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ABSTRACT

MICROSTRIP ANTENNA DESIGN AND FABRICATION FOR SELF
POWER MODERN WIRELESS SYSTEM

Al-khaylani, Hayder Hassan Mohammed

PhD, Electrical and Computer Engineering, Altinbas University,
Supervisor: Asst. Prof. Dr. Abdullahi Abdu IBRAHIM
Date: 12/2022
Pages: 145

Due to the urgent need for modern antenna technology to fit the recent applications including 5G
systems, loT terminals, and space satellite communication systems. However, the antenna
technology still rarely relaxed due to the antenna size and passive performance limitations. This
involves many advances to include self-powered systems based on green energy based on solar
and radio frequency resources. Therefore, novel-reconfigurable sub-6 GHz microstrip patch
antenna operating on three resonant frequencies 3.6, 3.9, and 4.9 GHz is designed for 5G
applications. The proposed antenna is structured from metamaterial (MTM) array with matching
circuit printed around a printed strip line. Antenna is excited with a coplanar waveguide to achieve
an excellent matching over a wide frequency band. The suggested antenna shows excellent
performance in expression of S11, gain, and radiation pattern that are controlled by two photo
resistances. Suggested antenna shows various operating frequencies and radiation patterns after
changing the photo-resistance cases. The main antenna novelty is realized by splitting the main
lobe which tracks more users on same operating frequency. Nevertheless, major radiation lobe can
be steered to required location by controlling the surface current motion utilizing two varactor
diodes on the matching circuit. Next, the proposed design is developed to 3D array geometry for
5G applications. The suggested antenna array provides wideband with excellent matching
impedance, S11<-10dB, from 3.1GHz to 5.75GHz. The suggested MIMO array is constructed

Vi



from four elements arranged on cubical structure to provide low mutual coupling, less than -20dB,
over all interested frequency bands. Each element is excited with coplanar waveguide (CPW). The
radiation patterns are controlled by two optical switches of Light Dependent Resistors (LDRs).
The suggested array shows excellent response to LDR statue changes in terms of directivity. The
proposed antenna frequency band is found to be insignificantly affected with respect to LDR
switching statues. The suggested array is fabricated and tested experimentally on expressions of
S-parameters, gain and radiation patterns at 3.6GHz, 3.9GHz, and 4.9GHz. The maximum gain is
found to be 3.6dBi, 4.2 dBi, and 4.1dBi at 3.6GHz, 3.9GHz, and 4.9GHz, respectively.
Nevertheless, it is found that the suggested array achieved a significant beam steering about £300,
+400, and +450 at 3.6GHz, 3.9GHz, and 4.9GHz, respectively, after changing LDR switching
statues. Such technique ensures the antenna beam controlling without need for biasing circuits.
Next, RF energy harvesting system is proposed for self-powered system with solar panel
integration. At the end, the antenna array is designed and fabricated, the simulation is done by
using CST Studio software. It is found that the experimental results of fabrication are agreed very

well with those obtained from simulations.

Keyword: 10T, Self-Powered, MTM, MIMO, LDR.
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1. INTRODUCTION

1.1 OVERVIEW AND BACKGROUND

(5G) is sophisticated technology of mobile broad-band communication that is planned to use after
2020. There are two frequency spectrum ranges of 5G system, sub-6 GHz that is including (1 GHz
-to- 6 GHz) and above-6 GHz according to study of physical properties [1]. Different 5G antenna
designs were reviewed, the authors attempted to produce the exhaustive review that covered vary
important antenna designs and its parameters and performances enhancement such as gain,
bandwidth and radiation pattern [2]. Since exploring the concepts of Metamaterial (MTM)
structures in the last century; they have received big attentions by different industrial and scientific
foundations [3]. This because, their nontraditional features and unique properties to realize
especial devices for many modern applications [4]. So, MTM structures were introduced to various
antennas for achieving novel deigns with enhanced performance in [3]-[5]. For example, in [3],
the author applied the use of MTM defects between the antenna elements for MIMO applications
by decrease the coupling between the antenna array elements. Other design was published in [4]
based MTM patch structures for cylindrical antenna design for gain-bandwidth product
enhancements. MTM structure was published in [5] for wearable applications; in this work the
authors applied the use of MTM inclusions to minimize the effects of electromagnetic felid
absorption by the human body. A monopole antenna array design based on fractal-geometry was
suggested for MIMO applications, this array provides the broadside radiation pattern this property
as the result of fractal geometry adding, high Mutual Coupling reduction was achieved [6]. A novel
multiband fractal sub-6 GHz microstrip antenna utilizing circle and triangle fractals for different
wireless applications [7]. The authors demonstrated the effect of loading Koch-fractal on square
microstrip antenna edges to get good performances [8]. Multiband Reconfigurable Antenna of
(Sub-6 GHz) 5G Wireless Communication is designed. Antenna reconfigured based on (ON, OFF)
states of pin diode [9]. A reconfigurable microstrip patch antenna to operate at two frequencies is
designed. The concept of switching the lumping element pin diode between (ON) and (OFF) state,
to energy saving and power consumption reduction is introduced [10]. In another concept, the
introduction of the solar panel to the modern antenna designs has become the most urgent for the
self-powered wireless systems [11]. For this, the MTM based antennas were integrated with solar

panels in different publications [12]-[15]. For instance, the authors in [12] proposed an antenna
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design based on MTM for gain enhancements by integration their antenna design with the solar
panel as a substrate. Furthermore, another design was suggested in [13] to integrate the solar panel
a reflector for a Vivaldi antenna based corrugated grating patch with MTM. In [14], a design of
MTM structure based on plasmonic antenna array for modern applications; in that design, the
authors printed their antenna array on flexible solar panel. Design of an antenna based MTM in
[15] was introduced for self power wireless system by attaching the antenna ground plane with
solar panel. Later, the researchers explored another technique to harvest the green energy from an
arterial resource based on RF energy bands [16]. In such technology, the antenna design was
introduced with certain specifications such as: high gain-bandwidth products to improve reception
efficiency [17], unidirectional radiation patterns to ensure the locus independency [18], and size
reduction to ensure system embedding and compatibility with miniaturized electronic circuits [19].
Nonetheless, a matching impedance between antenna and the rectifier-circuit is a significant issue

to ensure the rectification efficiency of the resulted structure [20].

1.2 THESIS OBJECTIVES

The objectives of this work, design and fabricate reconfigurable microstrip antenna array based on

Solar cell and RFEH with following features:

a. Design a microstrip antenna of a miniaturized size to suite the application of a 5G network.

b. The proposed antenna should be resonant during the Sub-6 GHz bands with in frequency from
2.5GHz to 6GHz.

c. The Microstrip antenna array would be integrated with Radio Frequency Energy Harvesting
(RFEH) and a solar panel to provide a self-power wireless system that is very suitable in
modern applications.

d. To maintain the antenna array performance such as stable gain, good radiation coverage
direction and low cross polarization levels.

e. The antenna elements performance would be configured with LDR photo resistances to control
their performance inside multipath reflection environments.

f. Metamaterials could be introduced for this design to decrease the coupling between the array

elements in MIMO array system.



1.3 MOTIVATION

a. Due to the feature of microstrip antennas technology which includes low profile, lower weight,
easy to manufacture and easy to be integrated with portable electronic devices; the author is
motivated to design of miniaturize microstrip antennas that are applicable to the 5G
requirements at sub-6GHz.

b. Moreover, such antenna can be integrated into RFEH and solar panel to resource power
wireless system that is very suitable for many modern applications including the 5G network.

c. They are applicable to different high-speed antenna devices including pin diode characters that
may be used later to reconfigure the antenna performance.

d. Their structure can be engineer by using metamaterial to realize unusual properties of enhanced

been and frequency bandwidth.

1.4 PROBLEM STATEMENT

To overcome the limitations in previous studies such as degrades the gain , transmission losses
especially in high frequency, and power losses because solar cell nature at attaching the solar cell
to ground plane by integrated antenna with solar cell [11]. Bad shadowing effect which prevents
the light rays from fall on solar cells [14] . low power produced by of RFEH system and the other
base challenges of (RFEH) system is to progress the efficiency of rectennas by improving the

collecting of individual energy and transformation ability of every source [17].

Therefore, this work proposed new design of Self Power Wireless System by introduced the
integrated system of sub-6 GHz rectenna microstrip array with solar cell that able to offer efficient
power to load through solar cell and Radio Frequency Energy Harvesting (RFEH), this leading to
reduce the cost, as well as improved the gain of antenna and efficiency of RFEH system with low

cross polarization levels and good radiation performance.

1.5 PROPOSAL DESIGN STRUCTURE

Microstrip antenna have many features and properties. It lighter weight, small volume, costly,
lower profile, smaller dimensions and easy of fabrication. Microstrip antenna consists of very thin
metallic patch placed on dielectric material as a substrate that placed on ground surface, as be
clarified in figure (1.1). When antenna is working, the generated waves through the dielectric



suffers reflections and the energy is radiated from patch edges. Microstrip antenna is utilized many

applications such as RFID (radio frequency identification), WSN, and biomedical and healthcare.

y ’ ' patch /]
/ / ‘¢ v,
.= / A4

<« > A/

Substrate hI dielectric (¢,) /

ground £

Figure 1.1: Microstrip patch antenna [15].

Modern applications of wireless communication need antennas that designed based on new
researches that aims to use green-energy harvesting [1]. Due to, most of these applications based
on batteries that affected by overheat and charging loss which leads to decline the charge and
discharge time [2]. For these reasons, most of previous works presented the integrated antenna
with solar cell by utilizing the transparent antenna which consists of patch that design to allow
flow the light through it, such as meshed structure, where the light rays can flow through the mesh
openings and the conductor remain represents as valid radiator of (MWF) microwave frequencies.
Transparent substrate and meshed ground where all these three layers allow to arrive light to solar

cell which used to generate electric power to the load, for example, figure (1.2) as be shown below.
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Figure 1.2: Integrate microstrip antenna with solar cell.

But these designs have more limitations [21] such as degrades the gain, transmission loss

especially at high frequency and electromagnetic radiation losses because nature of solar.

the proposed system is integrated the sub-6 GHz microstrip antenna array with solar cell and Radio
Frequency Energy Harvesting system. Where the solar panel would be located perpendicular to
antenna array axis to avoid the shadow effect of array structure and allow to arrive 100% of

sunlight directly to solar cell without obstacles.

Radio Frequency Energy Harvesting (RFEH) system consists of four parts as be shown below in
figure (1.3), where first part is an Impedance matching circuit, second part is a rectifier circuit
which utilizes to convert (RF) signal wave to (DC) power, third part is Dc low pass filter and

finally is a load. Where the system represents a microstrip rectenna integrated with solar cell.

Proposed antenna

N

Figure 1.3: Block diagram RFEH system.



1.6 THE DISSERTATION CONTRIBUTION

a. The main novelty is realized by splitting the major radiation lobe to more users on same
operating frequency.

b. Steering a main lobe for desired destination via utilizing two varactor diodes.

c. A miniaturized low-profile metamaterial-based antenna would be proposed for 5G
applications.

d. The antenna would be fabricated on FR4 substrate to be integrated to solar panels and RFEH
system for self-powered applications.

e. The proposed antenna would be applicable for sub-six bands with almost stable gain during
broad range of frequencies.

f. Antenna could be subjected to MIMO systems based on array structure.

g. To maintain the antenna array performance, the solar panel would be located perpendicular to
the antenna array axis.

h. Antenna reconfiguration by using two LDRs and two varactor diodes would be applied for

suggested antenna to control of array performance.

1.7 CONSIDERATIONS

a. Introduced the usage of green energy resources in the wireless communication systems.

b. Design and fabricate a novel reconfigurable antenna array for modern wireless
communication systems.

c. Improved the performances of the wireless communication systems through proposed novel
antenna array.

d. Construct all above considerations in one suitable integrated system for modern 5G

applications.

1.8 DESIGN AND GOALS
a. Miniaturized the antenna size.

b. Enhanced and improved the antenna parameters.



C.

d.

Reduced the negative impacts of mutual-coupling between the array elements.

Negative effects reduction of solar cell on antenna array performances.

1.9 THESIS STRUCTURE

Chapter Two (MTM and Antenna Theory): It discusses the properties of metamaterial and its
applications and antenna theory (antenna parameters, different types of antennas and antenna
reconfigurable).

Chapter Three (Microstrip Antenna Theory): It displayed particularities and details of
microstrip antennas with the use of multiple feeding technique. Also, it covers three popular
procedures for the microstrip antennas analysis

Chapter Four (Renewable Energy Resources -RFEH): it studies the details of Radio Frequency
Energy Harvesting system construction and its applications.

Chapter Five (Renewable Energy Resources -Solar cell): it studies the structure and the
physical properties of solar Photovoltaic cell as well as its effect on antenna radiation and its
advantages and disadvantages in proposed integrated system.

Chapter Six (Results and Discussion " Reconfigurable Antenna Array"): It designs integrated
system that consists of a reconfigurable Microstrip antenna array by using CST Simulation and
compared the simulation results with the prototype fabrication model results.

Chapter Seven (Results and Discussion™ Effect of solar cell and RFEH on Antenna array): its
analysis all the results and compared the result of CST simulation with the prototype
fabrication model results.

Chapter eight (Conclusion and Future Work): Finally, conclusion of this dissertation and

Future work are displayed in this chapter.



2. CHAPTER TWO

In this chapter, the theory of metamaterial, antenna concept, microstrip antenna, and MIMO

based antenna array are discussed. This chapter is divided of following sections:

2.1 MTM THEORY AND CLASSIFICATIONS

Metamaterials (MTM) have more features and properties that different the properties of naturally
materials. The term "meta" means beyond nature in the Greek word, in other word, these materials
are built with an appointed- specifications to achieve the desired performance. The structure of
this materials is caused their properties, where it does not dependents on physical synthesis [22].
In other word, Metamaterials defined as the material that obtains its electromagnetic magnetic
properties from the material structure not from the material nature. If the structure is designed
accurately can be gained a negative refractive index at certain frequencies. For this reason, these
materials are not dependent on (RHR) right-handed rule and hence, named (left -handed MTM)
[23]. Meaning of negative refractive index does not mean the standing movement of the signal,
but means bending the electromagnetic waves opposite direction at the rays traveled from a (RH-
side) to a (LH-side) as be clarified below in figure (2.1) [24].

(a) Positive refraction: (b) Negative refraction:

Incident ray Incident ray

~
RH
ny >0 ny >0
n2 > ny <0
RH
LH
: Refracted ray Refracted ray :

Figure 2.1: Electromagnetic wave refraction at the media interface (a) two mediums of similar

handedness (positive refraction) (b) two mediums of opposite handedness (negative refraction).
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The metamaterials MTMs widely used in researchers and scientific research to involve broad
domain of frequencies, starting from radio frequencies into the visible frequencies. Now, these
materials used to the microwave (MWF) frequency band (1-100 GHz), MTM applications can be
shown in in section (2.1.4).

2.1.1 MTMs and LH- MTM Definitions

One of definitions of the metamaterials is an efficient homogeneous synthetic material with
properties, features and characteristics not found in other material [23]. The efficient homogeneous
structure means the size of material cell size (p) is much small compared with guided wavelength
Ag. For this object, in average the cell volume must be less than a quarter of wavelength p <Ag/4.
To ensure the refraction domination on the scattering / diffraction over the electromagnetic wave
propagation inside a MTM. (p = Ag/4) will be considered as material effective homogeneity
condition [21]. The (er ur) parameters depend on unit cell properties of the structure to be a real
material in the state of effective homogeneity, as the result the structure is considered to be uniform
electromagnetic field in the propagation direction. The refractive constant (n) can be determined
by the equation (2.1), that shows the relation between (n) constant and permittivity (¢) and

permeability (u) parameters: -

n=terpr (2.1)
(er), (ur) are permittivity and permeability of free space relative, given by (€0= ¢/ er = 8.854 *
107%?), (uo = p/ur=4n *107").
Figure (2.2) show the (g, p) diagram, that shows the combinations sign of (g,p) pair . it arranged
as (+,1), (—1), (+,7), and (—,—),Where the first three pairs are represents the conventional
materials, but the last group acts a new type, that acts LH- materials [20]. The negative sign of the
(g,1) parameters, the LH-MTM has anti phase and group velocities. Based on the last definition,
LH materials represents metamaterials because its constructs by human and effective
homogeneous where (p <Ag/4), as well as, it has the unique properties (er , pur <0). although MTM
in references utilize to refer to (LH-materials), but it includes wide scope. where LH-materials are
considered most common type of metamaterials because their special properties with a negative
refractive index. Section (2.1.3) shows this type of MTM and the composite right/left-handed
CRLH metamaterials.
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Figure 2.2: The (¢, p) diagram.
2.1.2 The Difference Between Backward Waves and LH-MTM

Antiparallel phase and group velocity propagation is unresent theory. backward waves are the
signals have special characteristics of its propagation where that represents the (CRLH) model.
Brillouin and Pierce were used the circuit model that shown in figure (2.3) below, to show CRLH

and its uses [21].

Figure 2.3: Circuit model for backward wave line.

Backward waves have been related with the reverse amplification phenomenon that occurs in
traveling wave tubes, many references that shows the backward waves details, for all background
waves states excepting the magneto static backward volume waves, where that occurs in space
harmonics or in higher modes. Therefore, in structure, the cell size of this type at wave propagates,

must be approximately equal (p =~ Ag/2) or multiple these size (p =~ nlg/2) within the higher modes.
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As a result, for described these waves cannot be used (€) and p parameters because that waves
propagate suffers from the diffraction and scattering [25]. Consequently, the real structures
electromagnetic behavior is not present, for instance, the refraction property that subjects to Snell
law. moreover, LH-MTM works at the fundamental mode, effective homogenous structure at cell
size (p< Ag/4), at this state, can be identified the parameters and the structure behave and work as
real material. In reality, when the cell size (p < Ag/4,) the difference between left-handed (LH-
MTM) structures and dielectric materials to be only quantitative.

The structural units introduced in particular the permittivity value in dielectric materials are
molecules according of angstrom order, while the volume in modern left- handed materials are
centimeters in the microwave band. The electric unit structure size equal (p/Ag) =~ 107° at L-X of
microwave bands for the first state and equal (p/Ag) =~ 10~ — 102 for the second case. But, LH-
MTMs display a similar quality of refractive phenomena to the classic dielectrics. This means LH-
MTMs behaves similarly to dielectrics, thus the metamaterials is called on this material in spite of
with negative properties. Because it has effective homogeneity and may be expand to covered 2D

and 3D structures.

2.1.3 Composite Right/Left-Hand (CRLH) MTMs

Caloz proposed the idea of CRLH-MTM, which represents the broader case of (LH-MTMSs) and
gives a brief description of its core. TL-model illustrated in figure (2.4) are made up of series
capacitors (CL) and shunt (stub) inductors (LL), which are meant to give left-handedness from the
preceding section's clarifications. However, currents and voltages produce parasitic effects when
they pass through the material [3]. When current is passed through the capacitor CL, a magnetic
field is generated, resulting in a series inductance LR; moreover, voltage gradients occur between
the upper conductors and the ground surface, resulting in a shunt capacitance (CR). As a result,
even in limited frequency range, a pure LH (PLH) structure is not completely present, because a
true LH structure must incorporate (LR,CR) and (LL,CL) reactance. This fact is the basis for the
use of the name CRLH to explain the properties and nature of actual left handed- MTM [22]. The
basic features of a CRLH may be deduced from an examination of the analogous model shown in
Figure (2.4). (a), LR and CR are short and open at low frequency range, therefore the circuit become
pure LH-structure due it has antiparallel phase and group velocities, this LH structure is high pass

circuit, so an LH stopband is present below a certain cutoff. While at high frequency range CL and
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LL are short and open. The circuit become purely RH- structure with parallel phase and group
velocities, this RH- structure is low-pass circuit, so an RH stopband is present above a particular
cutoff. Generally, when series and parallel resonances are unequal, a gap is existing between the
LH and RH structures.

LH area

(a) (b)

Figure 2.4: CRLH- MTMs characteristic (a) unit cell structure (b) diagram Dispersion. (LR =CR =0 at
LH circuit), (LL = CL = at RH circuit) mentioned for comparison purposes.
In this diagram (wse < wsh) , the opposite can be applied also depending on the LC values. If the
resonances are balanced, the gap is completely disappearing, and an infinite-wavelength
propagation (Ag = 2/|B|) at the transition frequency wo is obtained. In spite of the filter feature,
The (CRLH) operates only at the transition frequency where the condition of effective
homogeneity is satisfied (p < Ag/4), it never operates at borders of the Brillouin-zone, where(p =
Ag/2). The dispersion curve of CRLH containing LH and RH effects is quite different from the

pure LH/ RH structures due to the combined effect of the structures at all frequencies.

2.1.4 Metamaterial Applications

Metamaterials (MTM) introduced different view as a result of their unnatural interactions with the
electromagnetic waves to overcome the traditional and developed technology limitations, due to it
have more features and properties that different the properties of naturally materials. These
features made it utilized in many applications such as:

a. Discover the novel characteristics of (EM) electromagnetic materials.
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MTM is considered as the materials that have a negative refractive index and very low or high
value of negative permeability or permittivity [20].

b. Used in RF components manufacturing

MTM have the important influence on sensor technology, where These elements basically consist
of (active power amplifiers and couplers, power dividers, and bandpass filters (BPFs) as passive
circuits) [24].

c. Overcoming the limitation of conventional materials

(MTM -TLs) are artificial lines of reactive materials which have larger degree of freedom than
conventional lines and setting the dispersion and the impedance characteristic [22].

d. Improved the capability of current devices

MTMs have been validly utilized to rise the performance of previous components such as the
microwave components designs or to produce the novel devices theoretically as invisibility cloaks,

transformation electromagnetic devices and optical Nanocircuits [26].

2.2 ANTENNA THEORY

One of definitions of Antenna is a special transducer which converts the electromagnetic fields
into AC alternating current or Inversely side converter [28].There are two types of antenna ,
transmitting antenna and receiving antenna ,the first type works to convert AC power into Electric-
Magnetic field for transmitted and the second antenna type used to convert Electric-Magnetic
energy into AC power for utilizing by electronic circuit. At any case, it designed to work in

allocated frequency band and refuse any signal of another frequency bands [29].
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& @) Y ;! \ / \ / |
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| Standing wave | e
1 I |
fe— Source —=fe—— Transmission line —————= Antennna >
Zy=(Rp+R,) +jX,

Figure 2.5: Thevenin equivalent-antenna transmission line [29].
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Antenna is considered a transceiver device, where it is possible to utilize as sender or receiver.
Antenna can be represented and constructed at transmitting mode by Thevenin-equivalent circuit
as be clarified in figure (2.5). The source is considered as ideal-generator, transmission line
represents as line that has Z, impedance, finally, the load is represented as (Z, = (R, + R,) + jX,)
connects with transmission line to represent antenna. The load resistance (R,) refers to a dielectric
resistance and conductor losses that placed side by side with antenna structure and Rr acts the
radiate resistance, which uses to represent the radiation of antenna. X,) is reactance that represents
an imaginary part of impedance, it links with radiation resistance and concerned with radiation of
antenna [27]. IEEE antenna definition introduced in [28] according to the following concept “That
part of a transmitting or receiving system that is designed to radiate or receive electromagnetic

waves”, it is displayed in figure (2.6) below.

14



Fo-fiel il

A\
A/

e
N R —
X

|
Source Transmission line Antenna — |~ Radiated free-space wave

Figure 2.6: Antenna as a transference device [29].

2.2.1 Maxwell Equations

Maxwell equations are four complex equations which describes arising magnetic and electric fields
of electric charges distributions and currents, and how different with time. It can be shown these
equations in table (2.1). It is group of partial differential and integral equations which works at
same time with Lorentz force law, form of basis of quantum theory, classic electromagnetics
theory, classic optics and electric circuits. Their created basis of all importance technologies such
as (magnetic, electric, optics and radio) as well as involving power generation [28], TV, WCS,

computers etc. These equations explain how magnetic and electric fields generate the currents and
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charges and how to changes each other. One important result of these equations which explains
how the oscillating electric and magnetic fields can propagate in same light speed. This known the
electromagnetic radiation waves, these waves generate in different wavelengths to generate a
frequency spectrum of (RF) radio frequency waves. The name of this equations is taken from name
of scientist of mathematics and physics (James Clerk Maxwell) to be named the Maxwell
equations. the first form of this equations published during 1861 - 1862 and a first scientist was

described that the light is an electromagnetic shape is Thidé [29].

Table 2.1: Maxwell equations.

Name Differential equation Integral equation

Guess's Law V.D=py, $D.ds=¢ p,.dv

Guess's Law for V.B=0 $B.ds=0
magnetism

Maxwell-Farada ki -2

. y V xE=-2 $E.dl=-- § B.ds
equation
Ampere circuital Law ) - 9D
p Vx H=j-2 $H.dl=§(J + 22).ds

"These equations explain the relationship between Electric Field Intensity E (V /m), magnetic

fields Intensity H (A/m), electric density charge (p) (coulomb/m3) , and current density (J)

(ampere/m2 ). quantities (D) is electric flux density (coulomb/m2) and B is magnetic flux

density (weber/m2), or (Tesla)".
2.2.2 Main Antenna Parameters

Antenna performance could be clarified by using group of parameters that affecting at antennas
designing and measuring. These parameters can be into two types, first type is based on the field
view point that including the radiate pattern, beam width, directivity, gain, polarization and band
width. second type, based circuit-view point that containing input impedance, radiate resistance,
reflection coefficient, return loss and (VSWR) [30].

2.2.2.1 Radiation-pattern

Antenna radiation-pattern is known a graphical representation or mathematical function of the

antenna radiation properties such as function of space axis. It is specified mostly in far field region
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and it represents as directional coordinates function. Radiation features including the radiation
intensity, power flux density, directivity, field strength, polarization. The most importance of
these property is (2D or 3D) energy radiation spatial distribution as surface function constant
radius or position monitor along path. Figure (2.3) can be shown example of antenna coordinate

T/nnv' ey -4, (E,.H,)
/K\

analysis system [31].

J9
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\ dA v sin 0 d0 dd
)
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f
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.
\
\
\
B

Aziruth plane

Figure 2.7: Antenna analysis-coordinate system [31].

The pattern amplitude field is chart of received electric and magnetic field in fixed radius and the
pattern amplitude power is chart of power density alteration in constant radius. Power and field
pattern are represented with maximum value. Power pattern is measured by (dB) in logarithmic

scale.
2.2.2.2 Radiation-pattern lobes

Lobes of radiation pattern that could be organized into major lobe and minor lobes ( main lobe,
side lobes and back lobes) .
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Figure 2.8: 3D-radiation lobes and beam width [31].

Radiation lobes can be identified as part of radiation pattern that bounded weak radiation intensity
regions relatively [30]. Figure (2.8) presents a symmetric 3D- polar pattern involve set of lobes
with vary radiate intensity that may be have different volumes. Figure (2.9), that shown the

radiation lobes and beam width.

18



KB
Radiation
intensity

Half-power beamwidthi HPFEW)
First null beamwidthi FNBW )

Major lohe

+ +

HI W

Minor lobes
side lobe Back lohe

FNBW

) w2 ( m/2 T 7

Figure 2.9: 2D-radiation Lobes and beam width.

2.2.2.3 Isotropic radiation

It can be occurred when the source radiates in all directions at same intensity. it considers an
important factor for enhanced the antenna radiation pattern. In general, when radiation-intensity is

equal for all space directions, it is called isotropic radiation [30].
2.2.2.4 Beam width

Beam width is one of very importance parameter of antenna, antenna is oftentimes utilized as a
trade-off between beam width and side-lobes level. Beam width is also utilized to show the antenna
capability to recognize between two adjacent radiate elements, sources or targets [33]. It founds
many of beam widths types in antenna radiation pattern. (HPBW) Half Power Beam width is
considered most importance, which defines in IEEE “In a plane containing the direction of the
maximum of a beam, the angle between the two directions in which the radiation intensity is one-
half value of the beam”. (FNBW) First Null Beam width is defined as the angular separation
between the pattern first null beam width. Both types (HPBW and FNBW) can be clarified above
in figure (2.8) and (2.9) that clarifies 2D and 3D radiation lobes and beam width [31].

2.2.2.5 Antenna directivity

It is defined in IEEE definitions standard as "ratio of the radiation intensity in a given direction

from the antenna to the radiation intensity averaged over all directions”. Rate of isotropic radiation

19



intensity is equal to whole antenna radiated power divided by (4=). If not set the radiation intensity
directional, then its direction toward of maximum radiation. In other word, directivity of non-
isotropic antenna is equal to ratio of radiation intensity at given direction over radiation intensity
of isotropic antenna. Its equation can be expressed Mathematically in below [31]:

D= u — 4y (2.2)
Uo Prad
_ — Unmax _ 4mUmax
D = Do = e = = (2.3)

where:
D = antenna directivity (dimensionless)
Do =Dmax: maximum directivity

U = radiation intensity (W/unit solid angle) it calculated by multiplying radiation density
(Wrad) with square of distance (r ?). U = 1> Wrad.

Umax= maximum radiation intensity (W/unit solid angle)

Uo= radiation intensity of isotropic source (W/unit solid angle)
P, .= total radiated power (W)

2.2.2.6 Antenna efficiency

Antenna Efficiency term including many of efficiencies are related with antenna design. The
equivalent efficiency is clarified in figure (2.11), where (e,) is the total efficiency is used with
considered the losses on antenna input terminals and its structure. These losses may be occurring
when the reflections happened because a mismatch between antenna and T.L., and losses that
happened due to nature of dielectric and conductor material, it can be computation via eq. :( P=I2

R). Figures (2.10) and (2.11) shown the antenna terminals and antenna losses respectively [31].
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Figure 2.10: Antenna reference terminal.

Figure 2.11: Losses of antenna.

The mathematical expression of total efficiency shown below:

e, =€y €. ey (2.4)

Where:

e, = total efficiency (dimensionless)
e, = reflection efficiency (mismatch) = (1-|I'| 2) dimensionless)
e. = conduction efficiency (dimensionless)

eg= dielectric efficiency (dimensionless)

I' = voltage reflection coefficient on input terminals (constant)

_ Zin-70
~ Zin +Z0

(2.5)

Where:

Z;y, = antenna input impedance.
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Zo = characteristic impedance of the transmission line.

1+

VSWR = voltage standing wave ratio = i

In general, e, and e, can be calculated experimentally because difficult to compute it. Where
cannot compute it by measurements, in general for more appropriate, equation (2.3) can be written

as equation (2.6)

€o = €r€cq — €cq ( 1- |F|2 ) (2.6)

Where, e.4 = e. €4 = antennaradiation efficiency, which represents the relation between the gain

and directivity [29].
2.2.2.7 Antenna gain

Gain is considered one of most importance of antenna parameters and one of most parameters that
announced in specialized antenna research. Antenna gain is closely connected to directivity, where
it takes into account the antenna efficiency and directional capabilities. Antenna Gain could be
defined as “ratio of the radiate intensity in certain direction to the total input power that accepted
by antenna that radiated isotopically”’)[31]. gain can be expressed as be shown below, In equation
2.7):

Gain = 4rr radiation intensity - Uco,0) (2.7)

total input (accepted) power - Pin

Antenna gain can be expressed by multiple antenna radiation efficiency (e.4) and antenna
directivity D (0, ¢) in equation (2.8)

G(0,8)=e.qD(6,0) (2.8)
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2.2.2.8 Return loss (S11)

Return loss or S11 is identified as ‘ratio of the antenna incident power Pinc to power reflected back
from the source antenna Pref’. It tells us amount of input signal power reflected. In other word, it
can be showed difference between transmitted power signal to reflected power that happened due
to variations of links and channel impedance [33].1t is negative reflection coefficient measured in
decibels (dB) and in terms of the voltage, is Voltage Standing Wave Ratio (VSWR). It can be

express in equation (2.9) [30-31].

VSWR+1

R=10log; _20 logso | o |

=-201ogq, T | (2.9)

2.2.2.9 Band width

In IEEE standard is defined as “the range of frequencies within which the performance of the
antenna, with respect to some characteristic, conforms to a specified standard” [30-31]. B.W is
range of frequencies on each side of center frequency, value of center frequency must be acceptable
and appropriable of antenna characteristics such as (beam width, pattern, matching impedance,
polarization, gain, side lobes, radiation efficiency, beam direction). Almost, B.W is calculating

on or nearest (-10 dB ) as (S11) reflection coefficient factor as clarified in figure (2.9).
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Figure 2.12: Band width on S11 plot.
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We can observe from figure above the center frequency equal to 9.35 MHz and the frequency side
m1=889 MHz , the frequency side m2 =973MHz where B.W=m2-m1= 84 MHz.

2.2.2.10 Polarization

Polarization is defined “property of electromagnetic wave describing the time-varying direction
and relative magnitude of electric-field vector” [31]. there are three types of radiate polarization
are linear polarization, circular polarization and Elliptical polarization as be clarified in figure
(2.13). radio wave initial polarization is determined by the antenna. The brief definitions of these

types of radio wave initial polarization are

a. Linear polarization is occurred when vector (E) that represents the electric field at a point in
space as function of time, in directions on a long line.

b. Elliptical polarization is generated if the (E) vector traces as ellipse shape.

c. Circular polarization is occurred if (E) vector has fixed length but rotates around. the rotation
perhaps in right or left side.

Any type of polarization to be available and can be chosen by (RF) system designer.

| Linear \'\Cnrcular + Elliptical

Figure 2.13: Antenna polarization types.

2.2.3 Antenna Types for 5G and Modern Applications

Telecommunication system providers were investing in mobile communication networks to
increase coverage capacity, improve services, and entice more users, from the first mobile phones
introduced in 1980. Mobile phone calls were started when (1G) first generation networks was built,

in spite of limited mobile network coverage and capacity. Providers built second generation (2G)
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second generation of mobile communication networks, it is including voice calls and SMS
services, followed then third generation (3G) and fourth generation (4G-LTE) networks to support
video calls and to solve these limitations [1]. Each generation added faster speeds, high capacity,
new properties and new services. However, fifth generation (5G) was began build in 2018 by
Telecommunications companies to meet the growing demand for data from consumers and
companies. 5G networks allow the providers to support more consumer services and requirements
such as virtual reality applications , supporting the smart devices that needs to connect by internet
(like health care and monitoring system devices), supports a modern industrial uses (like sensors
and monitoring systems), implements the advanced data analysis, in addition, allow to use the
sophisticated technologies like (smart cities and autonomous vehicles). Spectrum is one of
important elements that support 5G system. The electromagnetic spectrum is utilized for all
wireless communication technologies [32-33]. The radio frequency band is very important band
that utilized in wireless communication system. Multiple spectrum bands are utilized for 5G such
as Low-band frequency (less than 1 GHz), Mid-band frequency or that called sub-6 GHz (from 1
GHz to 6 GHz), and high-band frequency (above 6 GHz - mmW). In order to provide ultra-fast
services in crowded cites, 5G networks requires (mmW) as high band spectrum to existing user
benefits from 5G technologies implemented for mid-band spectrum that offered high speed,
capacity, faster service and more extra features. Many of (loT) applications need wide-spread
coverage, which can deliver in 5G that used low band [34]. Moreover, most mobile devices (cell
phones) are using (sub -6 GHz) frequencies because this band are very suitable for wireless
communications where it have good properties such as it can travel for long distance , large areas
coverage and it can easily to breach through different obstacles. For these features, more users are
utilizing the mobile devices wide range of modern applications [35]. All researchers which works
to develop 5G technology acknowledge that 5G spectrum consists of three main frequency ranges
as be explained below:

a. First band is (Sub-1 GHz) is used for metropolitan area network, suburbia and rural settings,

and in addition, in buildings coverage that using IoT devices and services.
b. Sub-6 GHz band (1-6 GHz) that used to increase bandwidth, stable gain and it contain (3.3 to
3.8 GHz) band which expects to be basis for many 5G services.

c. Above (6 GHz) that includes (mmW) which uses for provide Ultra-high wideband speeds.
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]

Figure 2.14: 5G bands.

One of most important elements of 5G mobile technology is antenna design. This section discussed
a comparison study that shown in Table (2.2). This table compare the advantages and
disadvantages between the different antenna types for the 5G mobile communication and modern
applications. Where, the comparison table is discussed a single element antenna or array
configuration and antenna performance in different terms such as; Frequency, gain, and bandwidth
are discussed. as well as, a comparison included the antenna design complexity and the ability of
antenna to integrate with small electronic devices [29-31].

Table 2.2: Comparison study of different types of 5G antennas. “tables continued” for the table

overflowing to page 32.

fabricate
Receive balanced
signal

Antenna Type Advantages Disadvantages
Monopole e Simple to design and Less gain
fabricate Required large area
e In multi element of ground
monopole antenna Given poor response
design it can easy to in bad weather
rotate in any direction condition
dipole e Simple to design and Less gain

Cannot use for long
distance
Low bandwidth

Megneto-electro
dipol

High front to back ratio
Low side lobe and
back lobe level

Wide band width

Low cross polarization

Complex and high
cost design and
fabrication

Antipodal Vivaldi
Antenna (AVA)

Gain Enhancement
Provide wide
bandwidth

Stable radiation pattern

Required large space
Low gain and low
frequency
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Table 2.2: Comparison study of different types of 5G antennas. “tables continued” for the table

overflowing to page 32 ‘Tables Continued’.

Fractal

Miniaturize antenna
size

Wide bandwidth
Good impedance
matching

Provides consistent
antenna performance
over the operating
range

Complex design
Limitation on
repetition of fractal
design

Planar Inverted F
Antenna

Low profile

Good impedance
matching

Enhanced front to back
ratio

Narrow bandwidth
Low gain

Inverted F Antenna

Small size

Good impedance
matching due to
intermediate feeding

Narrow bandwidth
Low gain

Microstrip Patch
Antenna

Low profile

Low cost

Linear and circular
polarization

Easy to fabricate
Easy to integrate with
other circuits.

Narrow bandwidth
Low or Moderate
gain

2.2.4 Antenna Reconfiguration Methods

Reconfigurable antenna is one of most important properties that should be considered to design
5G antennas to convert the classical antenna to smart antenna by using some electronic devices
such as PIN diodes, varactor diodes and optical switches. This section produced a study for
classify antenna reconfiguration into four types: frequency, polarization, radiation pattern (beam
forming) and compound reconfiguration [36]. These reconfigurable classifications based on
features of reconfiguration methods as be shown in Figure (2.15). As well as, this section explained
the applied reconfigurable techniques.
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Reconfigurable
antenna type
Frequency Polarization Radiation pattern Compound Reconfigurable
Reconfigurable Reconfigurable Reconfigurable

Figure 2.15: Types of reconfigurable antennas.

2.2.4.1 Frequency reconfiguration

In modern communication systems, users can benefit from different situations especially at
communication system operates in multiple frequency bands. Where that can show when a
transceiver transmits the signal at one frequency and receives signal on another. In this state, must
be use different antennas for each band but this state is considered costly and led to increase the
system design complexity and increase the constructed area of the system. For these reasons, the
new communication system proposed to use a frequency-reconfigurable antenna that caused to
reduce the cost and reduced the system complexity and it considered most important aim is to

guide antenna target frequency [37].

2.2.4.2 Polarization reconfiguration

In this type of antenna reconfigurability, antennas can modify their polarization situation
with survival frequency and radiation pattern are constant. The desirable type of
reconfigurable antenna on MIMO systems is a different polarization scheme. These are
achieved by adjusting the antenna surface structure to change the electric field direction.
theoretically, the losses power by communication between a circularly polarized and
linearly polarized among 3 dB.

Antenna that is called vertically polarized is offer well protected from the surroundings.
This antenna radiation pattern is distinguished by supporting the coverage of ground level
from horizon to horizon. Reconfigurable polarization antennas enhanced the radio
connection budges by providing an excellent line-of-sight property without path

mismatching [38].
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2.2.4.3 Radiation-pattern reconfiguration

This reconfiguration is another important and attractive topic of smart antennas. It refers to beam-
steering techniques (main lobe direction) and antenna gain management in both azimuth and
elevation planes. The reconfigurable of antenna radiation pattern supports the link quality
improvement by concentrating the signal in desired direction. This type achieved an excellent

control of antenna gain within coverage area and guide the radiation into certain direction [37][39].

2.2.4.4 Compound reconfiguration

Compound reconfigurable is one of most important type of reconfigurable, where it contains more
reconfigurable types. Compound reconfigurable antennas can be operating with a variety
characteristic. It suitable to change of frequency, polarization phase and the different forms of their
radiation pattern, the frequency or polarization altering to create multiple processes of
reconfiguration. multiple antenna characteristics configurations are discussed [37][40].

Table (2.3) represents the comparison between reconfiguration techniques where is shown the
advantages and disadvantages of these four techniques.

Table 2.3: Comparison table between reconfiguration techniques. “tables continued” for the table

overflowing to page 35.

Reconfigurable Technique Advantages Disadvantages
Type
Electrical e Ease of Implementation e  Complex structure
e Low Cost e Requires biasing system
Optical e No Need the use of bias e Lossy behavior
lines e  Complex activation
e No intermodulation mechanism
distortion
Mechanical e No need active elements e  Slow response
e No need of biasing e Requires power source
system
Smart Materials based e Low profile e Low frequency
Reconfigurable e Lighter weight e Limited application
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2.2.5 Antenna Reconfiguration Techniques

To obtain the required reconfiguration functionality must be choose one of a reconfigurable
technique which led to get the desired results of functionality or characteristic. There are four
global methodologies are utilized with antenna to realize the reconfiguration. In other word, to
convert the classical antenna to smart antenna in order to adapt antenna for a practical wireless
communication activity which needs an adaptive RF frontend. figure (2.16) is been shown these
four categories techniques.

Reconfiguration Techniques

[Physical Reconfiguration ”ElectricalRecunﬁgurutfun “0ptical Reconfiguration ”Material change Reconfiguration
‘Linearactuators HMntors ||P|Ndiodes HMEMS | l'u‘aractordiodes | [Liquidcrystal l Plasmonics HFerrites

Figure 2.16: Reconfiguration techniques of reconfigurable antennas.

a. Physical reconfiguration

The best example of physical reconfigurable is a mechanical reconfiguration approaches
that used the linear actuators and motors for build this type of reconfiguration. It does not
need biasing networks such that in electrical reconfiguration techniques, but it does require
the rotation mechanisms such as servo motor [41].

b. Electrical reconfiguration

This reconfigurability technique can be achieved by different types of switching
techniques like image silicon, varactor diodes [42], PIN diodes [10], RF MEMS.

c. Optical reconfiguration

The photo detector switches (such as photo resistor) turn into conductive when expose it
by light (such as laser beam) on antenna structure [43].

d. Material change reconfiguration

This type of reconfigurable techniques can be done by using Magnetic ferrites. Material
modification is considered one of important factor to get the reconfigurable strategy such
as Smart materials harmonized and liquid crystals [44].
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Table (2.4) is shown the advantages and disadvantages of different reconfigurable

techniques:
Table 2.4: Advantages and disadvantages of reconfigurable techniques. “tables continued” for the table

overflowing to page 37.

Reconfigurable Advantages Disadvantages
Technique
Varactor Continuous tuning is produced and it Very nonlinear and also have a small
Uses very nonlinear and also have less energy than other methods. Dynamig

A small less energy than other method | range

physical There are no biasing circuits required Slow response,
in the Slow responsiveness, high cost High cost,
, high physical, which eliminates High power need,
interference, power needs, large bulk, large bulk

and difficult losses,

and radiation pattern distortion

RF PIN Less necessary driving voltage, On linear, it requires a high DC bias
higher on linear, it requires a high DC | Voltage tuning speed & power handling
bias voltage tuning speed & power Capabilities and wastes a lot of energy i
handling capabilities, and wastes cost, And great reliability due to the state|
a lot of energy In its ON low cost, and | Poor quality.
great reliability due to the state. Poor
quality attributes tuning by lack of

a moving portion.

Optical Linear Properties, High reliability, Complex,
requires Complex, Loss behavior, Loss behavior,
activation with no biasing circuits active mechanism
RF MEMS Insertion loss is low, isolation is good, | High control voltage (50-100 V), low
linearity is great, power loss is low, Switching velocity, poor dependability
and a DC supply is not utilized , short lifespan and discrete tweaking

are all required

Smart Size as it has high relative Low efficiency

permittivity and permeability
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2.3 GENERAL STRUCTURE OF A MICROSTRIP PATCH ANTENNA

The microstrip antenna consists of very thin metallic surface as (patch), dielectric material as a

substrate has a dielectric constant placed on a ground plane [45-46], as be clarified in figure (2.17).

Patch

Substrate
Ground Plane

Figure 2.17: Microstrip antenna structure.

ground surface and patch are constructed of conductive materials like copper and gold that are
engraved using different techniques. further, the patch can be designed of any geometric shape,

regular or irregular.

It is important to mention the patch shape and dimensions, substrate thickness, feed line location,
the dielectric constant, the microstrip antenna performances such as gain, bandwidth, resonate
frequency and efficiency. For example, patch length (L) about (0.3333Ag < L < 0.5Ag) where Ag
presented the guided-wavelength of substrate plane. patch layer thickness is very thin compared
with the (t << Ag). Numbers of substrates could be utilized to the microstrip patch antenna
design that are either rigid or flexible. The height (h) of antenna substrate is generally calculated
(0.003Ag < h < 0.05Ag). One of an important antenna parameter that affected on the antenna

performances is a substrate dielectric constant (&) that is about (2.2 <&, < 12) [47].

In general, the Microstrip antenna works in master mode, when its feed line is located in center of
patch width (W) and in the end of patch length nearly (L). The correct position is achieved by
electromagnetic field division in the antenna patch. Figure (2.18) is shown The difference for the
electric field axis (voltage axis) and magnetic field axis (current axis) through antenna patch , it is
clear the top value of current located at the patch center and lesser value located on left and right
side, on other hand, voltage value is zero in the patch center, max value indicated on the left side

and the minimum value indicated on right side.
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Figure 2.18: V-I-Z patch distribution (a) patch surface current distribution (b) the voltage (V), current (1)
and impedance (Z) distribution along patch.

Where, Theoretically, the gain will be (0 zero) as the minimum value in t center of the patch
surface and it equal to (infinite) as the maximum value in the patch edges. 50 possibly located

somewhere along the antenna length where the antenna has to be fed.
2.3.1 Flame Retardant-(FR4) Substrate

FR-4 or FR4 is one of important microstrip antenna substrate type, where it is a glass reinforced
epoxy plate material. It is composite material, consists of woven-fiberglass rag with epoxy-resin
envelope which is flame-resistor in other word self-extinguishing. FR4 substrate is the preferred
material for most printed circuit board PCB application. it has more advantages such as a good
resistance-weight ratio, water absorption immunity, high mechanical strength and good insulating
capacity in different environments whether its dry or humid, as well as, it has low cost and variable
material that make it as main standard for production of PCBs or electronic prototyping fabrication
[48]-[50]. FR4 layer are an electrical insulator with high dielectric constant, where it has the

dielectric constant (€ r )=4.4.
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Copper Foil: Typical Thickness

P& 1/20z (0.6 mils) or 10z (1.2 mils)

Dielectric: Thickness Ranges
.002"-.060" or greater

Glass Bundles & Organic Resin (‘FR4”)
or high-performance specialty material
(Teflon, Ceramic, Polyimide, Low-Df, etc.)

Figure 2.19: FR4 structure.
2.3.1.1 FRA4 characteristics

a. High mechanical strength and dielectric property.
b. Good resistance material to heat and humidity.

c. high mechanical processing property

2.3.1.2 FR4 applications

Due to the its insulation property, RF4 is used for industry equipment like transformer insulation
boards, insulation parts of motors, grinding gears and electronic switch boards. It can show below

the more popular its applications.

For machine parts such as insulation gasket, ships parts, lapping carrier.

a
b. For electronic requirements as lithium battery

o

The black type of FR4 for portable solar pane
For series of (PCB)Printed Circuit Boards
e. As asubstrate surface of Microstrip Patch Antenna

o
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2.3.2 Feeding Techniques

This section concentrates to list many techniques of feeding (RF) radio frequency power for
microstrip antenna. In general, these techniques divided into two varieties, contacting and non-
contacting type. In first type, (RF) power is feed instantly through a connection point between RF
source and the patch as a microstrip line. In other hand, in second type an electromagnetic field
work to transfer power between the radiation patch and RF source line [45]-[46]. there are five
feed techniques that used widely; coaxial probe (contacting category), microstrip line, aperture
coupling, proximity coupling (both non-contacting category) and coplanar waveguide. The most
important role of feeding techniques is realized maximum coupling, which leads to a maximum
achieved gain. in other side, the undesired radiations, wave losses, faked radiation, and side lobes

will be caused the gain decreasing [30],[47].
2.3.2.1 Coaxial probe cable

This feeding is shown in figure (2.20). Is a simplest feeding technique of microstrip patch which
the inside jointer of a coaxial cable is welded to antenna radiation patch while the outer of jointer

is linked to a ground surface [30]. this technique has many advantages as be list below:

a. Easy of fabrication.

b. Easy to matching.

c. Low fake radiation.

In other side it has numbers of limitations such as:

d. narrow bandwidth.

e. complex design especially at heavy substrate due the hole that drilled in substrate.

f. Mismatched problem at rising substrate thickness where the input impedance to be high

inductive.

35



« Patch

Substrate

~ Ground Plane

. Coaxial Connector

Figure 2.20: Coaxial probe feed for rectangular microstrip patch.

2.3.2.2 Microstrip feed line

Second simple feeding technique of microstrip patch antenna is a microstrip line. This type is
connected directly to the patch surface on the substrate layer which allow planar structure, as be
clarified in figure (2.21). it is possible to realize the matching between the feed-line and patch [30].
This feed technique has more advantages such as:

a. Easy of fabrication.
b. Simple model.

c. Has Impedance matching
And it has some of Limitations such as:

a. Feed line radiation.
b. in thicker substrate the surface waves are increased which limits the (B.W) of antenna

radiation.
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Microstrip
Feed line

Patch

Substrate

Ground

Figure 2.21: General view of microstrip feed line technique.

2.3.2.3 Proximity-coupling feed

Is a non-contacting feeding technique as can be shown in figure (2.22), this feed method builds by

located a feeding line between two dielectric-substrate while remain patch position above upper

substrate [30]. its benefits are listed below:
a. Eliminated the spurious feed radiation,

b. Provide very high B.W (increased by 13%)

c. Matching is completed easily because it can control to antenna patch width-to-length ratio and

feed line length.

While, can be describe the limitations of it as listed below:

a. Difficult of fabrication because the two dielectric substrates need proper bias.

b. Increasing the antenna thickness.

_ Paich

e Substrate 1

— Microstrip Line

'i‘//‘._,,‘

—_— e

Substrate 2 —

|

Figure 2.22: Proximity coupling feeding technique general view [48].
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2.3.2.4 Aperture-coupling feed

Is considered a non-connecting feed technique, in this type the feed line is discrete on microstrip
patch by substratel, ground and substrate2, as be clarified in figure (2.23) [47], the ground layer
is placed between two substrates, a bottom substrate use thick dielectric material while a top utilize
lower thick dielectric material to realize the patch radiation [30]. generally, patch surface is located
on the top layer. The ground layer includes a (slot- coupling) positioned down the patch middle
for top coupling direction to reducer cross gathering due to arranging symmetry. Size, shape and
aperture position are specified the rate of patch coupling into the feed line. Advantages of this feed

technique are listed below:

a. Decreasing the false radiation because a ground surface is separating antenna feed line and
patch surface.
in other side, some limitations such as:

a. Difficult fabrication because it consists of several layers, which cased in result the high antenna
thickness.

b. Bandwidth is narrow.

Patch
£
£
Substrate 1 .
y:
P [
e Aperture Slot =
& Ground Plane —*—_‘)
T o — Substrate 2 —,._)
L/~
.
——
To— Microstrip Line —

Figure 2.23: Aperture coupling feeding technique general view.

2.3.2.5 Coplanar-waveguide

It was invented in 1969 by Cheng P. W [51], firstly, as a way of incorporating non-mutual
components and isolators to transmission line. classical coplanar waveguide is simple
design, that designed to printed the patch feedline on dielectric substrate and locate the

two divisions of conductor ground plane above of substrate (one division on each side),
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this technique can be seen in figure (2.24).where all three conductors are coplanar because
they are on the same dielectric substrate.

This technique is considered one of electrochemical planar transmission line forms, is
made by utilizing circuit board technique and is utilized to transmit Microwave spectrum.
This transmission lines are constructed in the monolithic microwave integrated switches
with minimum size [51]. The advantages of this feeding technique listed below:

a. Low dispersion

b. Simple realization

c. Broadband performance

but the its disadvantages are listed below:
a. High cost fabrication

b. Itis need thick substrate relatively.

Ground 1 —l r Signal Ground 2

Figure 2.24: Co-planer waveguide.

2.3.3 Effective Parameters

First step of antenna design is guessing antenna length (L) and width (W) [45],[46]. patch length
and width are computed by utilizing equation (2.10) as shown below.

_C 2
2fr A €Er+1

W (2.10)

where c is the light velocity, €r is a relative permittivity and fr is a resonance frequency.
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While, the effective parameters are (effective length, resonant frequency, and effective width) due

to the fringing effects and the electrical features of patch are greater than its physical dimensions.

To evaluate patch length must be calculate some parameters [47] such as €., £F

€r+tl  €4—1
=T+
€reff= "2 2

(1+12 -)705 (2.11)

(AL) is an extension length (where it represents length increasing due fringing field) is can

calculate by equation (2.12):

+0.3) (-+0.264)

(&
%Lz 0.412 —<If 2.12)

(ereff—o.zss) (F+0.8)

mentioned to above equation, it can be calculating the patch actual length as be clarify in equation
(2.13):

L=—S—— —2AL (2.13)

2#f % ’Ereff

Now, it can be compute the length and the width of antenna ground surface by benefits from
equations (2.10) and (2.13) as be shown in equations (2.14 ) (2.15) that shown below:

Ly=6h+L (2.14)

W,= 6h+W (2.15)
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2.3.4 Fractal Geometry

In modern life, wireless communication devices are converting into portable due to application
requirements of new developed technologies. Antenna is the main element that needing in these
devices. Hence, antenna miniaturization is an important topic for many latest researches [52]. To
minimize Antenna-profile needing understand the relationship between physical antenna size and
its operation wave-length. This relationship is a base factor that affected in antenna design. The
antenna size is proportional with its operating frequency inversely but when antenna size is
miniature, its electrical influence surface reduced with no change on operation frequency. As the
antenna electric size is dependent on operating wavelength (L) there is the antenna physical size

can be expressed as half, quarter or any ratio of resonating (operational) wavelength [53].

Fractal geometries have more applications in different fields such as biology, geography and
engineering. In engineering field, fractal geometry has been utilized on antenna design processes,
design of (FSS)-frequency selective surface, digital image processing and bio medical signal
processing, where theory concept of fractal antenna design is introduced modern research area.
Due to various attracting features of fractal antennas, it is considered major attraction of recent
research [54],[55].

The “fractal” is described by any geometric subject such a line or geometry shape that is regular
or irregular. where it looks-like a broken shape in systematic and comprehensive method. In this
geometry, original object is divided into several small parts, each small division be identical to
original. This property is named (self-similar) which occurs on different manufacture stages.
Original object is scaled with various dimensions that is named (scaling property). Usually the
natural objects are (self-similar) that makes the fractal structures appropriate for miniaturized

antenna design field [53].

(Space-filling) property results is electrically large size features, although the physical size is
remained small. The (self-similar) property supports utilizing the iteration function system for
similar shapes. The (self-scaling) enables the iteration function system to utilize similar shapes by
multiple scales. These three properties enable fractal geometry to be efficient for using in small
areas. where it allows to antenna miniaturization process to produces more curves that considered
very long electrically with compact structured [56]. Due to the fractal properties which presented

above, the fractal-geometries great utilizing in fractal antenna designs. When compared the fractal
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antennas and traditional antennas, it is found that a fractal antennas have more advantages than
conventional antenna such high B.W with very miniature antenna size and it have multiple
resonant frequencies that caused multiband. All these properties make it suitable for modern
wireless applications. Figure (2.25) clarified different shapes of fractal geometry.
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Figure 2.25: Various shapes of fractal geometry.

2.3.4.1 Moore fractal geometry

Moore structure is a form of a fractal geometry. Moore curve is a continuous fractal as (space-
filling curve) that is vary of Hilbert curve, exactly it is considered the loop version of Hilbert curve
and it may be describe as combination of four copies of Hilbert curves in certain method to make

the endpoints are matching. Figure (2.26) presents a single cell of Moore fractal curve [57].
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Figure 2.26: Unit cell of the moore fractal curve.

2.3.5 Microstrip Antenna Advantage and Disadvantages

Microstrip patch antenna has a low profile, less weight and is simple to fabrication, because these
features its widely used in modern wireless devices like cell phones, pagers and other sophisticated
communication systems that need good performance such as (satellite, , spacecraft etc). [58],[59]
Some of microstrip antenna advantages are listed below:

a. Low cost

=

It is possible to Manufacture.

c. Reconfiguration ability.

d. Antenna design is easy with desirable polarization.

e. .High Mechanical performance such as shock Resistant.

f. Convenient to microwave spectrum.

g. Suitable to antenna array that has high gain and directivity.

Contrariwise, the microstrip antenna has number of limitations when compared with other types
of antenna. Some of the major disadvantages are listed below:

Cross polarization.

o &

non-efficient polarization parameter.

affected by faked feed-radiation

a o

Narrow band width (5% - 10% without using any technique)

losses on dielectric and conductor material.

=h @

Sensible to environmental-conditions such as temperature.

g. Has surface wave which occurs at used high dielectric constant of substrate.
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h. Low and moderate gain.

There are different methods to eliminate this limitation, microstrip antenna bandwidth could be
increased by utilizing a special method such as (defected ground plane strategy, stacked Patches,
slotted patches, parasitic patch) [60],[61]. Microstrip antenna gain and power handling capability
could be enhanced by designing antenna array. Usage of (EBG) structure and (MTM) are support

antenna characteristics improvement [62]-[64].

2.3.6 Microstrip Antenna Applications

Due to more advantages of microstrip antenna, it is used in different modern wireless
communication applications. Microstrip patch antenna wide utilize in the military systems such as
aircraft, satellites and rockets [58],[59]. In new life, the usage of microstrip antenna in commercial
field is increasing due to its less cost and easy fabrication as well as its used in advanced printed
circuit technology. because the development present researches of microstrip antenna design field,
the expected in near future most of traditional antennas would be replaced by microstrip patch
antenna. other main applications of microstrip antennas are listed below:

a. Mobile Communication [65].

=

Satellite Communication.
(GPS) Global Positioning System.
Direct Broadcast Satellite System.

® o ©

In Radar Applications.

—h

Medical applications [66].

2.4 ANTENNA-ARRAY

Study of one antenna element indicates that radiation is uniform-distributed and it can generate
wide beamwidth but the directivity and gain are low relativity. For example, in dipole antenna,
max-radiation occurs in the normal direction of its axis while reduce slowly at move towards
antenna axis. This type of radiation form may be preferred for broadcast services due to its cover
wide area but is not preferred on (point to point) communication service. Thus, for meet the needs
of (point to point), the design of antenna must be offer narrow- beam and high directivity and
radiation must be emitted to desired direction. Antenna size increasing is a simple way to realize

this requirement, because an antenna large size leads to high directivity characteristics [67]. But
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this way is inconvenient practically, because the antenna to be bulky and it is need wide area to
instillation. Other way to enhance antenna performance, increasing gain value and high signal
directivity but without antenna size increasing is proposed in [68] by arrange antennas in certain
configuration, spaced and phased which supports the maximum gain to desired direction and
neglected other directions. From this method, we can get high directive-gain. This arrangement of
more than antenna is pointed to antenna array, each antenna arranged is known an element. Array
elements are found at any type (dipole, slot, aperture, etc.). The antenna array benefits from
interference phenomenon which occurs between radiations of different elements. where it is
considered one of the ways to combinate the radiations that generated from multi radiators, thus
the interference is occurred that be constructive in prefer direction and destructive others. Main
task of array is to generate high gain-directive. Field is represented as vector in both magnitude
and phase. Overall antenna array field at any point that far from its center is the field vectors sum
that produced via the individual antennas. The phase field of each element field depends on the
distance which separates between elements of array that in turn depends on the direction. In

general, antenna array types can be classified into four classifications [30],[69] as be listed below:

Broadside array

a
b. End-fire array

o

Collinear array

e

Parasitic array

2.4.1 Broadside Array

This array type arranged the number elements in line which draws perpendicular to their radiation
axes [69]. The spaced that separated between these elements are equal space and the fed current is
equal in magnitude and in same phase. Feed technique is supported array to fire on broad-side
direction that be vertical to array elements axis, it represents the maximum radiation while the
small radiation on other direction. if the element pattern directional so, the array can be radiate
maximum radiation in same direction. In figure (2.27) (a), it can be clarified the antenna array
elements are arranged on horizontal-axis at equal space between their and the radiate direction is
vertical to elements axis. in other elements arrangement, the array elements can be arranged in

vertical-axis but in this state, the radiation direction will be horizontal. In conclusion, the geometry
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arrangement of broadside-array is represented by arrange all array elements in one axis while the
major lobe be vertical to these axis (the plane containing the array elements). Broadside-array
radiation pattern is displayed in figure (2.27) (b). In broad side array the bidirectional pattern can
be converted to uni-directional by placing identical array by distance equal to (A/4) behind this

array and the fed current is leading 90° .
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Figure 2.27: Broadside array (a) broadside Geometry (b) radiation pattern.

2.4.2 End Fir Array

This type of array is similar for broadside-array in view point of array elements arrangement but
the basic variance appearance in direction of main lobe radiation. where trend of main lobe is
vertical to array axis in broadside array; while its direction in along array axis in end fire-array
[69],[70]. As be clarified in figure (2.28).
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Figure 2.28: End fire array (a) top view (b) front view.
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In end fire-array the number of elements is spaced by equal distance along array line. All elements
are feeding individually with equal magnitude current but in different phases, gradually, the
elements that arranges in same axis generate maximum radiation along array axis. Finally, this
array can be defined is array which generates unidirectional max radiation that along array

elements.
2.4.3 Collinear Array

In this type of array elements are arranged coaxially, so, elements are either arranged end to end
form over one line or stacked one on other [69]. An array is same broadside array where the
antennas are feeding through equally phase current. But its radiation pattern has circular symmetry
and the major lobe anywhere is normal to major axis. For this reason, this array type is known a
broadcast or Omni-directional. Simple collinear array includes two elements and it can have more
than two antennas as be shown in Figure (2.29). the Collinear Array characteristics does not depend
on elements number directly. For example, gain for array that contains (two, three, and four
elements) is (2 dB), (3.2 dB) and (4.4 dB) respectively [30]. Gain ratio of (4.4 dB) acquired by
array is a comparatively lesser than gain obtained through other arrays. Maximum gain can be
obtained when the space between elements is arranged from (0.3X to 0.5X), but this much distance
leads to difficulties structure and feeding. To operate the antennas must be arranged their ends

much close and connected simply by insulator.
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Figure 2.29: Collinear antenna array: (a) vertical-array (b) horizontal-array.
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Increasing length of collinear-array leads to increase directivity, moreover, if elements number of
single array more than (3 or 4), in order to keep these elements current in same phase, it is
necessary to link a phasing-stub between neighbor elements. usually the collinear-array is
coordinate on vertical axis for increase the total gain and directivity on horizontal direction. For
example, Stack dipole antennas by increase its number to double with proper phase is produced

increasing (3dB) of directive gain [67].
2.4.4 Parasitic Array

This array is somewhat similar broad side-array but only one antenna can feed directly from source
while other elements are connected electromagnetically, due to their nearness from feeder element.
A feeder element is called (driven element) whereas other elements are known (parasitic element)
[69]. A parasitic element longer by (5%) to represent the driven element as reflector and another
element shorted by (5%) represents a director. Reflector works to make direction of max radiation
vertical to driven element which helps to make maximum radiation is vertical to next parasitic.
Simple array has three elements: reflector, driven element and director. Where it can be shown
this type of array in Yagi-Uda antenna array. Current phase and amplitude in parasitic element are
depending upon it tuning, distance between antennas and driven element which connects with its.
The difference of distance between the driven-element and parasitic-elements lead to change the
relative phases so, it helps to make pattern as unidirectional. distance of (A/4) and (n/2) radian
phase difference offered a unidirectional-pattern. Proper design of parasitic array has distance
(0.11-0.15)) offers frequency band width of 2% order, gain about 8 dB and forward to back ratio
(FBR) around 20 dB. It acts good practical example, especially on frequency band (100 - 150
MHz), Yagi-array utilized for TV reception. It can be constructed simplest array configuration by
used two points sources have same polarization and discrete via finite-distance. The array
construction concept can be extended by increase the elements number and isotropic array can be
created. Depending on isotropic point sources conditions (amplitude and phase), can be classified
this array into three types [68]:

a. Array of equal-amplitude and phases.
b. Array of equal-amplitude and opposite-phases.

c. Array of unequal-amplitude and opposite-phases.
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2.5 MIMO BASED ANTENNA ARRAY

(MIMO) Multiple-Input Multiple-Output is very important wireless technology that

utilizes multiple transmitters and receivers, it uses for transmitting more data rate at the

same time and to treat the lack of data problem faced by conventional wireless

communications techniques (SISO) under interference multipath conditions and signal

fading [71]. MIMO technology is divided into three types that lists below:

a. Point to point MIMO: this type is presented in 1990 as a simple MIMO form that
consists of base station supported by antenna array as source station so the various

terminal is orthogonal multiplexed as be clarified in figure (2.30) [72].
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Figure 2.30: Point to point MIMO system.

b. Multiuser MIMO Second type, the idea of this type is that a single base station to
serve a multiplicity terminal using the same time—frequency recourse and the
multiuser MIMO is obtained from point-to-point setup by breaking number of antenna
in terminal side as clarified in figure (2.31) [43],[72].
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Figure 2.31: Multiuser MIMO.
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c. Atlast Massive MIMO: Each base station is equipped with a large number of antenna
terminals so in massive MIMO there is no Cooperation in among base stations that
show in figure (2.32) [73].
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Figure 2.32: 5G massive MIMO.

5G antennas have several advantages as faster speed, lower latency, high capacity for
large number of connected devices, less interference, and high efficiency. Antenna
miniaturization for sub-6 GHz 5G is critical for increasing MIMO channels capacity in
order to make the smartphones and other mobile terminals more ergonomic and
multifunctional [71],[72].
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3. CHAPTER THREE

In this chapter, the concept, structure, advantages, disadvantages and applications of renewable

energy resources-RFEH system and solar PV cell are displayed as be following parts:
3.1 OVERVIEW ON RFEH SYSTEM

Harvesting energy is one of most important modern technique. most of surrounding energy sources
are found as solar, thermal and physical movement [74], thermoelectric and kinetic-energy [75],
respectively. But none all these sources can offer a continuous power because it nature. Collecting
energy of RF is suitable E-harvesting way, where the power is offered until interrupt the source
signal [19].

Radio Frequency Energy Harvesting-(RFEH) is modern technology due to it has many advantages
over the more popular technologies. There are more methods that used to develop the effective of
(RFEH) to generate enough power for operating urgent autonomous systems which needs low
power such as WSN, IoT and RFID. [76].

Power could be transport via utilizing inductive-coupling for short distances, where the inductive-
power carried to medium distances while (RF) power for long distances. Wireless Power Transfer-
(WPT) is new technique can deliver power into wanted locations, especially, that are not accessible
on classic energy harvesting methods. many ways to achieve wireless power- supply. (Near-field)
inductive-coupling operates on some centimeters, however, it is featuring of high efficiency, this
method is independent on radio wave propagation. It works on much short distances than
wavelength of energy supply. This approach is used in consumer products that needs wireless
charging of rechargeable battery like the electric shavers or toothbrushes [77]. it can transfer
energy in near-field by effect of magnetic coupling between two components (usually happened
at coils). This technology used huge transmitters and receivers and transfer energy over short
ranges. The highest power efficiency occurs at close to optimal operating point. Transfer
efficiency can be realized up to (70%) with considering losses between transmitter and receiver
for distance not more than 1 meter, but, the whole system efficiency is below (20%). In other hand,
energy can be transferred by utilizing high frequency field properties, high power (RF)-energy
along one km-distance with more than 70% of power efficiencies. Same technique is used for
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transfer power within distance range less than 10 m for high frequency-Radio Frequency
Identification devices [76],[77].

3.2 RFEH SYSTEM DESCRIPTION

Components of RFEH technique are arranged into four parts [78]-[80].
a. Impedance matching circuit

b. Rectifier circuit

c. Dc- Pass filtering

d. load

It can be shown in figure (3.1). The load is represented DC energy storage tool like (battery,
capacitor, etc.) or direct power device. In both states, load contents such as resistors and capacitors
are not constant. Requirements of rectifier characteristics would be achieved by analyzed signals
of antenna output or rectifier input and load input, when antenna integrated with RFEH system is
called Rectenna [79].

Proposed antenna

Figure 3.1: Block diagram RFEH system.

3.3 IMPEDANCE MATCHING TECHNIQUES

It is represented one of most importance parts of microwave system components. Simply, it is
defined as process that making one terminal of impedance resemble another terminal. Oftentimes,
it is very important to match load impedance and source impedance.

52



I

Mtchin g Load
network Z;

I

Figure 3.2: Impedance matching network.

It is located between load and (T.L.) as be clarified in figure (3.2). it realized on (Zo =Z1) that
satisfies maximum transferred power on this connect point as be clarified in figure (3.3), ideal
matching-network is lossless for realize maximum delivered power of network. In matching
circuit, reflections of T.L. will be rejected on left side of matching network, with consideration,
there will be take place more reflections between load and matching circuit. There are many types

circuits can be utilized for impedance matching [79]. This chapter will be explained the summarize

of most rife impedance matching techniques.

Maximum Power

50% Effeciency
1 /

L.
.l

Maximum Power (W)

RL=Ro

Figure 3.3: Relation between R; and max delivered-power [79].

3.3.1 Quarter Wave Transformer-Matching Network

This type is simple matching technique, it is a transmission line that have length as quarter
wavelength with characteristic impedance Z1 which produces matching system when putting
between the (Rr) and (T.L) impedance (Z0). To calculate the Z1value that required for matching,
we use lossless equation (3.1):

RL+jZ, tan Sl

Zin =
in 1 Z1+jRiutan Sl

(3.1)

2
Where I = (5)())=2 thentan fl = o, Z,=—-

mn RL
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Figure 3.4: Quarter-wave transformer impedance matching.

To matching network, (Z;,) must be equal (Z,), Hence:

Zin =Z:* R, =Zy = Zy=1/Z,RL (3.2)

3.3.2 Lumped Element-Matching Network

L-section with lumped elements are represented a simple form of impedance matching
techniques, that used two lump elements for matching load impedance to (T.L) as be clarified in
figure (4.5), this network has two ways for matching. First method by normalized impedance is (
Z, =27, 1Z,) inside (1 + jX) circle on Smith chart, then should be used a circuit in figure (4.5) (a).
Second way on Z; is normalized form outside circle (1 + jX) in chart, then we should utilize a
circuitin figure (3.5) (b). The resistance of (1 + jX) circle on chart (y = 1) "where (y) is the complex

reflection coefficient™ and the reactive elements are represented Ls or Cs [79],[80].

X

Zo JjB 7L JjB ZL

(@ ()

Figure 3.5: L-section matching network (a) normalized load impedance ( Z, = Z; /Z, ) inside circle
1+JX (b) load impedance in normalized form (Z, = Z; /Z,) outside circle 1+JX [82].
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In circuit (a) of figure (3.5), summation of total impedance of L-section and ZL must be equal to

Zo, to meet matching so:

1
jB+1/ Ri+ jXu

Zo= jX + (3.3)

After reorganized the equation (4.3) and breaking it into real and imaginary part, it can be obtained

two equations of two unknowns (X and B):
B (XRL— X1 Zo)=RL—Z0 (3.4)
X (1—-BX1)=BZoRL— XL (3.5)

By solving the equation (3.4) for X and substitute in equation (3.5) produces quadratic equation of
B in equation (3.6), there are two solutions of (B and X). It can achieve these two solutions
physically by negative and positive values of either X or B (+X is inductor and -X is capacitor,
while +B is capacitor and -B is inductor). Both solutions are clarified in equation (3.6) below.

JRL/Zo VRL2+X12+ZoRL

B=X1 i R.Z+X12

(3.6)

The series reactance is found in equation (3.7), due to (R. > Zo), second square root is always

positive.

1 X1.Zo Zo
X==+ =
B RL BRL

(3.7)

If Z1 outside circle (1 + jX) in Smith chart, this means (R. < Z0), we can use circuit (b) in figure
(3.5), for an impedance matching condition, the acceptance must be equal (1/Zo), the load

impedance is be seen in equation (3.8).

1 . 1
Zo RL+j(X+XL

(3.8)
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By arranging equation (3.8) and breaking it into imaginary and real part, produce two equations

of Band X variables .
BZo (X + X1)=Zo—RL (3.9)

(X + X1) = BZORL (3.10)

For solving the equations, the (X and B) gives:

X= = /R (Zo + RL)— X1 (3.11)
B= + LE-UW/R (3.12)

Usually, the square roots value is positive due to (RL < Zo). For notation, these two solutions are
possible. For making match load to line impedance (Zo), imaginary part should be 0, while real
part value of input impedance equal (Zo). that meaning, the general matching network has at least
two solutions, where on L-section matching circuit these two solutions provided via two reactive
components either L or C [79],[80].

3.3.3 Single-Stub Tuning

When the load is complex the stub-tuning is vastly utilized to match with T.L. Stub is including
(shorted or opened) section on line, which connects to suitable point on line from load as parallel
or series. In general, short-stubs is utilized for coaxial-cable applications, due to the open stub is
working like antenna at their open ends. Most matching circuit are utilized a single-stub due to it
can matching any load.

Stub reactance value effect is located by stub length as well as the distance from stub location to
load (d), In single stub there are two influenced alterable parameters. Its length difference of short

or open circuit, (equal (A/4) for grant susceptance or reactance [79],[80].
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3.3.3.1 Shunt-stub matching

In this state, first step selected (d) distance which satisfy an admittance value (Yo), looking to

line distance (d) of load like a form (Yo + j B). As illustrated in figure (3.6), then must be

chosen (—j B) for a stub susceptance, the resulting on matching condition.

Open ot
shorted
stab

Figure 3.6: Shunt single-stub match circuits.

To gain the equations have variable (d and I), load impedance must be written such form (Z1=

1/YL=RL+ jX1). (Z) impedance can be gained below:

=

(RL+jXL )+jZo tanf3d

Zo+ j(RL+jXL)tanfd

_ _1
Y=G+JB _E

Ru(1 +(tanBd)?)

" RUZ+(X1+ ZotanBd)?

G

_ Ri2tanpd—(Zo-Xu. tanpd) (XL +Zo tanpd)

Zo[Ru? +(X1+ ZotanBd)?]

If RL = Zo, then tan fd = —XL/2Zo. So, the two solutions for (d) are:tan™?!

d
y

1,
—tan~! tanpd
21

— ( + tan™* tanfd)

tanfd > 0
tanfd < 0

To get a desired stub length, find a stub susceptance, Bs = —B.

for open-circuited:

and for short-circuited:
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(3.13)
(3.14)

(3.15)

(3.16)

(3.17)

(3.18)



=L tan™? % (3.19)

2T

~| &

If the length given as negative value for eq. (3.18) or (3.19), then we can add (A/2) to change the

sign of results to be positive.

3.3.3.2 Series stub matching
In series stub state that clarified on figure (3.7), distance parameter (d) is define as a distance that

at which an impedance (Z) from the load where (Z= Zo+ j X). Then must be eliminate the

reactance by using series stub with opposite sign (—j X), that will gain the match condition.

- — =l —

= — - = |

N U

Open or
shorted
= tunl»

Figure 3.7: Series-stub match circuit.

To get the formulas of (d) and (I), an acceptable load is written (Y.= 1/ZL = GL + jBL). S0, an

acceptable (Y) can be written as below:

. (GL+jBL)+jYotanpd
Y ="Yo Yo+ j(Gr+jBr)tanf3d (320)
Z=R+jx=1 (3:21)
_ GL(1+(tanBd)?)
G2 +(BL+YotanBd)? (3.22)
R:GLZtaan—(YO—BLtaan)(BL"'YOtaan) (323)

Yo[GL?+(BL+YotanBd)? |

If (GL=Y0), then (tanfd=—BL/2Y0) . So, there are two main solutions for (d):
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= tan~! tanBd tanBd = 0
={?F (3.24)
—(m+ tan~! tanfd)  tanfd <0

<RI

To calculate the length of stub, firstly, must be find the reactance value (X). Where it must be

equal to value but negative sign to required stub reactance Xs.

For (short-circuited) stub:

11X

=5 tan” — (3.25)
for (open-circuited):

b1 ¢an1 %

TS5 tan < (3.26)

if the length of eq. (3.25) or eq. (3.26) minus value, it can add (A/2) to change the sign of results
to be positive value [82].

3.4 RECTIFIER CIRCUITS

It is a second important part of RFEH system, it utilized to convert (AC) to (DC) voltage [81].
Rectenna system can harvest (RF) energy, where it consists of three main parts are antenna,
matching circuit and rectifier circuit. Many modern applications are utilizing rectenna system for
example, ((RFID), (WPT), WSN) systems. Efficiency of energy harvesting system depends on
antenna and rectifier efficiency as well as, good matching connection between antenna and
rectifier-circuit. A good matching is achieving by source-pull technique which offers best
impedance for input and diode . Simply, rectifier circuit is defined as electric device including one
or more diode to convert alternating-current into direct-current as be illustrated in figure (3.8). for
H.W. Rectifier, the diode is working in one-way to allow flowing current on one direction. This

process called the rectification [82].
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Figure 3.8: Rectification process.
3.4.1 Half-Wave Rectifier-(HWR)

It allows to negative or positive half wave of (AC) to pass through (HWR) circuit. For example,
positive half wave in both figures (3.8) and (3.9) can pass throw rectifier circuit while the negative

half cannot pass. This meaning, only one-half wave can reach to output [81].

Schottky Diode

% -

HSMS2852
N DC Out
-
BL
RF In .

Figure 3.9: Radio frequency half-wave rectifier.

3.4.2 Full-Wave Rectifier-(FWR)

It allows both positive and negative half of AC-waves to pass through rectifier circuit to reach the
output by utilizing two diodes that works as two valves, which lets us utilizing both halves of input
wave to arrive for full-wave rectification as be clarified in figure (3.10). FWR is more rectification
efficient than HWR.
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Figure 3.10: Full-wave rectification.
3.4.3 Voltage Doubler Rectifier

This rectifier type includes two diodes (D1 and D2) and two capacitors (C1 and C2), as be clarified
in figure (3.11) where the forward current can pass just from ground to positive output voltage
(Vout) by using D2 then D1. So, C1 prevent DC current to passing into source where C1 is stored
a charge and allow to pass the source high frequency currents. But at the same case C2 is stored
the resulting charge of (Vout) smoothing (ripple voltage). Essentially, this circuit operates like
charge-pump design. C1 and D2 are represented dc-level shifter, while C2 and D1 make up a peak
detector [81].

C1 D1

2

Figure 3.11: Voltage-doubler rectifier.

At RF-positive peak voltage greater than D1 voltage required, meaning of (D1 turn-on), on this

state D2 work as open switch while D1 is turns on switch. as be clarified in figure (4.12).

C1 D1
\ II [l
C | S|

RF In I Vout

L

D2 s C2

Figure 3.12: V.D.R on case of RF positive-Pulse.
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In second state, at RF negative peak voltage greater than D2 voltage required (D2 turn-on), the

current pass from ground through D2 and storing as charge on C1.

C1 1

RF In Voul

D2

Figure 3.13: V.D.R on case of RF negative-pulse.

Voltage that storage C1 is calculated by difference between negative peak-voltage (Vpk) and diode

turn-on voltage (Von) of (D2) at negative peak, as clarified on equation (3.27).
Vi=Vpk —Von (3.27)

From figure (4.12) that clarified first state, it can be computed peak voltage of D1 by equation
below:

Vout =Vi +Vpk _Von (3-28)

Vout = 2(Vpk _Von) (329)

This meaning the (V,,;) can be computed by summation voltage on C1 (V;) and positive peak-

voltage (V,x) then subtract a turn-on voltage (V,,,).
3.4.4 Multistage Rectifier

In general, one rectifier stage does not generate enough voltage for satisfied the E-harvesting
application needs, the generated voltage equal to 2(V,, —V,y). For this reason, many of voltage
doubler rectifiers must be utilized to build a multistage-rectifier. For example, figure (3.14) used
four stages rectifier for producing the required voltage. Mathematically, it could be calculating a
DC output voltage for numbers of stages (N-stage) rectifier by equation (4.30) that clarified below
[81].
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Vour = 2N(Vpk _V;)n) (330)

Multistage-rectifier is designed on figure (3.14) which clarifies a cascaded rectifier stages.

RF || [l
[

Figure 3.14: N-stage multistage rectifier.
3.4.5 Schottky Diode (Ideal Diode)

When calculated the (V,,,;) by using equation (3.29), it found best diode type could be achieve by
choosing zero bias schottky-diode as (ideal diode) due to the output voltage (V,,;) is increased by
let diode voltage (Viyrn-on) to be lowest as possible. (V,,,;) could be doubled peak voltage of RF
input at (Virn—on) iS become very low and it could be ignored (equal to zero) as in theory, for this
reason, V.D. Rectifier-circuit was called by its name. In noteworthy, V,,,; measured in practical
field should be less than theoretical value due to it cannot ignored load resistance and a circuit is

dose not able to pull all currents and charges which stored in Cs [81].
3.5 DC.PASSFILTER

A passive filter is one of an electronic filter sorts which is made from passive elements (inductors,
capacitors and resistors).A passive filters are considered a popular form, due to does not need an
external power supply where it depends just on (Ls, Cs and Rs) elements rather than active devices
as transistors. The more complex passive filters may be involving the nonlinear components or

more complex linear elements like the transmission lines [81].

In power system, a passive filter is utilized to suppress harmonic the currents and reduce the

voltage distortion that appears in system sensitive parts.
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3.6 RFEH SYSTEM APPLICATIONS

It can see the RFEH applications in many wireless communication devices like smart devices and
WSN where the life growth rapidly within the last decades led to increase the wireless applications
which requires to improve the power sources. Many of researchers are working to improve
batteries efficiency [83]. The last great discovery to improve this field was 25 years ago, when
Sony company utilized battery of lithium cobalt oxide cathode. the lithium-ion battery is
considered the first rechargeable battery was discovered by combination with carbon anode [84].
But there are many limitations is found on batteries that influences negatively on autonomous
systems needs such as: limited life, need constant recharging, costly due to battery replacement
and contain different toxic chemicals.

(RFEH) may be considered a new technology to enable the wireless nodes for working to discrete
time periods, to be a good alternative for batteries. Many autonomous devices have been worked
successfully based on energy harvesting of microwave beams, this technique was suggested for
different applications that utilized wireless-power like satellite [85]. RFEH- technology was first
introduced on (1968) by P. Glaser. in (1976 to 1980), NASA encouraged the researchers to study
in-depth of this concept by supporting conducted from U. S. Department of Energy [86]. Many
parameters of such system are located through node power needs. Figure (3.15) showed many

examples of nodes and its approximate power consumption.
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Figure 3.15: Power-needs for small electronic products.
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Selected the working frequency band and rectenna kind is very importance for RFEH system
which depends on aimed application where it may be critical due to its effect on autonomous
system efficiency. In figure (3.16) can be clarified the highlight circle which covers the region of
(RFEH) applicable, this area is possible to be widely based on energy source type. In addition, this

figure illustrates the small electronic devices as wireless sensor network nodes.

In modern life, this technology became is very necessary to vary developed devices which needs
low power for operating. It can be clarified the best examples for using this technology in figure
(3.16).

Passive radio frequency Wireless Sensor

identification (RFID) / \ Networks (WSN)
Vehicles (UAVs)

o
RF powered devices E oo

Unmanned Aerial

may be part of: wsn 09 o
L\ /
% "
\\...’Q
— - - =
Biomedical implants Smart meters Telemetry systems

Figure 3.16: RFEH applications.

With the development of recent communications technologies, different RF is available on
civilian environment for using in many different applications, that needs power for operating
sensor nodes that utilized on autonomous systems. this situation paid to harvest the ambient RF
energy to offer more power. This type of energy is very important for different application
especially that related with human health like cardiac pacemakers, and prostheses .also, it uses in
applications that required (high up-time) for working to avoid the risks by used batteries or other
classical power source ,like environmental monitor system for example, the forest fire detection

where difficult powered source maintenance and not available the wired power source as well
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as,(RFEH) used by embedded sensors for example, it placed inside bridges asphalt where cannot

install batteries or other traditional power sources[87]-[89].

from above information, it can be listed the different applications fields that uses (RFE harvesting)

such as:

a. Health monitoring and biomedical devices.

b. RFID system.

c. Wireless sensor network (WSN).

d. Embedded in structures.

Finally, RF power harvesting is considered as alternative power sources. It could be used instead
of batteries where it delivers independent energy source that offers maintenance decreasing and
operation cost. Whole above features make it very important suitable alternative power source for

smart systems and applications especially, that requires low operation power.
3.7SOLAR PV CELL

In urgent life the greatest number of electronic devices are portable because it has more advances
features than the traditional devices such as smaller size, lighter, using less power, used batteries
as power supply. These advanced features allow for many electronic devices types to operate
without wires connection in power lines grid or in communications networks [90]. Recently, the
integrated system that structured from communication systems with photovoltaic (PV) technology
is received much interest where it is offered low cost and independent applications. This system
can offer compact, dependable and authoritative autonomous system that use to many applications
[91]. the independent remote base station one of applications that using this technology but these
devices are including the separate solar cells and antennas that needs large surface area, for this
reason it is necessary a compromise the system in limited surface that implemented by integrated
antennas with photovoltaic solar cells [74]. All previous studies that represents integrated antenna
into solar cell by using a transparent antenna which consists of patch which designs (such as
meshed structure) to allow to flow optical-signals through openings of mesh while the conductor
still works as valid radiator of MW-frequencies. As well as, the transparent substrate layer and
meshed ground surface are allowed to arrive the light to solar cell that used for provide the load

by an electric power [11],[15].
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A photovoltaic (PV) cell is used for facilitating operation without external power source. Thus,
solar panels are provided the energy to device during day and night depending on light source.
solar panel size is important factor to provide enough power to operating the communication
system.

This work proposed a standalone self-powered communication system is integrated the (sub-6
GHz) microstrip antenna array with solar cell and Radio Frequency Energy Harvesting system.
(PV) solar panel is mounted on top of array (vertical to an array axis) into avoid array shadow

effects and permit to arrive of (100%) sunlight directly on solar cell without obstacles.

This self-power system is suitable for 5G and other modern applications such as portable electronic

communication devices and sensor networks.
3.8 CONSTRUCTION OF SOLAR CELL

Solar cell is semiconductor device capable to convert the light-energy to electricity directly by
photovoltaic (PV) effect. Basically, the important material that used for solar cell production is a

silicon. Solar cell elements are shown figure (3.17) [92],[93]:

sun
front contact

antireflection coating
n-tyvpe semiconductor

p-n junction

p-tvpe semiconductor

back contacl/

Figure 3.17: Structure of solar cell.

a. Silicon wafer of (mono or polycrystalline) with p-n junctions on surface.
b. Front-back contact, front contact should be constructed on proper shape to get most of
incident rays.
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c. Antireflection layer —is located as a cover on front surface.

In general, there are three main types of solar cells:

a. A monocrystal silicon is a (single-crystal) wafer cells made via (Czochralski) process with
homogeneous structure. It is expensive due to the cells are cut of cylindrical ingots. The cutter
wafer surface does not cover whole square module of solar cell without actual waste of
burnished silicon [94]. These cells have about (0.3mm) as thickness. This type realizes high

performances and long life. Figure (3.18) (a) is shown the monocrystalline silicon cells.

b. Polycrystal silicon cells consists of more small silicon cereals, it is produced by casting the
ingots through melt large square block of silicon, neatly cooled to be solid. (Poly-Si) cells are
less cost than (mono-Si) cells but less efficient [95]. These cells have thickness about (180 to

350 micrometer). Figure (3.18) (b) is shown the polycrystalline silicon cells.

a)

Figure 3.18: Silicon-solar cell (a) monocrystalline (b) polycrystalline.

c. Amorphous cells are produced by embedded few silicon layers on surface of other material
such glass. where cannot distinguished individual cells. Usually, this type is utilized in small

electronic-devices like calculators and watches [96].

Solar cells can make in the same techniques that be used for processing and manufacturing the
other semiconductor devices. it is necessary to keep the strict requirements for cleaning and quality
monitor for semiconductor fabrication. Usually, the (p-type) wafers are lightly, to create solar cell
like this wafer, surface spread of (n-type) performed on wafer front-side. This form (p—n junction)
placed at few-hundred nanometers under surface.
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To rise amount of light arriving to (p-n junction) should be used anti-reflection coatings that
connected with sola PV cell. Urgently, titanium dioxide was utilized for antireflection coatings,

but now, silicon nitride is utilized mostly due to its super surface perfusion features.

Then the metal contact placed on back and the bus bars of metal contact are printed on front
surface utilizing silver paste. Back contact is also representing screen-printing of metal paste, in
usual using aluminum. Generally, this contact covers whole solar cell back surface. Then a metal
paste is heated in several hundred degrees to produce the metal electrodes and after making metal

contacts, solar cells are connected via wires or metal ribbons then are collected as the shape of

solar panels.
3.8.1 Photovoltaic Phenomenon in P-N Junction

When light beam falls on (p-n junction) [97], the photon needs large energy to produce (electron-
hole) pairs. The collection of new generated electric charge-carriers in most, produce heat. (PV)
creation condition is disconnected these pairs before recombination, this needs to existence an
internal electric field which be found in (p-n junction) because a spatial-cargo. In (E) electrons are
moving from (p-type) into (n-type) at same time the holes are moving from (n-type) into (p-type),
the result is generated (electron-hole) pairs. Where the minority-carriers on one connector side are
separated to become a majority carrier but with less lifetime on other side, this lead to create solar
cell voltage (VPH) and current (JPH). Its noting, not the whole light photons are been as part of
(PV) conversion because the reflection effect on the surface. R () is a light reflection constant for
cell while the (1 - R (1)) is a light-photon which passes to cells which includes (PV) conversion.
The reflection work to reduce the power which is obtained where it depends surface-polishing. to

improve the reflected light reduction the solar cells are wrapped by anti-reflection coating.

when the photons stream incident to semiconductor surface, surface absorbed only (1 - R (X))
photons part. These photons can permeate semiconductor but due to its low thickness, some of

photons guide through it until arrive through back surface [92],[93].
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3.9 SOLAR CELL CHARACTERISTICS

Number of solar cells are collected into panels and the panels collected to build modules. Solar
cell properties are represented by (current-voltage) characteristics. Where the electric current
intensity depends of vary values of radiation. If the resistance of current-flow is removed, the panel
output current is to be multiple of single cell current and is attached to cells and modules parallel
connections. In similar the module output voltage depends on number of series connections cells
[98]. PV solar cell can produce the electricity just at it is illuminated and the electricity is not

storage. Figure (3.19) shown the PV solar cell characteristics.
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Figure 3.19: Solar cell/module of (I-V) and (P-V) curves.
3.10 ANTENNA INTEGRATED WITH SOLAR CELL
This section describes the different constructions of antenna and solar cell integration such as:

a. Integrated the solar cell and transparent antenna, is used for achieve a self-powered system by
attaching transparent antenna on solar cell. The transparent antenna should have good optical
transparency to allow to arrive the light photons to solar cell in order to it can to generate the
electricity. at same time the antenna also should have good radiation efficiency to avoid the
negative impact of photovoltaic generation on its performances [11],[15].

b. Integrated the solar cell with antenna has patch and ground metal-meshed structure, this type
of integrated system is discussed in more previous studies where the antenna with contains a

patch that design to allow for light photons flowing through its openings, while the conductor
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is remained a valid radiator. The layers (mesh patch, transparent substrate and meshed ground)
allow to arrive the optics light to solar cell that uses to produce the electric power [12].

c. another design was suggested in [13] to integrate the solar panel a reflector for a Vivaldi
antenna based corrugated grating patch with MTM.

d. In[14], In [14], researchers suggested a new design of plasmonic antenna array by printed it
on flexible solar panel, this design based MTM.

e. This work proposed integrated sub-6 GHz microstrip rectenna array with solar panel as the
external part, where solar panel are mounted perpendicular to elements array axis (above
array structure) in order to avoid the antennas structure shadowing and allowing to (100%) of

light photons arrival directly to solar cells without obstacles.

3.11 NEGATIVE EFFECTS OF SOLAR CELL ON ELECTROMAGNETIC FIELD

The light feeding of solar cell includes solar source and non-solar source of light for this reason
the cell is named as photovoltaic (PV) cell. The thin amorphous silicon development that used in
polymer-substrate of solar cell technology make it is easy to solar cell cutting as appropriate for
different shapes of antennas like slot antennas, that leading to optimal using of available area
without affected on antenna radiation characteristics [95]. This work proposed another solution to
avoid the disadvantages of solar PV cell on antenna radiation parameters by located the solar panel
perpendicularly to antenna array axis (as separated part located above antenna array). It can be
shown the negative effects of solar PV cell on antenna parameters bellow (when used the
traditional (PV) cell) [13], [99].

Radiation losses because the nature material of solar cell .

a
b. Sometimes caused antenna gain Reduction

o

Reflected and scattering of the radiation

e

Noise and distortion of radiation rays.
e. Generated heating

3.12 ADVANTAGES OF SOLAR PV CELL

a. It produced power without pollution

b. Dependence reduction on other power resources such as foreign oil and fossil fuels.
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Available clean power resource which is every day even at low light intensity.

Less cost, in future investment where no need electric payment bills.

Solar panel need less maintenance.

It can be Used batteries for storing extra power.

It considered more Safety than conventional electric resources.

Improvement the electric Efficiency where the efficiency of same solar cell will become more

efficient in other time.

3.13 DISADVANTAGES OF SOLAR PV CELL

o o T p

Needs large space in order to achieve high efficiency.

It is not used in dark places.

Efficiency depends on location, direction and light source intensity.

It affected by shadowing effect where it could not produce enough power at finding the
obstacles along light direction.

Negative impacting on antenna radiating characteristics.

It cannot produce enough power at night so, it needs good quality of batteries storage.

3.14 APPLICATIONS OF INTEGRATED ANTENNA WITH SOLAR PV CELL

a.

space vehicle and satellite: The needing of directivity, frequency wide bands and compact
antennas in order to earth and space communications observation, needs advanced solutions
for integrated design that uses for modern small satellites like CubeSat standard [100].The
design has maximize solar panel surface that is important to get efficient solar power to operate
a space vehicles for long time Therefore, the shadowing eliminating caused by obstructions of
incident light to solar cells is essential but without reduced the antenna performances In last
decades, more studies have been improved to design high-performance antennas of small
satellites and place a transparent patch over solar panels surface [13] [85].

Sensor network: in spite of development of battery technology and less demands of electronics
power, but more (WSNs) nodes are installed in places that can not to obtained the electric
power, it may be impossible to provide enough power for this application as well as the battery

alteration is expensive and not practical. these reasons paid to the design the self-powered
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sensor nodes which gets the electrical energy from surrounding sources such as light photons
by using solar (PV) cell [101]. Main aim of this work is to realize self- powered system without
used batteries that needs periodical maintenance, replacement or recharging.

c. Biomedical devices: biomedical devices which used solar PV cell can be classified into two
type first one represented the external usage devices, in general these devices used out of
human body such as devices of measured blood pressure or heart rate where it could operate
by using power that generates by PV cell. Second type is representing the implanted devices
inside human body instead of that used in implanted traditional devices to evade batteries usage
that needs surgical for replacement [102]. Energy harvesters rely on piezoelectricity,
thermoelectricity, and solar electricity to operate an implantable device. but most of these (EH)
sources suffered from different limitations such as low power generation, large size relatively,
poor efficiency. The studies focus on solar photovoltaic cells due to their high efficiency but it
affected by tissue absorption losses therefore the researchers proposed implanting devices in

hypodermis to obtain a stable power output [103].

3.15 THE PROPOSAL INTEGRATED SYSTEM STRUCTURE DESCRIPTION

In this section, we described the final work design, this integrated system that structured by
integrated sub-6 GHz microstrip antenna array with solar cell and Radio Frequency Energy
Harvesting system. Where solar panel is located above array structure on a vertical to antenna
array axis (as separated part) to avoid shadowing effect of rectenna array and to allow about
(100%) of sunlight to arrive directly to solar (PV) cell without obstacles and to avoid the negative
effect of solar (PV) cell on antenna radiation characteristics due to it material nature if it located
in parallel as part of antenna array . This integrated system has ability to power generation for
rectenna array ,power is represents the collection of (RFEH) low power and good amount of power
by solar (PV) cell as well as is supporting a good radiation performance, gain and efficiency with
low cross polarization levels ,where it realizes balance between electromagnetic radiation and

power-generation.
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4. CHAPTER FOUR

5G is a sophisticated technology for mobile broadband communication. 5G is technology is aimed
to offer high data rates, high data speed, fast connections, high capacity and other more properties
and features than other wireless networks. 5G frequency spectrum is involved two ranges, (sub-6
GHz) which includes range (from1 GHz into 6 GHz) and above (6 GHz) according to physical
properties [1]. One of the most essential elements of 5G is antenna designed where it should be

suitable for 5G applications [2].

This chapter is introduced design of 3D antenna array based solar (PV) panel and (RFEH)
RFD102A module integration to self-powered applications for 5G and modern wireless networks.
Such integration is used to realize a self-powered node. The results are implemented by using CST-

software simulation and compared with HFSS simulation and measurement results.
4.1 UNIT ELEMENT-RECONFIGURABLE ANTENNA GEOMETRICAL DETAILS

Single antenna design structure has (four (4) Moore fractal patches with coplanar-waveguide
feeding technique, Transmission line, load matching circuit and T-stub) is clarified on figure (4.1)
(a). Moore-Fractals are utilized to increase efficiency of antenna size reduction and multiband
performances as well as that gives a good gain with small size where it allow to flow the maximum
current in long electrical path structure in small area [57].Coplanar-waveguide feed is utilized to
avert a capacitive-coupling between antenna components, increasing the bandwidth and to
maintain the other surface without any printed circuit that would be very useful technology for
impeding the busing system and other relative electronic circuit [51].

T. L. is designed of (0.6) as width to relies (50 Ohm) matching-circuit and allow to flow surface
currents into Moor-structures [31] [104]. Gaps on T. L. are utilized to paid the current motion to
Moore-fractals cells as explained in [105]. Matching-circuit is presented to avert the surface-
waves retardation which creates in opposite interference and to avoid an inductive-losses because
utilize T. L.-junction which could be removed via capacitive-effect on matching-circuit [31]. T
junction is presented to repress the surface waves of structure ages which effects badly on
radiation efficiency [106].

Proposed antenna has dimensions (62*40) engraved on a (FR4)-substrate without ground layer.

Substrate has good dielectric index about (4.3) and (1.6mm) as height. Two Light dependent
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Resistor (LDR) as photo resistance utilized in antenna structure for getting various operate
frequencies of (sub-6 GHz) band and good radiation patterns by change the states of (LDR) as
(On/Off) for. These cases represented (00,01,10,11) [37],[107].
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Figure 4.1: Single microstrip antenna element (a) antenna element front side (b) moore fractal unit cell.

4.2 UNIT ELEMENT DESIGN METHODOLOGY

In this section, the authors studied and analyzed each part of proposed antenna structure based on
parameters analyses of antenna design simulation. also, this analysis is considered the effect of
varying parts of antenna into the performance. We focused on effects of antenna parts on antenna-
parameters such as antenna return loss (S11) and gain spectra. (3.6, 3.9GHz and 4.9GHz) are a
considered as operating frequencies in our design due to they are very suitable and applicable for
5G frequency band [37]. The simulation analysis is done by utilizing CST microwave studio
software package [130]. Below we list the antenna parts which analysis and discusses to arrive to

optimal design:

4.2.1 Transmission Line
In order to parametric analysis, we changed length of transmission line from (40mm into 60mm)
by step 10mm with monitoring S11 and gain. Such analysis is an important to prove effect of

transmission line length changing.
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Figure (4.2) clarified (S11) for three varying lengths of transmission line as (40,50,60) mm we
choice (50mm) as a length of transmission line which located (3.8 GHz) as operating frequency

where this frequency achieved (-24.89) as S11 and a good gain of (3.09).
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Figure 4.2: S11and gain spectra at different T.L. length.

4.2.2 Unit Cell Effects

This work design contained four (4) Moore fractal geometry which collected in two Moore cells
are upper and lower cell. so, to study these cells effects on antenna performance, we used the
parametric-analysis based (CST MW) simulation. firstly, we used only one Moore- unit cell in
proposed design then compared the obtain results with another design that has two Moore cells.
We found and observed when used the first case, antenna grants multiple frequency bands during
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interest frequency range. In second scenario, after introduced other Moore-cell to be two cells,
antenna generated vary frequency bands within interested frequency range. It is achieved because
connection type between Moore cells on (T.L) is a series connection. In this connection, current
flow in same direction through unit cells. Result of series cells combination adding their effects to
each other. Due to Moore-unit cell is capacitive implication, collecting them lead to increase their
number that achieve an important reduction for equivalent-capacitor that in turn increasing the

operating frequency [8].
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Figure 4.3: Moore fractal effect: (a) one moore unit cell (b) two moore unit cell.
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Figure 4.5: Relative permeability of the unity cell.
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Figure 4.6: Relative permittivity of the unity cell.
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Figure 4.7: The motion current of MTM

So, to get the benefits of the two cases in single antenna element design, we introduced the (T-

antenna element (2 moore cells).

junction) structure as will be shown in the next section.

4.2.3 T- Junction Effects

T-junction effect on antenna parameters is discussed in this section. It utilized to repress the
surface-waves from antenna ages which effects badly on radiation efficiency .T-stub is working
to major-radiation beam splitting to rise number of received users from selfsame antenna within
same operating-frequency [37], this feature achieves the main feature of radiation beam formation
on 5G. We can observe, after added (T-stub) to MTM antenna structure the values of S11 are (-

23.6 and-15.84 dB) at 3.55GHz and 3.8GHz respectively and the gain values are -0.897 at 3.55GHz
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and 3.48 at 3.8 GHz operating frequency. Figure (4.9) is clarified the S11 and gain after adding T-
stub.
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Figure 4.8: MTM antenna after adding T-stub.
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Figure 4.9: S1land gain spectra after adding T-stub.
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4.2.4 Gap Effects

Gaps on (T.L.) are introduced for paid the current toward fractal cells. Gaps effect on the antenna
characteristics as (resonate frequency, gain and radiation pattern) is described in this section, were
these characteristics were analyzed numerically via controlling that based four states (00,01,10,11)
of photo resistances (LDRs) [37], [43]. As be clarified in table (4.1).

Table 4.1: Antenna performance respect to varying of photo resistors states.

case | R1 | R2 | Frequency | Gain | Main lope Angular

direction beam width

1 0 0 3.87 3.36 162° 61.2°
2 0 1 3.86 2.88 150° 52.3°
3 1 0 3.72 3.43 167° 68.1°
4 1 1 3.78 2.9 149° 53.1°

Below, figure (6.10) is shown the S11 parameter with different cases conditions of LDRs.
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Figure 4.10: S11 parameter with varying photo resistors conditions.

4.2.5 Matching Circuit Effects

CRLH-circuit is added to avert the surface waves retardation which creates in opposite
interference and an inductive loss where it can be removed via using capacitive effect of (CRLH)-
circuit [43].

It works to Guide the radiation main lobe to desirable direction through controlling of patch surface

current flow, due to it contains a variable capacitor load as (varactor diodes) which increases the
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current magnitude in appointed direction [37]. Where the antenna side that contains less value of
capacitance need less time to radiation than the other side which has higher capacitance. The
second advantage of this circuit is relieving the radiation side lobes as well as rise the gain on (4.9)
GHz. Now, after adding the matching circuit, the design of antenna is completed, the antenna
characteristics were analyzed based four states (00,01,10,11) of photo resistances (LDRs) and

without using the varactor diodes (capacitors) as be clarified in table (4.2).

Table 4.2: Antenna performance with different cases of photo resistors.

case | R1 R2 Resonate S11 Gain Main lope Angular
Frequency (Max.) direction beam width

1 OFF | OFF 3.75-3.9,4.9 -19.5 3.1,35 156° 57.7°
-10.2 -5° 54°

2 OFF | ON 4.9 -10 2.84 -179° 39°
3 ON | OFF 3.6-3.9 4.9 -10 0.7,3.16 172° 78°
3.19,2.7 166° 69°

2.8 161° 63.4°

-14° 68.6°

4 ON ON 3.6-3.8 -10 8.8 168° 75.5°
-20 160° 64°

149° 53°

These two varactor-diodes used to control the antenna radiation at (3.6,3.9 and 4.9GHz) and guide
the main lobe to the desired location at varying the cases of (LDRs), as shown in Table (4.3), (4.4),
(4.5) respectively. For mention, this phenomenon is called (beam steering) [37].

Table 4.3: Antenna main lobe direction with varying the varactor diodes at 3.6GHz.

Varactor Diodes Main Lobe Direction (Photo Resistance)

D1 D2 Casel (00) Case2 (01) Case3 (10) Case4 (11)
1 pF 1 pF 174 173 172 167

1 pF 5 pF 174 173 173 167

1 pF 10 pF 174 173 173 167

Table 4.4: Antenna main lobe direction with varying the varactor diodes at 3.9GHz.

Varactor Diodes Main Lobe Direction (Photo Resistance)

D1 D2 Casel (00) Case2 (01) Case3 (10) Case4 (11)
1 pF 1 pF 148 29 147 25

1 pF 5 pF 148 156 32 159

1 pF 10 pF 149 157 31 159
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Table 4.5: Antenna main lobe direction with varying the varactor diodes at 4.9GHz.

Varactor Diodes Main Lobe Direction (Photo Resistance)

D1 D2 Casel (00) Case2 (01) Case3 (10) Case4 (11)
1 pF 1 pF -2 1 -141 130

1 pF 5 pF -176 -179 -147 128

1 pF 10 pF -175 -178 -150 127

Below, figure (4.11) is shown S11 parameter of suggested antenna design on different cases of

LDRs and without varactor diodes.
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Figure 4.11: S11 parameter for proposed antenna design with varying photo resistors conditions (with
matching circuit).

4.3 RADIATION PATTERN (MAIN LOBE DIRECTION AND BEAM SPLITTING)

This section displayed the Radiation pattern or is called (Main lobe Direction). It is changing by
using the varactor diode in matching circuit [42],[108] to guide antenna radiation to desired
location at different states of LDRs that used to reconfigurable antenna [37]. In this section we
used (D1=1PF and D2=10PF) as varactor diodes at four states of LDR, due to, these diode values
realized best results for antenna parameters. Figures (4.12), (4.13), (4.14) are showed the radiation
patterns at resonate frequencies (3.6,3.9,4.9) GHz respectively as be clarified in tables (4.3, 4.4,
4.5) respectively too.
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Figure 4.12: Radiation pattern of 3.6GHz cases. “figures continued” (a to d); ()00 (b)01 (c)10 (d)11.
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Figure 4.13: Radiation pattern of 3.9GHz cases. “figures continued” (a to d) ; (a)00 (b) 01 (c)10 (d)11.

85




(a) Farfield Gain Abs (Phi=0)
farfield (f=4.9)
120 - -120 Frequency = 4.9 GHz
< Main lobe magnitude = -5.41 dBi
150 e -150 Main lobe direction = -175.0 deg.
Angular width (3 dB) = 62.8 deg.
Theta / Degree vs. dBi Side lobe level = -1.5 dB
(b}
60 -60
=10 -90
120 \," 7_’,‘\—” -120 Frequency = 4.9 GHz
z " Main lobe magnitude =  -5.02 dBi
150 180 -150 Main lobe direction = -178.0 deg.
Angular width (3 dB) = 44.3 deqg.
Side lobe level = -2.1 dB

-120 Frequency = 4.9 GHz

o Main lobe magnitude =  -6.14 dBi
150 180 -150 Main lobe direction = -150.0 deg.
Angular width (3 dB) = 76.7 deg.
Side lobe level = -1.8 dB
0
-60
-0

-120 Frequency = 4.9 GHz

Main lobe magnitude =  -5.69 dBi

150 180 -150 Main lobe direction = 127.0 deg.
Angular width (3 dB) = 140.1 deg.
Side lobe level = -0.5 dB

Figure 4.14: Radiation pattern of 4.9GHz cases. “figures continued” (a to d); (a)00 (b) 01 ()10 (d)11.
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The current distribution on radiated patch and the (T- junction) in antenna structure that presented
in section (4.2.3) are working to split the major beam to increase the receiving users number from
same antenna on same resonate frequency. This property considered as a novelty of our proposed
antenna at the antenna resonate frequencies. Figure (4.15) showed, example of the beam splitting,
that occurs at (4.9GHz resonate frequency, in Case2 (01) of LDRs and at the varactor diodes (D1=1
Pf, D2=10Pf) [37].

Figure 4.15: Antenna beam splitting.

4.4 ANTENNA EQUIVALENT CIRCUIT MODEL

Antenna circuit model is clarified in figure (4.16). Where the suggested structure is built
utilizing Richard-model [109], that is based lumped-elements notion. The structure-based (Moore)
shape, it is considered the fractal segment which could be calculated [110]:

N, = nN; (4.1)
Where, (n) a fractal iteration, (N1 a fractal segment number, (Nn) the fractal order. This revised

that total fractal length (L") could be determined as:

8
L"=_—"18 (4.2)

" 2n+3
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where (L3) acts perimeter of traditional rectangle which occupies by fractal. Therefore, that total
perimeter length is increasing with increase an external side edge as:

L(n) = (2" + 1)S (4.3)
From equation (4.3), it is found the perimeter is increasing exponentially with (n) rise. In figure
(4.16 ) can be seen the suggested circuit model. it is considered via connecting (50 Q) as input-
impedance of RF source series of (R-L-C) parallel branch called as (Lm=1.1nH, Rn=21Q, and
Cm=0.1pF) for Moore-structure cell. (T.L.) was characterized as inductive part (Lt=2nH) and
capacitive air-gaps (Cgap=1.3pF). open (T-stub) that connected to the (T.L.) center is defined as
(Lt-stub=1.6nH) in parallel with capacitor (Crswn=2.3pF), this branch is connected with (Rt
stub=30Q ) serially. While each of (Rp=22€Q and Cp=2.3pF) are represented the substrate equivalent
effects and it connected in parallel with proposed model. For mention, the lumped elements in

figure (4.16) are designed by (Advanced Design System ADS) software package.

_— pp ’
Port_1 " i} S\ - AN\~e Port 2
£ Si sﬁ I E g %f" l:]- 5h

RP RP
ci‘ Ci‘
e —

Figure 4.16: Equivalent circuit model.

4.5 EXPERIMENTAL VALIDATION

Before immediate the antenna fabrication, we implemented a numerical simulation based (HFSS)
simulation [123], for more validation. we found that acquired results by both (CST and HFSS)
software packages are concurrence very well. Then, suggested antenna design is fabricated utilized
(chemical deposition) process as clarified in figure (4.17) (a). In this section, antenna prototype is
tested experimentally by utilizing (VNA) vector network analyzer (37347A) and MW chamber.
We assessed the antenna performance by expressions of (S11) and gain spectrum as clarified in

figure (4.17) (b). It is found the antenna provides more operating frequencies (f;) for example, it
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gives (3.9GHz and 4.9GHz) as the resonate frequencies with gain (G ) of (3) and (3.5) respectively,

at casel (00) ,meaning without photo resistors and varactor diodes effects.

(b) S-Parameters [Magntude n dB]
0 Y Y ' AN

Frequency / GHz '

T e S AR e e R B e e e e e e L s e Sl W e S RO
20 Jensssensonsanene S S T— e T CSTMWS
-25 :
-30 + :
35 ; ; ; ;

25 3 35 4 4.5 5 5.5 6]

Frequency / GHz

Figure 4.17: Antenna performance validation (a) fabricated-prototype and measurement process
(b) S11 and gain results.

Finally, the measured and simulated results of radiation patterns on (3.6GHz, 3.9 GHz and 4.9
GHz) are clarified in figure (4.18). Measurement results were done in RF anechoic chamber. From
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these measurements, we found a significant change in width and directivity of major lobe
according to varying states of switching (LDRs) as (00, 01, 10, 11) and without using the varactor

diodes in matching circuit load. Also, it can be shown good matching between simulated and
measured results.

(a) Farfield Gan Abs (Phi=0)

Main lobe drection = 174.0 deg. 180
Theta / Degree vs. dBi (00)

Main lobe direction = 172.0 deg. (01)

30 -30
60 /" g b N, N\ 60
90 - _ -90
120N AT - /120
150 -150
180 180
Main lobe direction = 172.0 deg. (10) Man lobe drection = 169.0 deg. (11

(b)

180

. 180
Main lobe direction = 156.0 deg. (00) Main lobe direction = 36.0 deg.

(01)

Figure 4.18: Radiation-pattern of single element (a to ¢) on (a) 3.6 GHz, (b)
3.9 GHz and (c) 4.9 GHz, note: back solid line is a simulation and red solid

line is measured results.
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180 180

f Man lobe direction = 35.0 deg.
Main lobe drection = 155.0 deg. 9
” (10) (11)

180
180 Main lobe direction = -178.0 deq.

Main lobe direction = -5.0 deg. (00) (01)

180 150 180

6.0 deg. Main lobe direction = 1.0 deg.

Main lobe direction = (10) (11)

Figure 4.18: Radiation-pattern of single element (a to ¢) on (a) 3.6 GHz, (b) 3.9 GHz and (c) 4.9 GHz,

note: back solid line is a simulation and red solid line is measured results ‘Figures Continued’.
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4.6 COMPARISON WITH OTHER REFERENCES

The antenna performance is compared with the other antennas that studies in previous published
papers. The comparison including more terms such as (substrate type, operating frequency,
antenna size dimension, gain and reconfigurable process. We found that our antenna achieves
excellent design for radiate beam forming and frequency-reconfiguration. Subsequently, our

antenna achieves three operating frequencies, as be list in comparison table (4.6).

Table 4.6: Comparison between this work performance with other published results.

Ref. f/GHz Substrate | G,/dBi Size/mm Recopn:é%gg:ltlon Diodes No.
1 3.5,3.8 FR4 2.3 10.7x22.5x1.6 No uncontrolled
111 3.5 FR4 epoxy 5 25.2x48x1.6 No uncontrolled
112 2.45,3.5,5.2 FR4 3.4 39 x 37x1.6 Frequency 1
13 | 23525 1 FRa | 198 | 37:35x16 Frequency 2
2.1, 2.45, Frequency
114 32.35 FR4 2.2 37x35%1.6 2
115 2'545%5’ Teflon 3 47x19 NG uncontrolled
116 3.31,6. S 2 25x25%1 Frequency 3
epoxy
This | 3630949 FR4 3,35 | 62x40x1.6 Beam forming and 2
work frequency

4.7 ARRAY DESIGN AND GEOMETRICAL DETAILS

In this section a novel 3D MIMO reconfigurable antenna array design is proposed for 5G
applications [43]. This array structure consists of four Microstrip patch antenna which arranged as
a cubic array, each cubic side has one antenna element as be clarified in figure (4.19) (a). This
array provides broadside-radiation pattern in order to coverage the tangent radiation, this property
as the result of add the fractal geometry, high mutual coupling reduction was realized [37].
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Figure 4.19: Cubic antenna array (a) front side (b) antenna array at S=0

4.7.1 Antenna Array Parametric Study

This section showed results analysis antenna array parameters such as the Return loss S11, Mutual

Coupling and spectral Gain.
4.7.1.1 Return loss and mutual coupling

In this section we study the S-parameter in terms of S11, S12, S13, and S14. we study these terms
in three states dependent on the distance (S) that separated between Antennas in Cubic Sides, these
distance represented as (0 ,3and 6) mm. (S11) is represent the return loss, (S12) and (S14)
represented the mutual coupling between adjacent elements and that occurs between radial
elements (between opposite side antennas) is S13 [117]-[118] .From figure (4.20), it is found the
best result at the distance between adjusting elements (S= 6mm), where the (S11< -10) and the
mutual coupling is (<-20dB) for most (S12, S13, and S14) at the interest frequency band. Figure
(4.20) is clarified the S-parameters at different value of S distance.
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Figure 4.20: S-parameters in different value of (S) (ato d) (a) return-loss (b) and (d) the mutual
coupling of adjacent elements (c) radial mutual coupling.

94




4.7.1.2 Gain spectra

This section clarified the Gain of Antenna Array, each Antenna generate moderate gain that
suitable for 5G and other modern applications [107]. The maximum gain at (S=6mm) measured
4.4 and 4.2 at 3.9GHz and 4.9GHz respectively. Figure (4.21) is clarified the array gain at different
value of S.

Gain (IEEE)

10

— 5=6mm
so]— 5=3mm

— S5=0mm

-25

2.5 3 3.5 4 4.5 5 5.5 6
Frequency / GHz

Figure 4.21: Gain of antenna array in various value of S.

4.7.2 Antenna Array Correlation and Diversity

Antenna correlation coefficient (ACC) is one of an important antenna parameter, it is measured
of antenna independence respect to adjacent antennas. lower value of (ACC) is realize better

independence to antennas from other.

antenna diversity or (a space diversity or spatial diversity) is a diversity scheme which utilizes two
or more antennas to enhance the wireless quality and reliability. There are many types of antenna
diversity such as (space, frequency, time, polarization, directional and pattern diversity) [72],[119]
In this section, we focused on correlation and diversity. The correlation and diversity are measured
and clarified for suggested antenna array in figure (4.22). It is found that the correlation factor at
3.6,3.9 and 4.9GHz below 0.5% as be displayed on figure (4.22) (a); while, a diversity is found
nearly of 99.8% as displayed on figure (4.22) (b) [43].
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Figure 4.22: MIMO correlation and diversity (a) correlation (b) diversity.
4.7.3 Results Validation

In this section, we showed the simulated and measured results. MIMO antenna prototype is
fabricated by using (FR4) substrate. S- Permeameters and the radiation patterns at the space
between adjusts antennas (S=6mm) are measured. It is found, the measured result clarifies
agreement with the simulated result of S- parameter by (CSTMWS) spectra with insignificant
variance. So, the S-parameter and radiation patterns of antenna is measured via a (PNA) -
Professional Network Analyzer (Agilent PNA 8720).

96




Figure 4.23: Fabricated prototype of (MIMO) antenna: (a) front view (b) cubic array

(c) top view.

This section showed antenna result measurement in expressions of (S- parameters) and radiation

pattern at first state, when all (LDRs) are OFF and in fourth state in other word, in case of (0,0)
and (1,1). It is found, the measured results that represents by black curve is introduced an excellent
agreement with simulated curve (red curve). But it is observed some of Insignificant between

them, because the cables losses and the (SMA) soldering impacts.
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Figure 4.24: S-parameter for simulated and measured antenna when all LDRs are off.
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Measured and simulated results of radiation-patterns on (3.6 GHz, 3.9 GHz and 4.9 GHz) are
clarified in figure (4.25). The measurements process was done inside RF anechoic chamber in
both (&-plane) and (6-plane.)

(@) Farfield Gan Abs (Phi=90) Farfield Gain Abs (Theta=90)

180
Man lobe direction = -50.0 deg.

Man lobe drection = 0.0 deg.

(b) 0

a0 =90
S0

1205, T v a0

120 \ 4 o RER
150 -150
180
Main lobe drection = -53.0 deg.
Man lobe drection = 0.0 deg.

(c) 0

120\
P O

/<120
N / . :
150 ———1— -150 -150
180 180
Man lobe drection = -44.0 deg. Main lobe direction = -33.0 deg.

Figure 4.25: Measured and simulated results of radiation-patterns when all LDRs are off at (a) 3.6 GHz,
(b) 3.9 GHz (c) 4.9GHz.
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Next, it can be shown the simulated and measured result of (S-parameters) and radiation-pattern
at state of all (LDRs) are ON in other word, case of (1,1).

o Aa) S1.1

-15

dB

-20
<25 rerrrrerresnnenme s e e s | eri P L R LR TR S e ORI -—-—-Si:fl:lulation----- .

25 3 3.5 4 45 5 5.5 3
Frequency,/GHz

as B : : 51,2

4 4.5
Frequency/GHZ

4.5
Frequency/GHz

Figure 4.26: S-parameter for simulated and measured antenna when all LDRs are on.
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Where, the radiation pattern measurement in both (O-plane) and (6-plane.) at interested
frequencies at (3.6 GHz, 3.9 GHz and 4.9 GHz) as be clarified on figure (4.27).

Farfield Gain Abs (Phi=90) (Theta=90)

. _ 180 180
Main lobe direction = 0.0 deq. Main lobe direction = -82.0 deq.

180

180 Main lobe drection = 110.0 deg.

Main lobe direction = -25.0 deq.

© 30 : -30 30 _D 30
60 . -60 60/ \- -60
90 0 90 -90
120 -120 120%, 120
150 ’ ppes \—150 150 50 -150

Main lobe direction = -31.0 deg.

Main lobe drection = -44.0 deg.

Figure 4.27: Measured and simulated radiation patterns in state of all LDRs are on at (a) 3.6 GHz (b) 3.9

GHz (c) 4.9GHz, note: the red curve represents the simulate results and the black curve is a measured.
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4.8 SOLAR CELL EFFECT

In this section, it can be shown the solar (PV) cell effect on performances of proposed antenna-
array in expressions of (S-parameters) and (Gain) as be shown in figure (4.28). It is found to be
insignificantly affected when the solar panel introduced. In fact, the array gain is enhanced slightly
at interested frequency bands, this is achieved by suppressed the surface wave effects through
introduced the solar panel normally to antenna array [121].

Figure (4.28) is clarified the (S-Parameters: S11, S12, S13 and S14) and (Gain spectra) curves of
antenna array with and without solar panel integrated. In figure (4.28) (b), it is found the (S11) is
matching (S11<-10dB) where is insignificantly affected at added solar panel and from figure
(4.28): (c), (d) and (e) we observed the (S12, S13 and S14) are insignificantly affected also. In
figure (4.28) (f), it is observed the antenna array gain is insignificantly affected at the operating
frequencies, where it is found the antenna gain value is (4.3,4.2) at 3.9GHz and 4.9GHz
respectively without adding the solar panel and it is measured of (4.32) at 3.9GHz and (4.1) at
4.9GHz after introducing the solar panel.

In general, it is found the solar panel is not affect negatively on antenna parameters (S-Parameters,
gain and radiation pattern) when attached it on antenna array perpendicularly. This section proves
that the novelty of this work to generate self-power wireless communication system without impact

negatively on wireless characteristics.

(b) S1,1
: : : — With solar
—|— without solar

820 fo-mmememmeeeees

2.5 3 3.5 4.5 5 5.5 6

4
Frequency [ GHz

Figure 4.28: Array performance with and without solar panel instillation (a to f) ; (a) system design (b)
S11 (c) S12 (d) S13 (e) S14 (f) gain.
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Figure 4.28: Array performance with and without solar panel instillation (a to ) ; (a) system design (b)
S11 (c) S12 (d) S13 (e) S14 (f) gain ‘Figures Continued’.
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4.8.1 Experimental Validation

This section clarified the measurement of antenna array performance by utilizing VNA (37347A)
and RF chamber [121].

The antenna array is fabricated, we can clarify the prototype and the results validation
experimentally as be shown in figure (4.29). The acquired results from the simulation analysis are
compared with an experimental measurement, figure (4.29) (b) and (f), is displayed the measured
(S11) and gain. It is found that the results of experimental and simulation are agreement very well.
The other measurements of S-parameters (S12, S13, and S14) are shown in figure (4.29) (c)-(e),
where the validated of the maximum coupling (S< -20dB) after introduced the solar panel.

25 3--- .. : . i, U b .. SO S— 11—

30 4 . ; . e : ‘- R . , . — EQASUrEMeENt

5 5.5 6

4 4.5
Frequency/GHz

Figure 4.29: Simulated and measured results of array performance with solar panel instillation (a to f);
(a) system design (b) S11 (c) S12 (d) S13 (e) S14 spectra (f) gain.
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Figure 4.29: Simulated and measured results of array performance with solar panel instillation (a to f);
(a) system design (b) S11 (c) S12 (d) S13 (e) S14 spectra (f) gain ‘Figures Continued’.
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Next, array radiation-patterns are measured on resonate frequencies of (3.6GHz, 3.9GHz, and
4.9GHz) as shown in figure (4.30) and figure (4.31). where it is observed, improving the radiate
directivity of suggested antenna. The measured and simulated results are agreeing to each other
well. The radiation pattern of figure (4.30) is measured at (¥=0) and (@=90) in case of all RDLs

are OFF (00) and without using the varactor diodes as be shown.

Farfield Gain Abs (Phi=0) Farfield Gain Abs (Phi=90)
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(<) 0 (o]

30 -30 30— -30

-150
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Mamn lobe drecton = -12.0 deg. Mamn lobe drection = -2.0 deg.

Figure 4.30: Measured and simulated of radiation patterns in state of all LDRs are OFF at (a) 3.6 GHz
(b) 3.9 GHz (c) 4.9GHz, note: the red curve represents the simulate results and the black curve is a

measured.
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And the radiation pattern is measured also at (#=0) and (@=90) in case of all RDLs are ON (11)

and without using the varactor diodes as shown below in figure (4.31).

Farfield Gain Abs (Phi=0) 30 o S0
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Figure 4.31: Measured and simulated of radiation patterns in state of all LDRs are on at (a) 3.6 GHz

(b) 3.9 GHz (c) 4.9GHz, note: the red curve represents the simulate results and the black curve is a

measured.
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4.9 SOLAR CELL HARVESTING

This section focuses on study the solar cell properties and solar energy harvesting.

4.9.1 Properties

This work uses the solar cell that has some features such as [121]:

o

High rate of conversion.

=

High output efficiency.
c. It could be Work weak light effect.

d. Working voltage (6V)
e. (1W) as output power
f.  Working current about (0-200 mA)

4.9.2 Solar Energy Harvesting

Antenna-array was integrated with a solar panel and introduced to the test. As the result, before
and after integrated the solar PV panel, measured (I-V) characteristics are displayed in figure
(4.32) [98]. (I-V) characteristics are not affected before and after integrated solar panel, due to a
solar panel are placed properly (perpendicular) on the antenna-array.

After install the panel on the proposed antenna array, the (I-V) characteristics of solar PV panel
are measured. figure (4.32) showed (I-V) characteristics after antenna integration, where the solar

energy is defined as (photo-current) and (photo-voltage) axis at different light intensity curves by
setting the value from (500W/m? to 1000W/m?) as clarified in figure (7.5).
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Figure 4.32: Solar PV panel performance after mounted on suggested array structure.

4.10 RECTENNA-ARRAY STRUCTRE

The proposed work is extended to evaluate the ability of the proposed antenna array of energy
harvesting. Therefore, the author applied an experimental technique to collect the RF energy from
the rounding environments. In this work, the antenna array is connected through a 50€ input port
with a commercial RF rectifier. As clarified in figure (4.33), the proposed system is projected by
applying RF signal away from the proposed antenna to cover the frequency bands from 0.3GHz
up to 6GHz. The proposed antenna located in front of the transmitter antenna and connected to the
commercial module RFD102A as an RF rectifier. The energy is changed from -20dBm to 20dBm
to monitor the output voltage from the used rectifier terminals. The collected voltage is obtained

in DC form output. The rest of the proposed systems is explained as following:
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Figure 4.33: Rectenna array structure (antenna+RFEH module).

4.11 PROJECT RFEH MODULE (RFD102A)

In this work a (RFD102A) module is proposed for RFEH, where this compact module is
considered an excellent device for convert the alternating wireless power to constant DC- voltage.
It can operate on wide-range frequency; it operates during (60Hz to 6GHz) band. When it connects
to antenna, it can get the power from wireless sources and can be utilized as sensor to low-power

signals. It structured of dimension (5mm x 7mm x 1.8mm) [87].

Figure 4.34: RFD102A-RFEH module.

4.11.1 Electrical Properties

This section lists the electrical properties of (RFD102A) that used to RF energy harvesting

system.

a. Output voltage
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As listed in table (7.1), the proposed module provides an output voltage within the range of 0.4V
to 34V in maximum. Such variation is relative to the input power variation. Therefore, these
values could be much greater than the output voltage when is connected to the practical wireless

system as will be seen later.

Table 4.7: Output voltage of RFD102A module.

-13dBm 0.4V
0 dBm 2.9V
10 dBm 10.4Vv
20 dBm 30V
30 dBm 34V

b. Range of operating frequency

The range of operating frequencies is between (60 Hz to 6GHz).

c. Modula pins
It contains eight Pins, Pin (1) is acts Dc output voltage , Pin (4) is the RF Input source and Pins (
2,3,5,6,7,8 ) are represented the Ground as be clarified in figure (4.35) and (4.36), The module

dimensions of (5mm x 7mm x 1.8mm) .

Figure 4.35: RFD102A-RFEH board.
The module board connects with match impedance placed on (RFIN) and optional (pin) header to

connect antenna by hole antenna.
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Figure 4.36: Top view of RFD102A module.

d. Maximum ratings and output voltage protection
RFD102A has some feature as be listed below:

a. ESD protection to (8 kV) pulse protection of RF input-line

b. +,-10V peak voltage of RF input-line.

c. +33dBm as max RF input power on RF input-pin.

d. Itcan use an external zener diode with module to avert the device failure.
e. -0.5V, +40V max DC output-pin.

f.  18mA max output-current.

Module may be partial or permanent damage when exceeding above limits.

«

The load value is (1-10 kohm) on DC output for transfer maximum efficiency power. Some input
impedance tuning need certain frequency to design working. Module able to produce (18mA) as
maximum DC current in (500hm) load under stressed condition. Better design offer between (1-
10mA\) for energy harvesting system. S-parameters of (RFD102A-TB) module are available on
different input powers from (-20dBm to +20dBm). Matching is required to realize the best results;

the user needs to choose between matching circuit to get better sensitivity within low input power
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and matching for ameliorate power transfer within high input powers due to it is a nonlinear device.
The matching must be achieved experimentally to locate the best configuration [87]. In Table (4.8),
the collected output DC voltage values are listed respect to input power changing. These values
are found to be vary with input power variation; it can be clarified in figure (7.10).

Table 4.8: Measured of DC output voltage of RFD102A module.

-13 dBm 0.4V
0 dBm 2.9V
10 dBm 10.4V
20 dBm 30V
30 dBm 34V

Input power vs Output voltage

35
30
25
20

15

Output Voltage (V)

10

-20 -10 0 10 20 30 40
Input Power( dBm)

Figure 4.37: Input power vs output voltage of RFD102A.

4.12 PROCEDURE OF INTEGRATED SYSTEM STRUCTURE

In this section, we described the final structure design, this integrated system structured by
integrated sub-6 GHz microstrip antenna array with solar cell and Radio Frequency Energy
Harvesting system. Where the solar PV panel would be located as perpendicular (vertical) to
array axis (as separated part) to avoid shadowing effect of rectenna array and to allow about
(100%) of sunlight to arrive directly to solar (PV) cell without obstacles and to avoid the negative

113



effect of solar (PV) cell on antenna radiation characteristics due to it material nature if it located

in parallel as part of antenna array. This integrated system has ability to power generation for

rectenna array ,power is represents the collection of (RFEH) low power and good amount of power

that produced by solar (PV) cell as well as is supporting a good radiation performance, gain and

efficiency with low cross polarization levels ,where it realized balance between electromagnetic

radiation and the power generated.

The final structure of this work is completed by five steps:

a.
b.

o o

First step, design single antenna element as be shown in chapter six.

Second step, design 3D cubic antenna array as be clarified in chapter six.

Third step, integrated antenna array with solar PV cell as be shown in chapter seven.

Four step, integrated antenna array with RFEH system as be shown in chapter seven.

Finally, integrated the antenna array with solar cell and RFEH system as be shown in figure
(4.38) (e).

All these steps are done experimentally in Al-Ma'moon University College, engineering labs as

be shown in figure (4.38).
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vector network
analyzer-VNA

Figure 4.38: Steps of measurement results of proposed work (a to €); (a) single antenna
element (b) 3D antenna array (c) integrated antenna array with solar PV cell (d) integrated
antenna array with RFEH system (e) self-powered system (integrated the antenna array with
solar cell and RFEH system).
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Figure 4.38: Steps of measurement results of proposed work (a to €); (a) single antenna element (b) 3D
antenna array (c) integrated antenna array with solar PV cell (d) integrated antenna array with RFEH
system (e) self-powered system (integrated the antenna array with solar cell and RFEH system) ‘Figures
Continued’

413 SUMMARY

In this chapter we could be focused on frequency and radiation patterns of a reconfigurable antenna
for 5G applications. Antenna array based (MIMO) system of a reconfigurable antenna which is
proposed, designed, fabricated and measured in this research. The antenna structure is very suitable
for 5G network and modern wireless systems. This structure is proposed for 5G reconfigurable
(MIMO) antenna array. However, the technique has been utilized to realize radiation pattern
configuration by used (LDRs) and varactor diodes in different resonant frequencies for sub-6 GHz
5G. In conclusion, in this chapter we found our suggested antenna operates at 3.6GHz and 4.9 GHz
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when all LDR are ON. Where, the antenna is providing gain of (2.2) at 3.6 GHz and (4) at 4.9
GHz. And When LDRs are OFF the antenna produced gain of (4.3) at 3.9GHz and (4.2) at 4.9GHz
as the operating frequencies. Therefore, such antenna is suitable for short and medium range of 5G
modern applications. Finally, we are found the (MIMO) antenna operates in range of sub-6GHz at
resonant frequencies of (3.6GHz, 3.9GHz and 4.9GHz).

Next, we could be focused on two scenarios for build self-powered system, first scenario,
introduced integrated the antenna array with solar PV cell to generate efficient power for antenna
array operating and studied the effect of solar panel on antenna parameters in term of (S- parameter
, gain and radiation pattern). Second scenario, introduced the integrate antenna array with RFEH
system (RFD102A module) to generate amount of power for antenna array operating. In
conclusion, the final proposed integrated system is very suitable for 5G network and modern
wireless systems where it can provide the efficient amount of power to antenna array by collects

the power that generated by solar panel and RFEH system.
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5. CHAPTER FIVE

5.1 CONCLUSION

This thesis proposed novel antennas for modern applications including 5G communication
networks at sub-6GHz frequency bands. The proposed work is oriented to the following sections:
In the first section, an antenna configuration is suggested to design reconfigurable antenna in terms
of radiation pattern and frequency bandwidth for 5G applications. Reconfiguration process is
applied utilizing two varactor diodes to steer the antenna radiation pattern to desired direction.
However, the antenna frequency reconfiguration is achieved utilizing two LDRs to control the
antenna bands. We found that suggested antenna provides an excellent matching on frequency
bands of 3.6, 3.9 GHz and 4.9 GHz.

This work is extended to design novel antenna array based on a 3D structure with a steerable
radiation pattern for 5G communication networks. Therefore, a novel technique is invoked based
on optical switches by using LDR switches to control the antenna beam direction. The proposed
antenna system is introduced as a MIMO array with insignificant mutual coupling of a cubical
geometry. The suggested array is structured from four antennas based on CRLH and T-stub to
keep low coupling effects between adjacent antennas. Therefore, it is found the greatest coupling
not more than -20dB during operating frequency band. The proposed antenna radiation pattern is
controlled with two LDRs to be changed from +£30° +40° and +45° at 3.6GHz, 3.9GHz, and
4.9GHz, respectively. The antenna gain is found be moderate with the range of 3.2dBi to 4.2dBi.
The antenna provides low correlation factor due to the high radiation diversity which is achieved
from the CRLH and open T-stub introductions.

Finally, the suggested antenna array is integrated with solar panel and RFEH system. Such
integration is employed to realize self-powered node, the solar panel would be located
perpendicular to the antenna array axis to avoid it effects on array electromagnetic radiation.
Where this integrated system achieves a balance between electromagnetic radiation and power
generation. The antenna array is designed and fabricated, the simulation is done by using CST
software, the energy harvesting system circuits is designed using Agilent Advanced Design
System 2020 (ADS 2020) software and it is found that the experimental results of fabrication are
agree very well with those obtained from CST MWS.
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5.2 FUTURE WORK

This work is conducted to a design of 3D antenna array-based MIMO networks of self-powered

communication systems. The proposed antenna systems can be extended in the future to the

following aspects:

a.

The channel performance ibn terms of bit error rate and channel capacity can be extended for
this work to be calculated in the future to characterize the transmitter and receiver in the form
of a certain modulation process.

The proposed work can be extended to cubic sat technology by collecting the solar energy
from the space and converted to microwave energy to be transmitted to a ground station.

The proposed work is introduced to Moore fractal geometry and can conducted to consider
more different fractal geometries to increase the antenna bandwidth and systems performance.
The use other configuration arrays based on 3D structures can be used for such design to realize
an excellent antenna array performance and characterizations.

The use of a transmission network between the antenna elements can be an excellent option to
realize a single feed technology to the antenna array.

The use of direct antenna modulation and coding process could a further step to develop smart

antenna technology for modern wireless communication networks.
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