receiver coupling and Hr − t contains
the transmitter coupling. This chapter proves that the solution to maximizing the
power is to maximizing the eigenvector of H∗RrH where Rr is a diagonal matrix
with diagonal entries that are the resistances of each receiver. This chapter also
provides a method of channel estimation.

The method presented in [40, 41] is increasing the range of power transfer
significantly, but it is complex due to the interaction of transmitter coils with each
other. In [42] the authors introduce the concept of near-field magnetic induction
MIMO (NFMI MIMO). In [42] NFMI MIMO is introduced as a means of data
transfer however the concept can be used in power transfer as well. To reduce the
interaction between transmitter coils a multipole loop is introduced. A multipole
loop can generate a magnetic field in multiple directions. A quadrupole loop looks
like number 8, where equal and opposite direction current are on each side of the
loop. The opposite direction currents create opposite direction magnetic fields at the
points that have the same distance from the center of each loop. Both loops have
the same radius and number of turns. This will create a cancelation (or decoupling)
plane (Fig. 12.22). Using an unbalanced quadrupole loop with one loop having a
different radius than the other a curved cancelation surface can be created.

This concept was used in [42] to remove the coupling and therefore the
impedance is a real number and the input current and voltage are in phase. In [42] the
authors compared the cross talk of a 2 × 2 conventional MIMO arrangement of the
coils with a heterogeneous multipole loop antenna array that included quadrupole
coils. Also, they showed in an experimental example that signal to noise ratio
increased as much as 30 dB in comparison with the conventional MIMO.
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In [43] an iterative beamforming approach is taken. In the proposed system on
the transmitter is using a 3D coil, that consists of three orthogonally deployed coils.
Multiple receivers are placed around the transmitter. In the proposed system three
receivers are considered. The resonance frequency of the coils is adjusted by a
capacitor C and each receiver has a real impedance of zL.

[
ZTx Zch

ZT
ch ZRx

] [
IC

Tx
IC

Rx

]
=
[

UTx

0

]
(12.8)

where UTx is the complex input voltage vector at the transmitter that needs to be
optimized. IC

Tx and IC
Rx are the current vectors at the transmitter and receiver coils,

respectively. The matrices ZTx and ZRx are the complex impedances corresponding
to the transmitter and the receiver. At the transmitter since we have a 3-orthogonal
coil combination, ZTx is a diagonal matrix with the self impedance of each coil on
the diagonal entries. ZRx is not necessarily diagonal since the receiver coils might
have mutual inductances. Finally, Zch is a matrix that shows the mutual inductances
between each receiver and each transmitter.

Equation (12.8) can be used to solve for IC
Tx and IC

Rx

IC
Tx =

(
ZTx − ZchZ

−1
Rx ZT

ch

)−1
UTx = AUTx (12.9)

IC
Rx = −Z−1

Rx ZT
chAUTx = CUTx (12.10)

The total transmit power is given by

Pt,total =
3∑

k=1

Pt,k = |UTx|T |AUTx| (12.11)

And the received power by the load ZL, l of the circuit l is:

Pr,l = |Il |2
∣∣ZL,l

∣∣ (12.12)

In the iterative method that is proposed, it is assumed that in the case of
convergence UTx at the nth iteration is almost the same as UTx at the n − 1th
iteration. The algorithm that is explained in [42] explains how this becomes n
eigenvalue problem in each iteration, and the maximum eigenvalue is picked as
the solution at each nth iteration. During this process the total transmit power is
approximated by the squared L2-norm and optimal beamforming is used to find a
local optimum for the power efficiency.
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12.10 Regulations Related to Medical Implants and Design
Considerations

The development of wireless technology for medical devices is elevating the
provision of healthcare with lower costs. Wireless telecommunications can be used
for both wearable and implantable applications such as DBS, tracking of vital signs,
measuring biological parameters, and cardiac rhythm control. The main advantage
of wireless technology compared to landline networks is that the patient is not
required to be linked to a certain location by cables [44]. Despite advances in
biomedical implants such as a pacemaker, cochlear implant, and nerve stimulator
these devices need to be improved in terms of miniaturization, the biocompatibility
of materials, sources of electric charge, and wireless communication. To develop
an effective implantable medical device, the doctor, the patient, and the technician
must collaborate in collecting coherent initial information about different aspects of
the device. In particular, the user’s satisfaction, the doctor’s technical priorities, and
the workability of the model are necessary to be considered in the design process
[45]. There are important factors for designing medical implants. Since an electric
device is implanted inside the human body and the organs around the device may
react to it. To avoid such an issue, the device should be made up or coated with
biocompatible materials. Moreover, the medical implants should have appropriate
packaging to isolate components of the device from body tissue.

Another factor is the structure of the design itself. Before the design, enough
data should be collected from the patients, engineers, previous designs, and their
advantages and drawbacks [45]. The United States’ medical devices market is
regulated by the three different organizations, Federal Medicines Authorities (FCC),
the Food and Drug Administration (FDA), and the Centers for Medicare and
Medicaid Services (CMS). Wireless medical instruments can be classified into two
categories, short-range such as inductive implants, medical body area networks, and
long-range such as wireless medical telemetry (WMTS). According to the FCC,
short-range technology sends data to the local receivers and long-range technology
sends user data to the remote spot [46]. The FDA’s mission is to check if the
proposed medical devices guarantee the factors of safeness and effectiveness for
patient usage. The FDA divides medical devices into three classifications based
on the risk factor. Class I includes the lowest risk devices and without FDA prior
authorization, medical devices may be advertised in this class. The medical devices
using wireless technologies are usually considered in Class II. The highest risk
medical devices fall under Class III and clinical trials are mandatory to get FDA
approval. The FCC and FDA must give permission before wireless medical devices
can be marketed in the United States. It is worth mentioning that the FDA and
FCC have distinct criteria, and one agency’s authorization does not simply ensure
the other’s consent [44]. The designers of medical implants currently dealing with
challenges in materials, output power, size miniaturization, the efficiency of the
wireless link, and cybersecurity [45]. There are different types of cyber-attacks
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including theft of protected health information and execution of fraudulent device
commands which require appropriate cybersecurity mechanisms [46].

12.11 Conclusion

This chapter provided a study concentrating on common wireless power transfer
(WPT) techniques for implantable and wearable medical devices. WPT through
Implantable antennas may suffer from misalignment issues due to the curved surface
of the anatomical system and body movement during daily life. The main types
of misalignments due to patient movements were analyzed with two case studies.
Using multiple transmitters and beamforming as a potential solution to overcome
the problem of misalignment and bending and increase power efficiency were
discussed. A summary of current regulations related to medical implants and design
considerations was provided.
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Chapter 13
Conclusion

Mohammad Abdul Matin

The world is undergoing a major wireless revolution both in terms of wireless
and mobile technology that provides ubiquitous communication access to citizens
[1]. In this modern era of wireless communication, the increasing demands for
high data rate promote researchers to design wideband and multiband antennas
with reasonable gain and good radiation characteristics. The designed antennas are
compact in size, integrated into portable wireless devices and RF circuits with low
fabrication cost. This book presents aforementioned recent findings and investigates
the emerging research trends in the area of antenna engineering.

13.1 Emerging Research Trends

13.1.1 Mobile Handset Applications

The modern wireless handheld devices can enable cellular voice, video and data,
Wi-Fi, and GPS services to the customers. These handheld wireless devices require
antennas with compact size to integrate other electronic components to shrink the
volume of devices as well as to make lightweight, low cost that can operate across
multiple bands. All these desirable features impose research challenges in designing
new broadband, multiband, and reconfigurable antennas for the new generation of
mobile communication devices specially mobile phones, tablets, laptops, wearable
computers, and so on. These have been addressed in this book with several design
examples.
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13.1.2 MIMO Applications

Massive MIMO is the extension of MIMO, which essentially groups together a
huge number of antennas/antenna arrays at the transmitter and receiver to offer
better throughput and higher spectral efficiency. However, the size has always been
an important issue for designers in the context of accommodating huge number
of antennas in physically small devices. On the other hand, it creates mutual
interference which in turn degrades the performance of MIMO system. Therefore,
the design of compact MIMO antennas with high gain, low loss; high isolation (low
mutual coupling) for reliable communication remains a challenge for the researchers
though significant research efforts have been found over the last few years to address
the above issues. Our book has also attempted to deal with such issues.

13.1.3 IoT Applications

IoT (Internet of Things) allows communication among smart objects for transferring
information without the interference of human beings [2]. The ever-growing number
of smart devices creates opportunities in industrial and business fields along with
improvement of human lifestyle. The antenna miniaturization allows its integra-
tion in IoT devices that enables these to participate in wireless communication.
However, some considerations need to be focused on while designing antennas.
High performing IoT demands for efficient low-profile antennas offering larger
bandwidth and higher gain which can provide reliable communications. In addition,
the requirements for ever-shrinking foot-print with reasonable performance under
extreme interference condition pose additional design challenges of the antennas
[3] explained in this book.

13.1.4 Medical Applications

The rapid growth of biomedical industry has gained a lot of attention in the devel-
opment of wearable human biomedical systems that need to be comfortable and
attractive for daily wear. In recent years, Ultra-Wideband (UWB) frequencies have
been extensively used by researchers for Body Area Networks (BAN) applications.
This requires low-profile, robust, lightweight, and compact antennas. It also requires
QOS irrespective of the constraints such as movements of individuals or surrounding
objects. The non-caustic and biocompatible material, such as titanium or platinum,
can be used for implants resulting in the degradation of performance to compare
with the antennas made of copper [4, 5]. Moreover, Organs and antenna positioning
determines its shape and size which further controls the design.

.
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13.1.5 Radar Applications

Radars have been extensively deployed in aircrafts, ships, and vehicles to avoid
collisions and to save lives. The collision avoidance radar aims to provide advanced
vehicle control and safety system in the Intelligent Transport System (ITS) which
requires highly directional antennas that can distinguish targets in a predetermined
field of view. The radar systems operated at millimeter wave band are robust
against bad weather condition. Though there may be sufficient number of mm-wave
antennas with reasonable performance, the radar system requires antennas or arrays
with small size, ease of integration in structures which put some research challenges.

13.2 Concluding Remarks

The recent research effort in the area of wideband, multiband, and smart antennas
for different applications are presented in this book. Instead of focusing on the
5G related applications only, this book fairly discusses the state-of-the-art antenna
technologies for other wireless applications. The presented designs in this book
show that the antenna structures are prudently selected to achieve compact size,
lightweight, less power consumption, and ease of integration with other devices,
gain and bandwidth requirements according to the specific applications. This will
help to build a strong foundation for further investigations of wideband, multiband,
and smart antennas to offer wide spectrum of applications in the future.
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