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ABSTRACT

GNSS PATCH ANTENNA MODELING PASSIVE GAIN OPTIMIZATION USING
FEKO, DESIGN OF EXPERIMENTS AND P-TRANSFORM TECHNIQUE

by

GHOLAM D. AGHASHIRIN

Adviser: Hoda S. Abdel-Aty-Zohdy, Ph.D.

The objective of this work was to design a compact new microstrip patch antenna for
applications in support of Global Navigation Satellite System (GNSS), and automotive.
My GNSS patch antenna was created and developed in this dissertation to serve and
represent the critical component from the system level perspective for the next generation
of Automotive Radio Head Units, Navigation Systems, and L3 systems HD maps in
autonomous domain. Conducted literature review and published papers studied, however
observed a deficiency in the area of modeling, optimization of the design parameters,
passive gain of rectangular patch antenna using FEKO, Design of Experiments, and
P-Transform algorithm. Furthermore, there is no such antenna related to the Center
Frequency of 1.555 [GHz] GNSS antenna, which has not been investigated. The
proposed work involved a modeling of New GNSS rectangular patch antenna. The design
focus was on the operating frequency range of 1.500 [GHz] to 1.610 [GHz] and FEKO 3D
Electromagnetic simulation software package from Altair [4] was used, Design of
Experiments (DoE) [5], and as well as applying the P-Transform algorithm [6] optimization
method on the presented dual band GNSS (GPS and GLONASS) patch antenna passive
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gain. The proposed antenna designed to operate at both bands, GPS (L1=1.57542 [GHz])
and GLONASS (L1=1.602 [GHz]) signal. Moreover, the ground plane length (X1[mm]),
ground plane width (X2[mm]), and the substrate dielectric constant design (X3[mm])
parameters were varied at each FEKO simulation run, in order to obtain the simulation of
GNSS patch antenna passive gain output results for the purpose of the optimization study
by using P-Transform technique within the MATLAB environment. The presented GNSS
patch antenna 2D far field and/or average passive gain measurement of GPS and
GLONASS at center frequency of 1.555 [GHz] was plotted and analyzed. The computation
and analysis of passive gain involved at taking the delta/difference between elevation angle
at 30 and 90 degrees from the average passive gain 2D graph and this step was conducted
for 120 FEKO simulation iteration runs. For each FEKO simulation run the far field
(average passive gain=Y [dBi]) was computed separately unique for that specific design
parameters (X1 [mm], X2 [mm], X3 [mm]) and recorded in a lookup matrix table (.csv).
This four columns lookup table was called out for the purposed of the P- Transform

algorithm utilization and execution within the MATLAB environment.



PREFACE

The objective of this engineering research is to design, model, conduct analysis,
simulate, and create a sample of runs (Lookup matrix) called the Design of Experiments.
This process reduces the number of required simulation iteration test runs, determines the
GNSS (GPS and GLONASS) patch antenna average passive gain, and utilizes the P-
Transformation optimization methodology for the purpose of achieving robust and optimal
Rectangular Microstrip GNSS patch antenna design parameters and passive gain. This
work is divided into a number of chapters.

1. In chapter one an Introduction section is presented, which includes following topics:

2. Background research work information, applicability, advantages, antenna
experimental measurements and problem statement in support of GNSS (GPS and
GLONASS) patch antenna

3. Antenna definition, types, basic characteristics including radiation zones, transmit and
receive site instrucmentations

4. Patch antenna structure configuration and design equations

5. Model of Design of Experiments method in general

6. P-Transformation objective function (passive gain) 2D cartesian plot

A. Chapter two highlights the presented GNSS patch antenna design, modeling, and
simulation material coupled with items below:
1. FEKO model creation of the GNSS patch antenna

2. GNSS patch antenna requirements specification design parameters
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3. GNSS patch antenna meshing and dielectric loss tangent for porcelain
substrate material parameters definition within the CADFEKO environment
4. GNSS patch antenna 2D and 3D model simulation and solution, far
field/passive gain results within the CADFEKO and POSTFEKO space

B. Chapter three discusses the Design of Experiments (DoE) as an optimization
methodology tool that can be utilized in an electromagnetic problem involving
components and systems, such as passive patch antenna, Radio Frequency
Identification (RFID) antenna, SAE L2 Advanced Driver Assistance Systems
(ADAS) and L3 Automated Driving (AD) Systems. Design of Experiments
mathematical model equations in terms of antenna input parameters and output
response relationship are summarized here and furthermore, Design of
Experiments advantages are outlined and covered in this chapter

C. In chapter four I elaborated on the P-Transformation technique, analysis details,
where the algorithm implementation steps are described, which can be used to
find the global minimum of an objective function. The FEKO simulation runs,
steps involved in the GNSS (GPS and GLONASS) patch antenna passive gain
optimization steps and the P-transformation method block diagram flowchart
representation walkthrough details are provided here

D. In chapter five, I present our conclusion and future research work related to the
GNSS patch antenna passive gain optimization problem solution for the

following:
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Automotive patch antenna component and OEM vehicle level system
requirements specification

Core Verification and Validation testing location sites, which can be
conducted in an Anechoic Chamber and/or an Antenna Range for the purpose
of conducting a domestic and non-domestic OEMs and non-OEMs component

and vehicle level antenna assessment and solution needs
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CHAPTER ONE

INTRODUCTION AND ENGINEERING RESEARCH WORK

1.1 Background

GNSS (GPS and GLONASS) patch antennas have a lot of applications, they are
used across multiple areas of scientific and engineering disciplines, and they play a
significant role in wireless communication systems or code-division multiple access
(CDMA) systems, such as the Global Positioning System (GPS), in automobiles involving
Radio Head Units, Navigation Systems, ADAS L2 and Automated Driving L3 systems,
precise positioning, and mobile phones. Table 1.1, Table 1.2 and Figure 1.1 below illustrate
further relevant applicability and applications, advantages, and a common example of our
GNSS patch antenna. Because of its low profile and effective cost, it is considered a better
antenna solution choice in a wide variety of applications. We investigated and presented
our patch antenna geometry and structure design. Model creation and passive gain results
were obtained from FEKO tools followed by the usage and implementation of the P-
Transform method within the MATLAB software package, in order to optimize the
proposed GNSS patch antenna design parameters, such as the Ground plane length, Ground
plane width, and the Dielectric Constant of the substrate material as well as the Passive
Gain. Next, analysis and evaluation were performed on the generated Passive Gains so that
a conclusion could be drawn on the antenna solution.
Chichinadze [8] has shown that the optimization problems can be solved by using an
objective function and this can be demonstrated by using the generic algorithm such as the
Y -Transformation method. While on the other hand, Kafafy [6] has proposed the improved
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P-Transformation algorithm, which can be utilized to solve global optimization problems
and its application can be extended to cover both probabilistic and deterministic problems.
Furthermore, [6] demonstrated that their improved P-Transformation is an efficient
technique for global optimization algorithm as a universal heuristic optimization
methodology. Moreover, Zohdy [10] covered a new robust and optimal global non-
sequential search technique for an optimization in n-dimensions by using a stochastic
approach. Adamczyk [9] presented the P-Transformation algorithm as an efficient method
in finding the global maximum of an objective function. Nguyen [28] highlighted that
microstrip patch antennas are used in a lot of applications because of their low profiles,
light weight, and low cost. The patch antenna ground plane is one of the most significant
parts of the antenna because if effects many of antenna characteristics, such as Gain,
Bandwidth, and Radiation Pattern.

1.1.2 Applicability and Advantages of GNSS (GPS and GLONASS) Patch Antenna

Table 1.1GNSS patch antenna applicability matrix

Applicability

End-product printed circuit board and on top of a GPS receiver
GLONASS and SDARS
Automotive space (audio and telematics and HD onboard maps)

Space and communication systems (aircraft, spacecraft, satellite

GNSS (GPS and GLONASS) communication systems, and internet of space)

Patch Antenna o . .
X-band (radar: weather monitoring, air traffic control and wireless

computer network)

L-band (1 [GHz] to 2 [GHz])-GPS units, satellite navigation and phones,
amateur radio, digital audio/video/multimedia broadcasting, and
astronomy)

Digital television, RFID, and mobile handheld devices
Flexible wearable watches and electronic systems (wearable cameras
and medical devices)
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Top View

Figure 1.1: Picture of patch antenna common illustration [128]

Table 1.2 GPS patch antenna advantages matrix

GPS Patch Antenna

Advantages

Wide band operation over the GPS system
Automotive production and quality approved

Allows best in class Right Hand Circularly Polarized
(RHCP) in support of GPS signals and ‘in order to be
compatible with the Propagated GPS Signals’ [134]

GPS Patch has excellent ability in mitigating, reducing or
even eliminating common error such as multi-Path
signal/effects in ground system facility, such as a Local
Area Augmentation System (LAAS)

GPS Patch provides good signal to noise (S/N) carrier ratio
in relation to other types of antennas targeting GPS

Per [134], ‘Patch Antennas offer small, low profile, easy to
mount PCB Solutions; for systems requiring a flat of
Compact Antenna’

According to [134], GPS Patch ‘include narrow bandwidth
and high gain, to further improve system Performance’

GPS Patch allows for extremely high Desire and Undesired
(D/U) ratio of up to 35 degrees in elevation angle

GPS Patch is easy to fabricate, low cost, less size, and easy
to feed coaxial cable

According [1], ‘These antennas are low-profile,
conformable to planar and nonplanar surfaces, simple and
inexpensive to manufacture using modern printed-circuited
technology, mechanically robust when mounted on rigid
surfaces

3



1.2 Antenna Experimental Measurements

The Global Positioning System (GPS) is a worldwide passive radio navigation
system that consists of three segments, namely the Space Component, User Component,
and Control Segment. The GPS architecture has been developed, managed, and maintained
by USA Air Force /Department of Defense. I conducted experimental measurements at
the OU RF local lab to show the need for robust and optimum Patch Antenna design. The
GPS passive antenna characteristics, sensitivity, and tolerances have not been studied
and/or investigated intensively in the empirical literature. In addition to the characteristics
and performance parameters measurements in the presence of
background noise, simulation studies were performed to evaluate the advantages, reduction
in size, low/competitive cost, fewer components, better response to RF signals, and
undesired sources that are received from external interference/multipath, as well as the
stability of the proposed GPS passive antenna. The simulation studies were all conducted
using the FEKO simulation software package.

The antenna experimental measurements were performed on the GPS passive
antenna that operates at frequency range of 15724 [MHz] to 15784 [MHz] with Voltage
Standing Wave Ratio (VSWR) 1.5:1. The presented GPS passive antenna has a very
simple, low profile, single passive element structure and design, along with a directionally
optimized radiation pattern, Right Hand Circularly Polarized (RHCP), which makes it very
suitable for automotive applications. This single element GPS passive antenna had the
following mechanical dimensions/sizes: Length of 1= 1.694 in (43.03 [mm]), width of
w=1.3 in ([33.02 [mm]), height of h= 0.552 in (14.02 [mm]). The GPS passive antenna
under evaluation and study had a gain of 7.5 [dBi] with excellent stability on the GPS
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system. The characteristics of the patch antenna was experimentally measured and
evaluated by performing a directional change and position of the test GPS passive antenna
at various heights, horizontal distances, elevation rotation angles, and different
polarizations between the transmitted and received GPS passive antenna. A very good
agreement between the measured device characteristics verses the standard manufacturer
specified parameters and data sheets was observed.

1.3 GPS Passive Antenna Test and Measurements

Transmit and Receive Test Instrumentations Used in the Antenna Measurements
The OU RF lab was used to setup the test equipment and conduct the engineering
measurements. The antenna measurement equipment/setup used for recording the
receiving power included the following:

1. Antenna OU RF lab room

2. Two insulator cardboard box items

3. Vector signal generator 9 [kHz]-3 [GHz]

4. Signal/spectrum analyzer 10[ Hz]-13.6 [GHz]

5. Two GPS passive antennas with 4 feet of RF cable length with an N male termination
I set up the parameters necessary for the test and measurement. Parameters such as start,
center, and stop frequency were coupled with a corresponding signal amplitude of the
Agilent Technologies EXG Vector Signal Generator on the transmitting end and EXA

Signal Analyzer.



Transmit and Receive Antenna Power Measurement Procedure
A vector function generator was used to generate the test signals at three different
frequencies, namely start frequency (fstart=1.5724 [GHz]), center frequency
(fcenter=1.5754 [GHz]), and stop frequency (fstop=1.5784 [GHz]), coupled with various
RF signal amplitudes ranging from 1 [mV] to 100 [mV] in steps of 10 [mV] increments,
and a patch passive antenna was utilized to launch and produce test signals into free space
in the straight propagation path forward to receive the patch passive antenna. The space
between the transmitted and received GPS passive antenna was set to 5*lambda=100 [cm]
apart from each other. The Agilent Technologies EXA Signal Analyzer was used to
perform the received signal power measurements at different antenna position/rotation
angles. The steps are outline below:
1. Mount the transmit and receive GPS passive antennas on to insulating boxes with no
obstructing objects between them
2. Connect the transmitting antenna N male termination from the RF cable end to the RF
output port of Agilent Technologies EXG Vector Function Generator plus set the RF
sinusoidal waveform frequency coupled with its corresponding signal amplitude
3. Next, connect the receive test antenna N male termination to the RF input port of
Agilent Technologies EXA Signal Analyzer
4. Activate the power measurements on the Signal Analyzer
5. Set the desired frequency of interest on the Spectrum Analyzer that needs to be tuned
6. Perform the received power measurement by first placing the receive GPS passive
antenna at the flat (0 degrees) position and then repeat this procedure for other antenna

orientations, such as 45 degrees, perpendicular (90 degrees) and lastly 180 degrees

6



To be more specific, the radiated RF Electromagnetic energy and/or power from
the transmit GPS passive antenna was successfully captured and the observation/the

receive signal value by the received antenna was simply recorded

Figure 1.2: Photograph of transmit and receive mode instrumentation hardware antenna
characteristic measurement setup



GPS Passive Patch Antenna

e Flat Position (0 degrees)

Figure 1.3: GPS patch antenna set up position flat view



o Elevate (45 degrees)

Figure 1.4: GPS patch antenna set up position 45 egrees view

e Elevate (90 degrees)

Figure 1.5: GPS patch antenna set up position 90 degrees view



e Elevate (180 degrees)

Figure 1.6: GPS patch antenna set up position 180 degrees view
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Table 1.3 GPS passive patch antenna receive power preliminary measurements data matrix results

Received Signal Power [dBm] at Various Antenna Position

Receiver
Antenna

GPS
Passive
Patch

Spacing
Distance
Transmit Center between
RF Signal Frequency Transmit
Amplitude [MHz] and
[mv] Received
Antenna
[cm]
1
10
20
1575.4 100
30
40
50
60
70
80
90
100

Flat
(0 degrees)

Elevate
45
degrees)

Perpendicular
(90 degrees)

Rotate/Flip
(180 degrees)

=77
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Figure 1.7: Photograph of generated RF sinusoidal wave at the RF output port of Agilent
Technologies EXG Vector Function Generator 9 [kHz]-3 [GHz], signal center frequency
=1.5754 [GHz], and signal amplitude= 100 [mV]
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Figure 1.8: Photograph of received signal power at the RF input port of Agilent
Technologies EXA Signal Analyzer 10 [Hz]-13.6 [GHz]
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1.4 Question-Problem Statement

How to obtain optimized Design Parameters and Passive Gain in a NEW

Rectangular GNSS (GPS and GLONASS) Patch Antenna?

1.5 Dissertation Architecture Overview and Engineering Tools

In this research work, our GNSS (GPS & GLONASS) patch antenna with a

Resonate Frequency of 1.500 [GHz] and a Lambda (A) equal to 193 [mm] is investigated,

designed, modelled, simulated, and explored using FEKO.

The focuses in Chapter 1 are each of the following topics:

1.

2.

10.

11.

12.

13.

14.

15.

Background

Applicability and Advantages of GNSS (GPS and GLONASS) Patch Antenna
Antenna Experimental Measurements

GPS Passive Antenna Test and Measurements

Question-Problem Statement

Dissertation Architecture Overview and Engineering Tools

GNSS (GPS and GLONASS) Satellite Constellation

Antenna and Their Types

Antenna Definition

Antenna Types

Basic Antenna Characteristics, Analysis Planes & Radiation Zones
Basic Antenna Characteristics

Antenna Analysis Plane

Antenna Radiation Zones

Antenna Experimental Measurements

13



16.

17.

18.

19.

20.

21.

22.

23.

24.

Transmitter Site Instrumentations

Receiver Site Equipment

Block Diagram Representation of Transmit and Receive Site of Basic Parameter of
Antenna Measurements

Basic Performance Parameters of Antenna Measurements

GPS Passive Patch Antenna Received Signal Power Experimental Measurements
Results

Patch Antenna Geometry and Design Equations

GNSS Patch Antenna Research Focus

Model of Design of Experiments Method in General

P-Transform, Objective Function 2D Plot

Chapter 2 demonstrates:

1.

2.

3.

4.

5.

FEKO Model Creation of the GNSS Patch Antenna
GNSS Patch Antenna Design Parameters

Meshing and Simulation Parameters within FEKO
GNSS Patch Antenna 3D Model within FEKO

FEKO Simulated Far Field of GNSS Patch Antenna

Chapter 3 presents the:

1.

2.

Design of Experiments Advantages

Design of Experiments Mathematical Model Equation

Chapter 4 is devoted to:

1.

2.

P-Transform Analysis Details

P-Transform Algorithm Implementation Steps
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3. FEKO Simulation Combination Run and P-Transform Results in the Experiment
4. P-Transform Technique Optimization Process and Block Diagram Representation

In Chapter 5, conclusions are drawn for our proposed GNSS patch antenna Design
Parameters and Passive Gain optimization antenna solution and future research work has
been covered.

1.6 GNSS (GPS and GLONASS) Satellite Constellation

Global satellite systems consist of each of the following constellations:
1. Global Positioning System (GPS), which is developed and managed by the United
States government. It is mainly made of 33 satellites in 6 orbital planes at a height 020,180
[km]. GPS constellation systems provides navigation signals, L1, L2, and L5. GPS satellite
systems broadcast navigation signals and frequency, L1 centered at 1.575 [GHz], L2
centered at 1.227 [GHz], each with an initial signal bandwidth of 20 [MHz] and it can be
expended up to 24 [MHz], and L5 band centered at 1.176 [GHz] with a bandwidth of 20
[MHz]. Some of GPS systems applications include transportations, shipping, railways,
aviation, Satellite Based Augmentation System (SBAS), Federal Aviation administration
(FAA) Local Area Augmentation System (LASS), and Wide Area Augmentation System
(WAAS) where 3-dimensional positioning, and precision navigation is necessary and vital
2. Galileo and Russia GLONASS Satellites Constellation Systems developed by
Europe
3. BeiDou (Compass) is a Chinese Satellite Navigation System that provides limited
coverage in terms of navigation services to China and some neighboring countries
4. NAVIC stands for Navigation with Indian Constellation, and it was developed by
India and supplies a regional satellite coverage
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5. QZSS is an abbreviation for Quasi Zenith Satellite System was developed by

Japanese government, and it provides a regional satellite system coverage
a. In Wireless Communication Systems (Analog, Digital, Computer and
Optical) or Code Division Multiple Access (CDMA), such as Global Position
System and GLONASS satellite constellation requires antennas for launching or
receiving GPS signals with a frequency centered at L1 (1.57542 [GHz]) and
GLONASS signals with a frequency centered at L1 (1.602 [GHz]) in free space.
It is deemed necessary to utilize an antenna component that allows optimum
coverage and constant gain over its service area while at the same time
suppressing undesired electromagnetic wave fronts, multipath signals, or
interfering signals impinging on its input terminals.

GPS signals are Right Hand Circularly Polarize (RHCP) and they are arriving at an
antenna on earth from GPS constellation satellite system is a planar Transverse
Electromagnetic (TEM) wave, which means that the Electric and Magnetic field vectors
are everywhere perpendicular to each other and orthogonal to the direction of wave
propagation. The incoming GPS and GLONASS signals into the GNSS input antenna
terminals is a composite signal that consists of two components:

1. Direct signals from GNSS satellite system
2. Multipath signals that originate from ground plane, reflective surfaces, buildings, and
solid structures; it is a combination of data from more than a single propagation path
that distorts the signal characteristics
The desired GNSS (GPS and GLONASS) in free space propagates at the speed of

light, c= 3*10"8 [m/sec] and when this wave encounters and comes in contact with a
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boundary, such as the surface of the Earth, a fraction of the electromagnetic wave intensity
will be reflected. This reflected wave is accounted for by the reflection coefficient, which
is a complex quantity and is a function of the constitutive parameters of the media, such as
relative permittivity (&r), relative permeability ( ur), and conductivity (O).

Figure 1.9 illustrates the above scenario and phenomena for a single multipath
signal that is entering an antenna input terminal at a negative angle of incidence in relation
to the antenna horizon and a GPS direct desired signal that reaches the antenna terminal at

a positive angle of incidence.

Receive
Antenna

(GPS Receiver

Figure 1.9: Ground multipath scenario model [51]

The Global Positioning System mainly consist of three segments:

1. GPS Space Segment

2. GPS Control Segment

3. GPS User Segment

Figure 1.10, Figure 1.11, and Figure 1.12 indicate the GPS, GLONASS space segment

representation of satellites constellation, and GPS control segment locations and facilities.
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Figure 1.11: GLONASS constellation satellites [53]

The Control Segment of the GPS system is a worldwide network of ground earth-
based stations at various locations and facilities that locks and tracks to the GPS satellites,

monitors their transmissions, conducts analysis, and send data to the constellations.

18



\Greanland

i ilszka
Sehriever AFB umu!m_r}w
TR 90\ N Hampthire SouthKores
A e ormia T2 USHO Washington
Cape Canaveral
.__ ..' Flarida 'Elhl'l'il'l
Havaaii
Gam @A
@ Ecuzdor il K alein
L ]
Ascensian Diego Garcia
@ Uy SouthAfrica At
& Lealand
* Master Control Station . Alternate Master Control Station ¢
A Ground Antenna _ AFSCN Remote Tracking Station

@ Air Force Monitor Station ® NGA Monitor Station

Figure 1.12: GPS control segment locations and facilities [56]

The GPS User Segment is made up of a GPS combo antenna and receiver assembly
instrumentation, which receives the GPS signals, and it uses the received GPS data in order
to compute 3-dimensional position and time information related to a hand hold GPS
receiver device, a vehicle, ship, and airplane on earth. Figure 1.13 below shows user

segment of the GPS system.
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Figure 1.13: GPS user segment locations and facilities [57]

1.7 Antennas and Their Types

The definition of an antenna is described in section 1.8 and antenna types are
covered in section 1.9.

1.8 Antenna Definition

An antenna is “a usually metallic device (as a rod or wire) for radiating or receiving
radio waves.” [ 1], and/or the transition module/structure that launches an Electromagnetic
field into free space or unbounded medium from a cable or transmission lines. An antenna
component may be used in matching wave impedances, in order to mitigate the undesired
reflection. An antenna can be used in the transmitting or receiving mode, more precisely it
may be utilized to transmit and/or receive an Electromagnetic wave. Moreover, an antenna
may be seen as a transducer component between a guided channel wave traveling in a

transmission line and an Electromagnetic wave moving with
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Figure 1.14: Schematic representation of rectangular patch antenna [58]

a speed of light in a free space. Figure 1.14 above indicates a configuration of a rectangular
microstrip patch antenna.

1.9 Antenna Types

Typical antennas come in various sizes and types. Types of antennas are wire,
aperture, array, lens, and parabolic dish reflector. Outlined below are some examples of the
wire, aperture, array, parabolic dis reflector, and lens antenna:

1) Wire antennas configurations are dipole, loop, helix. Figure 1.15 below shows

a wire dipole antenna geometry.

|
B

Figure 1.15: Wire dipole antenna [58]

2) Aperture antennas are pyramidal horn, conical horn, rectangular waveguide.

Figure 1.16 below indicates a pyramidal horn antenna configuration.
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Figure 1.16: Horn antenna [58]

3) Array antennas are Yagi-Uda array and aperture array (see Figure 1.17).

Figure 1.17: Array antenna [59]

4) Lens antennas, such as parabolic dish reflector and convex plane (see Figure 1.18).
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Figure 1.18: Parabolic dish
reflector antenna [60]

1.10 Basic Antenna Characteristics, Analysis Planes, and Radiation Zones

The basic antenna performance parameters and/or characteristics are highlighted in
section 1.11, antenna coordinate system and planes are elaborated in section 1.12, and
antenna radiation regions are expressed in section 1.13.

1.11 Basic Antenna Characteristics

Antenna’s various fundamental parameters are:
I. Gain
2. Radiation Pattern

3. Radiation Efficiency
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4. Directivity

5. Impedance

6. Bandwidth

7. Polarization

8. Surface Electric Current or Current in the surrounding structure

1.12 Antenna Analysis Plane

An antenna’s mathematical analysis is carried out in perpendicular spherical coordinate
system, and it is the most appropriate coordinate system when the directionality, pattern (E
plane pattern and H plane pattern), lobes (major and minor) are assessed and viewed in
each of the following angles and planes:

1. Elevation angle and plane
2. Azimuth angle and plane

1.13 Antenna Radiation Zones

They are three regions enclosing an antenna according to Balanis [1] and those zones
are listed below:
1. Reactive near field
2. Radiating near field
3. Far field
From a practical viewpoint, the environment surrounding an antenna is the most desirable
to perform an analysis. This includes calculating E field and/or H field at a distance a point
from a source of radiation/an antenna is in the Far field space, where the electric field and

magnetic field components are orthogonal to each other and to the direction of the
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electromagnetic wave propagation. In other words, the E and H field components are
transverse in this Far field region.

1.14 Antenna Experimental Measurements

From a system and component point of view, antenna experimental measurements
can be performed in a small laboratory and/or at an antenna range in either an outdoor or
indoor facility. The verification, validation testing, and assessment of antennas at a
component and system vehicle level can be performed in antenna range. An antenna’s basic
performance parameters such as the polarization, directivity, beam, linear average gain,
standard deviation, and sensitivity of an antenna characteristics to an environment can be
conducted at an antenna range.

An antenna range where an antenna experimental measurement is carried out is mainly
made up of two components:

1. The transmit space

2. The receive space

In order to successfully conduct an antenna experimental measurement at in an
antenna range and/or a small laboratory environment in a transmit (Tx) and receive (Rx)
mode configuration setup, various types of hardware and an antenna measurement software
package running on a local machine such as a laptop or desktop need to be utilized.
Outlined below in subsections 1.15 and 1.16 are the transmit and receive site equipment
and tool items at a small laboratory in a university environment.

1.15 Transmitter Site Instrumentations

1. A Signal or function generator

2. Transmit source antenna
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7.

8.

Rest of equipment such as RF cables, connectors, RF power amplifier, and oscilloscope

1.16 Receiver Site Equipment

An Antenna Under Test (AUT)/Receiving Antenna

A computer that is preloaded with an antenna measurement software

A vector network analyzer or spectrum analyzer (calibrated)

A Positioner mechanism along with its control units

An Antenna Ground Plane (GNP), circular or square sheet (Approximately 1 [m] or
smaller)

Power supply

Bias-Tee

RF cables and connectors (calibrated)

The Antenna Under Test or Test Receiving Antenna needs to be a certain separation

distance (20 [ft] or 10 [ft] for a small laboratory site) from the Source Transmit Antenna.

—_—. |
P |

Figure 1.19: Shows a Pictorial Representation of Transmit and Receive site at Oakland
University small RF laboratory space

- - -
Sa H .
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1.17 Block Diagram Representation of Transmit and Receive Site of Basic Parameters of
Antenna Measurements

Reception Ste Transmission Site

5 {volts] DC signal is required to power up the
receiving antenna and it travels in the opposite

direction passing through Bias-Tee

—_—
Saparation distance
between T and R

Received RF AC signal VNA can be used to perform

GPSLA (157542 6Ha]) sgnal | | GPS L1 AC susoical ignal at 1.57542

sencd charactersts nd propagation and eunchingpath | | [GHe] and amplitude: 10 my] can be

component direction of

travel and propagation path sensitvity measurements

into free space generated as an example

Figure 1.20: Block diagram of transmit (Tx) and receive (Rx) configuration

The RF signal oscillator or sinusoidal function generator produces a GPS L1 sine
waveform at 1.57542 [GHz] frequency and corresponding magnitude of 10 [mv]. This
signal gets injected into the input port of the transmitting antenna for the purpose of
broadcasting the desired Electromagnetic field into free space.

The receiving GPS signal gets channel as a pass-through waveform without any
signal processing or modification impose on it. This desire signal gets routed into the Bias-
Tee and next it travels into a Vector Network Analyzer for the purpose of basic

performance parameters and characteristics of an antenna measurements.
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Figurel.20 indicates a block diagram representation of the reception site and
transmission site, and this configuration can be used to perform the received signal power
level or power density crossing at the receiving antenna input terminal and antenna passive

gain measurement at a small laboratory environment.

1.18 Basic Performance Parameters of Antenna Measurements

NGRS
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b iciitbueenes L | WA
- ] ! {- G S .
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Figure 1.21: Indicates an image representation of a fundamental antenna component
performance parameter measurements on the receiver site
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1.19 GPS Passive Patch Antenna Received Signal Power Experimental Measurements
Results

Receiving Antenna Power Level at Various Position
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Figure 1.22: Shows a measured received power level of the passive GPS patch
antenna at various elevated antenna position for the start frequency: 1.5724 [GHz]

Receiving Antenna Power Level at Various Position
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Figure 1.23: Indicates a measured received power level of the passive GPS patch antenna
at various elevated antenna position for the center frequency: 1.5754 [GHz]
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- Receiving Antenna Power Level at Various Position
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Figure 1.24: Indicates a measured received power level of the passive GPS patch

antenna at various elevated antenna position for the stop frequency: 1.5784 [GHz]

1.20 Patch Antenna Geometry and Design Equations

In certain applications, such as automotive and non-automotive spaces, antenna
size, performance, profile, weight, and price are deemed necessary and essential. To meet
these requirement specifications, a patch antenna may be selected. Microstrip patch

antennas consist of each of the following:

1) A radiating metallic patch element
2) A dielectric substrate with a specific dielectric constant or relative permittivity

3) A ground plane that is placed at the bottom of a substrate
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Figure 1.25 below shows the patch antenna basic structure model in general, where
we have a rectangular metallic patch that is placed over a dielectric substrate material with
a specific relative permittivity. The bottom of the “Cuboid” [4] substrate is a conducting

base sheet that acts as a conducting ground plane.

Radiating Patch Element

i

Substrate

-
Ground Plane

Figure 1.25: Microstrip patch antenna geometry

Per Balanis [ 1], a simplified rectangular patch antenna equation from below can be
used to design microstrip antennas for a given dielectric constant of the substrate material
(Relative Permittivity = Epsilon r = €r), the Resonant Frequency (f7), and the Substrate
Height (h).

Equation (1) Determine the Patch Width W:

V0/2/(€r + 1)

Patch Width =W =
atch Wi 2fr

(cmor inches) [1]

Where VO = The velocity of light in free — space (Constant value)

fr = The Resonant Frequency (in Hz)
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€r = The Dielectric Constant of the Substrate Material and/or Relative Permittivity of

material

Equation (2) Determine the Patch Length L:

1
Patch Length = L = — 2AL (cmor inches) [1]

2fr,/Ereff)/LOED)

Where AL = The extended incremental length of the Patch

(Ereft + 0.3)(p + 0.264)

= (h)(0.412) 7
(Ereff — 0.258) (3 + 0.8)

_1/2

_ _ _ &r+1 €Er-1 h
Ereff = The effective dielectric constant = 5 + 5 (1 + 12 W)

h = The height of the substrate material in cm or inches

W = The Patch Width

€r = The Dielectric Constant of the Substrate Material and/or Relative Permittivity of
material

henry

10 = The Permeability of free space = 471077 | ]

metre

farads

€0 = The Permittivity of free space = (8.854)(10712) [ ]

metre

Equation (1) and Equation (2) allow for the calculation of a rectangular microstrip

antenna actual patch length and width that would be a practical design for patch antennas.
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The shape of the radiating patch element antenna can be rectangular, as depicted in Figure
1.25.

1.21 GNSS Patch Antenna Research Focus

Below is a list of the major areas of emphasis of this research work involving the
simulation of a GNSS (GPS & GLONASS) microstrip patch antenna using Altair FEKO
software package, and the optimization of a rectangular patch antenna, including the
Design Parameters and Passive Gain:

1. We investigated by Modeling a new GNSS (GPS/GLONASS) and then changed the
GNSS patch Design Parameters, namely Ground plane length (x1[mm]), Ground
plane width (x2[mm)]), and Substrate dielectric constant (x3[mm]) values for each
FEKO simulation iteration ran within the CADFEKO space to obtain a 2D plot of the
Patch Antenna Passive Gain (x4[dBi]), from the POSTFEKO page

2. We applied the Design of Experiments (DoE) for simplification to reduce the number
of required simulation test runs and therefore improve the proposed antenna design
cycle

3. We utilized the P-Transform technique in a MATLAB environment from MathWorks
for optimization of the Patch Antenna Design Parameters and Passive Gain

1.22 Model of Design of Experiments Method in General

Figure 1.26 below shows the general model of Design of Experiments (DoE).
Equation 1 indicates a design parameter as an input versus output response for an antenna,
where
y hat = The predicted value of an output response variable

xi = The input factors and design parameters of an antenna
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K = The design parameter in the summation symbol

Bi = The coefficient proportional to the main effect, where the main effect represents the
degree of a parameter individual influence on an output response variable,

Bij = The coefficient proportional to the two-factor interaction of the main effect.

To be direct, fi and Bij are the unknown coefficients proportional to the main effect.

Here we are looking at the 27k full factorial design, where 120 simulation
combination runs were conducted in the experiment and the simulation operating frequency
was set to 1.555 [GHz]. In our study, the value of k = 7, which resulted in 27 =128, ~120
simulation runs. For each FEKO simulation run we varied three input factor design
parameters, namely ground plane length, ground plane width, and dielectric constant of
substrate material. We sought the antenna average and/or passive gain for each simulation
run from the POSTFEKO environment.

1.23 P-Transform Objective Function 2D Plot

We defined and set our true objective function to be equal 1/passive gain. For each
of the FEKO simulation runs, the new patch antenna average gain was obtained and then
we conducted a mathematical inverse operation on our output passive gain parameter,

which in turn provided us with the true objective function.

34



| o i Genera

Design Parameters

ol an antenna Output Responses
of an antenna
% .
» =Y
Deslgn Probskem i
Y vv'

=T

=fo+ Z:ﬂn‘xa' t Z z fixix;

i=l f=i+|

k-2 k-1 k

¥ Z Z Z By 400 Buakix o Xy

fel j=iel = ol

1% full factorial design mathematically model equation 1, Reference (5]

Figure 1.26: Design of Experiments input, design problem and output response model

6

X
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CHAPTER TWO

GNSS PATCH ANTENNA DESIGN, MODELING, AND SIMULATION

2.1 FEKO Model Creation of the GNSS Patch Antenna

The proposed new GNSS (GPS and GLONASS) patch antenna was designed,
modeled, and simulated using the FEKO simulation software package. The FEKO is an
electromagnetic field simulator, and it can be used to design, model, and analyze simple
and basic to large and complex antenna structures. FEKO is a commercial software tool
chain based on the Method of Moments. A student version of FEKO was used to design,
model, and conduct the simulation runs in this work. The desired GNSS metallic patch
antenna was positioned on a substrate material with varying relative permittivity or
dielectric constant values, ranging from 5.1 [mm] to 5.9 [mm]. While conducting the FEKO
simulation run, the conducting rectangular ground plane mechanical length and width
dimensions, and as well its substrate dielectric constant, were varied during each simulation
run. The entire GNSS antenna model was constructed within the “CADFEKO”
environment [4]. The steps outlined below highlight the FEKO geometry generation of the
GNSS (GPS and GLONASS) patch antenna within the “CADFEKO” [4], and the antenna
results were obtained from the “POSTFEKO” [4] environment:

1. We selected and set the antenna model unit to millimeters [mm]
2. Next, we declared the design parameters or variables, such as the operating frequency,
ground plane length, ground plane width, substrate length, substrate width, patch

length, patch width, etc., that define the antenna geometry and substrate material
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10.

11.

12.

13.

Third, a “Rectangular” [4] ground plane surface geometry, with its corresponding
media type selected to be a Metallic, was created

We added a “Cuboid” [4] solid substrate material with an initial setting of 5.1 [mm)] for
its dielectric constant, and it was placed on top of the conducting rectangular ground
plane that was created in step 3

We generated the “Metallic” [4] patch element on top of the porcelain Substrate

Then, we created the feed pin by using the “Line” [4] curve function to excite or
energize the GNSS patch antenna

Next, we added a wire port at the start of the Line location followed by a source of
excitation, such as a voltage source was placed at this port

In step 8, we requested the “Far fields” [4] solution from under the “Configuration” [4]
tab

We used the “Union” [4] function to group each component or elements of the overall
GNSS patch antenna geometry together

Then, we set the operation and/or simulation frequency

We ran the “Create mesh” [4] function followed by the “CEM validate” [4] feature, in
order to perform the “Meshing” [4] and “Computational electromagnetic validation”
[4]

We conducted and executed the “Feko solver” [4] function and after the simulation is
finished, next run and launch the “POSTFEKO” [4] post-processing program

Finally, the “POSTFEKO” [4] environment was used to plot the 2D Average Gain

and/or Far fields and view the Passive Gain or Objective Function results
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Due to the limited capabilities of the FEKO LITE (i.e., the Student Version of FEKO),

one may need to use the full version, or nonacademic variant of the FEKO software

package in their simulation studies to reduce uncertainty, utilize the errors bar, and

ultimately enhance the mathematical calculation capabilities of the desired model meshing.

2.2 GNSS Patch Antenna Design Parameters

Table 2.1 indicates the design, modeling, and simulation of the GNSS (GPS and

GLONASS) patch antenna geometry model creation initial numeric parameter values.

Table 2.1 Model creation initial parameter values of GNSS patch antenna

Parameter Value

Feed Length 21 [mm]
Operating Frequency 1.555 [GHz]
Ground plane length 10[mm]
Ground plane width 10 [mm)]
Patch Length 39 [mm]
Patch Width 52 [mm]

Dielectric Substrate Length
Dielectric Substrate Width
Substrate Thickness
Substrate dielectric constant

—64 + 2.0e~3 [mm]
—76 + 2.0e73 [mm]
4.0 [mm]
5.1 [mm]

2.3 Meshing and Simulation Parameters within FEKO

Table 2.2 shows FEKO meshing and loss tangent parameter values.

Table 2.2 FEKO mesh and loss tangent parameters for GNSS patch antenna

GNSS Antenna

Parameter Value

GNSS Patch Antenna

Operating at 1.555 [GHz]

Mesh-Wire Segment Radius 0.9 [mm)]

Dielectric Loss Tangent for 2.0e™ [mm]

Porcelain Material
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2.4 GNSS Patch Antenna 3D Model within FEKO

The plot in Figure 2.1 shows the Top View of the GNSS (GPS and GLONASS)
patch antenna structure. The long orange rectangle indicates the ground plane, the yellow
square denotes the substrate with dielectric constant value of 5.1 [mm], and the green
rectangle shows the patch element.

Figure 2.1, and Figure 2.2, indicate the Top View and Cross Section View within
the “CADFEKO” [4] space. Figure 2.3 captures the Cross Section View of the GNSS patch
antenna within the “POSTFEKO” [4] environment. Figure 2.1 shows our GNSS patch
antenna geometry model in the “CADFEKQO” [4] space. Figure 2.2 Depicts our GNSS
patch antenna model in the “CADFEKQO” [4] space. Figure 2.3 Depicts our GNSS patch

antenna model in the “POSTFEKO” [4] page.

7iN * Qrange Calor = Ground Plane
o Yellow Color = Dishectric Substrate
o Gréen Color = Pateh Eliment

hE T g™

Xl

Figure 2.1: GNSS patch antenna operating at 1.555 [GHz] (Top View)
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Figure 2.2: GNSS patch antenna operating at 1.555 [GHz] (Cross Section View)
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Figure 2.3: GNSS patch antenna operating at 1.555 [GHz] (Cross Section View)
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2.5 FEKO Simulated Far Field of GNSS Patch Antenna

Figure 2.4 show a simulation of the passive gain for the proposed antenna, and we
selected the substrate material to be ceramic or porcelain with a dielectric constant or
relative permittivity = 5.1 [mm] to model, design, and simulate the presented GNSS patch
antenna with a center frequency = 1.555 [GHz]. In the 2D model plot from Figure 2.4, we
can see an approximate 0.55 [dBi] passive gain by taking the difference in gain between

30 and 90 degrees.

Far field

— Farfield!

i (90 deg, 1.39 d8)
|
0 \

(30 deg, 1,94 dBi) N

Gain [dBI)
=2

[ SIS, O NG

60 ] 120 150 180
Theta (deg)

Total Gain [dBi) (Frequency = 1.555 GHz, Phi = 0 deg) - GNSS Rectangular Migrostrip Patch Antenna

Figure 2.4: GNSS patch antenna passive gain at 1.555 [GHz] rectangular 2D plot
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CHAPTER THREE

DESIGN OF EXPERIMENTS (DOE)

3.1 Design of Experiments Advantages

Design of Experiments is an optimization methodology that can be applied to
Electromagnetic design problems, such as various types of antenna design and
optimizations, namely the patch antenna and Radio-Frequency Identification (RFID)
antenna. One of its applications is in the emerging field of L2/L2+ Advanced Driver
Assistance Systems (ADAS) and L3 Automated Driving (AD) systems. Design of
Experiments is a way to optimize an antenna design efficiently and effectively [7]. Some
of the Design of Experiments advantages are outline below:

1. It allows for the design cycle of an antenna to be reduced

2. It supports the design problems and process with more efficiency

3. It allows for substantial timesaving and leads to a short design cycle by reducing the
number of required simulations; in this work, it allowed for a fewer number of FEKO
simulation runs for the presented GNSS patch antenna design, model, and simulation

4. It provides an efficient design and analysis of an antenna

More specifically, Design of Experiments allows for the design cycle of an antenna to be

reduced by cutting down the number of simulations runs to a more manageable size, which

in turn will create efficiency and less use of computational power, allowing for fewer

simulations in an engineering optimization problem study.
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3.2 Design of Experiments Mathematical Model Equation

We have designed a new GNSS (GPS and GLONASS) patch antenna and
investigated how to change our design three input parameters, namely the ground plane
length, ground plane width, and the substrate dielectric constant. These parameters affect
the antenna performance, such as the output passive gain, and this can be handled and
answered with the Design of Experiments method. Furthermore, we looked at the design
parameters (x1, x2 and x3) as an input relationship versus the passive gain output
response parameter (y).

A Design of Experiments mathematical model equation that represents our design
parameters input and passive gain output response can be observed in Equation (3)
below.

Equation (3) DoE antenna input and output response relation.
k k-1 k

y=B+ Zﬁi"’i + Z Z ﬁi‘,x,‘xj
i=1 i=1 j=i+l ®))

27k factorial design mathematical model equation.

where

Bi = The main effect

Bij = Two factor interactions

Xi = The input design parameters

y hat = The predicted value of an output response variable

Equation (3) offers a mathematical interaction model for 2"k factorial, where we can see

the antenna design input and output response parameter. We created our GNSS (GPS and

GLONASS) patch antenna geometry model for the Design of Experiments within the
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CADFEKO [4] and obtained the corresponding passive gain parameter values within the

POSTFEKO [4] environment.
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CHAPTER FOUR

P-TRANSFORM ALGORITHM ANALYSIS AND IMPLEMENTATION

4.1 P-Transform Analysis Details [6]

According to Abdelnaby [6], the P-Transform algorithm can be used to find the
global maximum of an objective function. The transformation of the objective function,
(x) where x is an n-dimensional vector, is performed by a nonlinear operator,
which is given by P{f(x)} = G(t) (2)

Where t represents the time as a scalar quantity that is taken to be pointwise Lebesgue’s

division of the object function f(x), in which the inequality equation needs to be satisfy
min(f(x)) =t0 < t1 < t2...ti < tmax = max(f(x))

Parameter D represents the set on which the f(x) function is to be determined and D* is a

subset of D on which f(x) also satisfies the constraints. Let Di be the set on which

abs (f(x))> ti.

Given a H(x) function such that H(x) can take either a value of 0 at D/D* or 1 value at D*

H(x) =0atD/D* (4)

or

H(x)=1 at D* 4)

By applying the Riemann integral on the equation 4 function set Di results equal to its

measure i in Equation (5) below.

J-Di...fH(x)dxi...dxn =ui (5)



The continuous objective function from Figure 1.27 can be estimated from the equation
(5) Riemann integral and Di can be computed using statistical tests. We let the Pi
represent the probability that a point x randomly chosen from D* and D* belongs to Di
and it can be approximated by the ratio of s(r)/r, where r is the number of randomly
chosen points x (length of a and b and s(r) represents the number of successes. Thus, for
any € > 0, as r — oo, the ratio s(r)/r can mimic the measure pi of the Di set.

lim Pr ( @—Pi)>a=o (6)

Y—>00

wi = s(r)/r

Once we have the pi ’s we can estimate the quadratic function R(t) as shown in Equation
(7) below.

R(t) = a,t? + a;t + a, (7)

where a,, a1, and a, are the roots of quadratic equation (7) and it can be found by utilizing

the least squares approach with the following assumptions:

aQ nl

lal =T HZ]

a2 u3 (8)
t2 ¢ 1

o= |1 t, 1
2

4.2 P-Transform Algorithm Implementation Steps [6]

Outlined below are the implementation steps for the P-Transform technique:

1. Generate N random vectors X,
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2. Check the constraints for each x;
3. Evaluate the function f(x,) for all x; ’s that satisfy the constraints
4. Let t;= (min f(x) + max f(x))/2
5. Calculate pi as defined in Equation (6)
6. Repeat step 5 for each t;where t;;; = t; + At until the condition in Equation (6) is no
longer valid
7. Extrapolate G(t) using R(t) in Equation (7)
8. Find the roots for this quadratic equation, R(t) = 0 by calculating Equation (8)
a. if a, <0, then the global maximum F (x *) = max (R;, R;), where R;, R, are
the roots of R(t)
b. ifa, >0 then F (x *) = min (Real (R, Ry))
9. Repeat the algorithm until AF (x *) <<g

4.3 FEKO Simulation Combination Run and P-Transform Results in the Experiments

Table 4.1 below shows our analysis and a pictorial representation of the FEKO [4]
simulation combination design runs conducted in the experiment at a 1.555 [GHz] center
frequency, as well as its corresponding simulated GNSS rectangular microstrip patch
antenna design parameters and passive gain results.

4.4 P-Transform Technigue Optimization Process and Block Diagram Representation

The GNSS (GPS and GLONASS) patch antenna passive gain optimization was
achieved by using a global optimization P-Transform algorithm [6] and was given a
neural network genetic algorithm. To be direct, the P-Transform algorithm typically
conducts a maximization of optimization problems; however, in this work, the focus was

on performing the minimization for the purpose of obtaining an optimal GNSS patch
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antenna passive gain. The minimization of the GNSS patch antenna was conducted by

modifying the original P-Transform built-in function, coupled with the utilization of the

Radial Basis Function (RBF) to fit the data curve within the MATLAB environment. The

Radial Basis

Function was applied to approximate functions, data, and the system, so that the assessment

of the approximation function or system could take place more easily. The Radial Basis

Function can be applied in the field s of Neural Network, Learning Theory, solving a set

of Linear Systems using matrix decomposition, and it is also applicable in almost any

dimension of Euclidean space [50].

The high-level steps involved in the GNSS patch antenna passive gain optimization are
outlined below:

1. Read the antenna .csv file, which contains the inputs and output design parameters:

a. Input parameters = (x1, x2, x3) = (antenna ground plane length, antenna
ground plane width, substrate material dielectric constant)

b. Output response = (y) = GNSS Patch Antenna Passive Gain (Objective
Function)

2. Train the system that is based on neural network by using response surface technique
and one of them is the Radial Basis Function [50], to get a best fit curve and
mathematical Equation (4) below from a series of inputs and to obtain the
corresponding output neuron parameters can be model by the relation Equation 4

below:
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Equation (4)
5= £(x)=3w 0lx,)= S0l -1

where:

/o) [50]

m = Number of neuron or number of basis function
j = Center vector for neuron j

w j = Weight of neuron j

phi = Neuron/basis function

oj = Width of basis function

Conducted GNSS patch antenna passive gain optimization operation by using the
original P-Transform built in function in the MATLAB environment to get our GNSS
patch antenna output, which is our optimized passive gain (objective function).

To be more specific, in our case, each simulation runtime using the Student
Version of FEKO software package took approximately two minutes. We generated a set
of data based on Design of Experiments (DOE) [5] and a Radial Basis Neural Network
(RBN) [50] was used to train the system to generate a response surface. The created
response surface model was then used as a black box system in lieu of FEKO
simulations. This allowed us to perform hundreds of thousands of optimization iterations
in a fraction of time. MATLAB from MathWorks was used for generating the response
surface and optimization using the P-Transform technique. Furthermore, simulation runs
are expensive; they take a lot of resources, memory allocation, processing power, and
time. Therefore, it was deemed necessary to explore and use a Design of Experiments
(DoE) methodology to come up with the FEKO simulation runs and then apply the P-

Transform algorithm on the results of the DoE runs, in terms of GNSS patch antenna
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design parameters and passive gain output response. This was done to optimize the GNSS

patch antenna passive gain.
Moreover, the steps listed below were executed to determine the optimized and robust

objective function and/or passive gain value we desired.

1. Create Design of Experiments, FEKO simulation runs.

2. Create the surface response by using the given Radial Basis Function (RBF).

3. Generate the input and output black box relationship model, which represents our
system.

4. Apply the P-Transform to our inputs and output black box mathematical equation
model and system.

Table 4.1 FEKO simulation design runs of our GNSS patch antenna

[ B W e

Min 0 0 51 Parameters which can be change Initial design: 2°7=126 125 runs
hvfai 000 1000 59
Average

Design Parameters [L. W. Dielectric Constant) Passive Gain

=1 e w3 # of Fluns | '

0% 0 0 Bl 110,051 0.55 4 gaod antenna
257 2575 0 51 2 257.51051 2.7 Mot & gaod anterna
B0 505 0 51 3 5051051 127 Mot 2 good antenna
Fi ARV 0 (&l 4 75251051 292 Mot 2 gaod antenna

00z 1000 0 51 5 1000,10.5.1 236 Mot 3 gond antenna
0 2575 L] E 10,25755.1 15 A gaod antenna
2675 2575 5] 72575257551 77 & good antenna
bl 2h7h &1l 8 505,267.551 3.07 Ok anterna
7525 2578 &) 97525257651 1352 Ok anterna
00 2575 51 0 1000.257.5.5.1 10 Mot & good antenna
i} 505 131 11 10,505,5.1 a0z £ good antenna
247.5 als 51 12 257.55055.1 5.7 Ok anlerna
405 a05 51 13 505,505,5.1 867 Ok anterna
7525 a05 51 4 752550551 LA Ok anterna
1000 505 51 15 1000,505.5.1 1252 Mot a good anterna
2 51 107525561 0.8 4 good antenna
2576 7hlh 51 17 2576752651 .24 Ok anterna
al5  7h25 51 12 505,752.55.1 877 Ok anterna
7525 7528 A 19 7525752551 1936 Ok anterna
o0 7525 51 20 1000,752.5.5.1 3.56 Ok anterna
L 111 51 2110100051 185 & good anterna
2575 1000 51 22 257.510005.1 E£.86 Ok anlerna
505 1000 il 23 505,10005.1 an Ok anlerna
7525 1000 51 24 7525100051 826 Ok anterna
000 1000 51 25 1000,1000,5.1 e Due to the limition of Student Edition of Feko, unable to run this case
0 0 53 26 10,10.5.3 0.55 4 gaod antenna
2575 i 53 27 26761063 233 Ok anterna
505 0 53 28 B05,1053 16 Mot 2 good anterna
7h2h ] 5.3 2975251053 282 Mat 2 good antenna
1000 i} 53 30 1000,10,5.3 207 Mot 3 gond antenna
0 2575 53 3110.257.553 15 4 good antenna
2575 275 5.3 32 2575257553 7.6 Ok antenna
a05 2575 5.3 33 505,257,553 3.7 Ok anterna
7525 2475 5.3 34 7525257553 17 Ok anterna
00 2575 5.3 35 1000257553 02 Mot & good anterna
0 505 53 36 1050553 299 4 gaod antenna
2575 &5 53 37 257650653 | Ok anterna
G5 &5 53 38 50550552 E.87 Ok anterna
7525 05 53 39 752550553 B Ok anterna
1000 505 53 40 1000,505.5.3 291 Mot 3 gond antenna
m s 53 4110,7525,5.3 102 A good antenna
2575 7h2h 5.3 42 2575752553 8.27 Ok anterna
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By executing the optimization flowchart from Figure 4, we were able to obtain our
optimized passive gain of 0.2084 [dBi], with the corresponding design parameters as
follows:

1. Ground plane length =493.7 [mm]
2. Ground plane width = 503 [mm]
3. Dielectric constant = 5.492 [mm)]

by using the P-Transform [6].

Design Parameters

Create Response Surface using
EBN.

Generate DOE

Optimize
using P-Transform.

Figure 4.1: Optimization block diagram flowchart

The entire process can be summarized in the following block diagram and flowchart
representation:
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CHAPTER FIVE

CONCLUSION AND FUTURE WORK

5.1 Conclusion

In this work we have presented, described, and investigated a new GNSS (GPS and
GLONASS) path antenna design with a center frequency of 1.555 [GHz] with models and
simulations using the student FEKO software package. We also demonstrated the Design
of Experiments (DoE) methodology by applying a P-Transform algorithm on the GNSS
patch antenna passive gain in the process. More specifically, the GNSS patch antenna
passive gain, DoE, P-Transform technique were utilized and discussed accordingly.

The proposed GNSS patch antenna can be used in non-automotive, modern
automotive components, systems, autonomous vehicle spaces, and it also finds application
in a wide area of other scientific and engineering disciplines. The optimized version of the
GNSS patch antenna passive gain was obtained at 0.2084 [dBi], with the corresponding
Design Parameters of ground plane length = 493.7 [mm], ground plane width = 503 [mm)],
and dielectric constant = 5.492 [mm] by using the P-Transform technique [6] with
MATLAB products created by MathWorks.

Furthermore, we demonstrated that the GNSS patch antenna will meet the need of
future automotive applications. Moreover, the DoE and the P-Transform technique were
used to simplify an advanced optimization problem. This problem included global
(Maximum or Minimum), optimal, and robust solution generations for cases where the
objective function was either defined and/or not within the MATLAB environment. The

investigation of such problems was the emphasis of this paper.
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5.2 Future Research Work

For future research, simulation studies can be extended to focus on a GNSS patch

antenna model, simulation coupled with a prototype creation and conducting component

and vehicle level verification, validation, and evaluation by considering each of the

following:

1.

By using a substrate material that is different than porcelain. A FR4 substrate material
with a dielectric constant in the range of 4.0 [mm] to 5.0 [mm] can be utilized

A prototype of the proposed Microstrip GNSS patch antenna can be created, designed,
and the developed prototype patch antenna can be tested for an optimal mounting
location within a vehicle roof location area that provides an optimal metallic ground
plane for the prototype antenna

The vehicle level testing, assessment, and evaluation of the proposed GNSS patch
antenna can be carried out in Anechoic Chamber and/or Indoor Antenna Range, to
measure the basic antenna characteristics, such as Gain, Radiation Pattern, Radiation
Efficiency, Directivity, Impedance, Bandwidth, Polarization and Current draw and/or
Antenna Surface Current

The presented GNSS patch antenna basic performance parameters can be measured at
a RF Antenna Range by using Figure 5.1. The block diagram representation from below
can be coupled with various types of instrumentations. These may include a Network
Analyzer, a computer that is preloaded with an Antenna Measurement Software, a
Transmit source and Receive test antenna, an Amplifier, low-loss RF coaxial cables, a

Positioner Unit, and a Positioner Controller
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FUTURE RESEARCH-ANTENNA RANGE
»_Antenna Range Block Diagram Representation (RF Far Field)

Antenna Under Test (Recerve)
Antenna Messurements

SW
Positioner Trnsmutting Antenns

Controller

Computer W 4{—y—/Pomtioncr Unit

Amphiier
| Y = Coupler
— K
Vector Network )

Analyzer

Ref. Rohde Schwarz/Hewlett Packard

Figure 5.1: Antenna range measurement system block diagram



APPENDIX A

IMAGE REPRESENTATION OF WIDE AREA AUGMENTATION SYSTEM
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Wide Area Augmentation System [55] is used to increase GPS and/or Differential Global
Positioning System (dGPS) performance to meet and compile with user specification
requirements, improve signal availability, and provide better performance than using a

standard GPS service.

Wide Area Augmentation System

\l] Communication . ‘,
\ Satellite : GPS Satellites

N\ Wi Aleg. e,
g s

Figure A.1: Pictorial Representation of Wide Area Augmentation System

56



APPENDIX B

FEKO DEFINITION AND ANTENNA DESIGN PROCESS
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What is FEKO?
FEKO is an electromagnetic field simulator based on a Method of Moments that can be
used to compute an antenna’s basic characteristics, such as gain, input impedance, radiation
pattern, S-parameters, and antenna electric currents. In other words, the FEKO software
package is an engineering tool used for simulation, modeling, design, verification,
validation, and analysis of an electromagnetic device in engineering and scientific
disciplines. FEKO generates models of simple to a complex structure antenna. These
models must be carefully put together and made certain that the proposed antenna design
satisfies the electrical, mechanical, and environmental requirements of the antenna. The
main process involved in a classic, embedded, and smart antenna design in FEKO space is

illustrated in Figure D.1.
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C-I Refereed Journal Papers

C-I-1 Modeling and Designed of a Monopole Antenna that Operate at

3.3 [GHz] for Future 5G sub 6 [GHz]

C-1-2 Evaluation of (GPS/GLONASS) Patch Versus RF GPS (L1) Patch

Antenna Performance parameter

C-II Refereed Conference Papers

C-II-1 GNSS Patch Antenna Design Parameter Optimization using FEKO,

Design of Experiments & P-Transform Technique

C-II-2 Comparison of GNSS Patch Versus GPS L1 Patch

Antenna Performance Characteristic

60



C-I-1 Refereed Journal Papers
“Modeling and Designed of a Monopole Antenna that Operate at 3.3 [GHz]

for Future 5G sub 6 [GHz]”

61



OPEN 8ACCESS

International Journal of Engineering and Advanced Technology (IJEAT)

ISSN: 2249-8958 (Online), Volume-10 Issue-5, June 2021

Modeling and Designed of a Monopole Antenna
that Operate at 3.3 [GHz] for Future 5G sub 6

[GHZ]

()

Checa tor
updates |

Gholam D Aghashirin, Maged Kafafy, Hoda S. Abdel-Aty-Zohdy, Mohamed A. Zohdy, Adam Timmons

1h 1

unit is an impor tpart of ADAS L2, L2+ and
Automated Driving L3 systems. It needs to function as needed in
dGPS HD Map C arr«'rlon Services OEM Radios and Navigation

The pr model for 5G below 6
IGHz] opemting at 3.3 /GH..[ lt dewlopcd. This mrk demonstrates

To be more direct, simulation studies are carried out and are
done ulllizlng Fi EK O software package from Altair to model the
Jor 5G below 6 [GHz] frequency
baml The ﬁx‘us is on the frequency band for 5G sub 6 [GHz]

the modeling, design, and deter of with
intended targeted applications within the tummwllw system
emerging aulanamaus vehicles space and as well as 5G Wireless
Cellular Tech. d in. FEKO simul is undertaken rather
than nmlltmnﬂcal nmdellng to crmlr the structure and conduct the

lysis of the In order to support the
ﬁfl: generamm (56) of wm-lm communication networks, SOS
messages, vehicle tracking, remote vehicle start, Advanced Driver
Assistance Systems (ADAS) L2, L2+/ Autonomous Driving (AD) L3
systems self-driving vehicles powered by 5G with rapidly growing sets

The paper will Immduce the following key points:

1. Modelled and anayzed single element 5G sub 6 [GHz]
monopole antenna.

2. Student version of CAD FEKO program was used to design
our desired monopole antenna with a wire feed excitation
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4. The FEKO simulation is conducted in 2D and 3D element
model, in terms of Far-Field Vertical Gain as a function of
an Elevation Angle plots.

5. Future research work and study for the next steps will be
recommended.

Keywords: Differential Global Positioning System (dGPS),
Advanced Driver Assi: e S) (ADAS), A d Driving
(AD), Long Term Evolutionl (LTEl), Long Term Evolution2
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I INTRODUCTION

An antenna in general could be defined as a wireless
communication transducer, such as a single piece of wire
(Monopole) for radiating and/or capturing traveling and/or
impinging electromagnetic wave. To be specific, antenna is
reciprocal module, which can be utilized as a launching
and/or as receiving device. Electromagnetic field emitted by
an antenna satisfies James Maxwell’s set of differential and
integral form equations, which are used to describe the
relations of the field vectors, charge densities, and current
densities at any time and at any point in space per Balanis
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Modeling and Designed of a Monopole Antenna that Operate at 3.3 [GHz| for Future 5G sub 6 [GHz]|

Curl E = —jwpH

Curl H =]'+jwl€!:1

Where:

E = Vector Electric Field Intensity (volts/meter)

H = Vector Magnetic Field Intensity (amperes/meter)

CCIOT Magnul ridiG intensity (ampires/mees)

J = Electric Current Density (amperes/square meter)

€ = Time-Varying Pemmittivity of the Medium
(farads/meter)

u = Time-Varying Permeability of the Medium

(henries/meter)
= Angular Frequency

According Balanis [1], wire or linear antennas are some
of the simplest, cheapest and in many cases are the most
versatile for many applications.

It is deemed necessary to use an antenna that provides an
optimum coverage coupled with a constant gain over its
service area and simultancously suppresses undesired
electromagnetic wave fronts and/or interference impinging
signals on its input terminal. The proposed 5G below 6
[GHz] monopole antenna would successfully meet and
satisfy the above requirements. The electromagnetic wave
signal fronts arriving at monopole antenna is a planar
Transverse Electromagnetic (TEM) wave, which indicates
the Electric Field vector (E) and Magnetic Field vector
(ﬁ) are everywhere perpendicular to each other and
orthogonal to the direction of electromagnetic wave
propagation. More preciously, the angle between our two
vector field quantities, E, H and direction of wave traveling
is a 90 [degrees].

Our proposed monopole antenna system consists of:

l. A vertically polarized
elementmonopolewire antenna
corresponding length of 23 [mm].

2. The conducting rectangular ground plane with the
dimensions 40 x 40 [mm]?* supports as a base for
our monopole antenna.

3. A feeding pin with a length of 0.5 [mm].

radiating
with its

And it is designed to have a gain pattern that is a
function of elevation angle.

A Student Edition of FEKO software package is an
clectromagnetic  wavesimulatoralong ~ with  numberical
technique, such as the Method of Momments was used to
design the 3D geometric model of our 5G below 6 [GHz]
monopole antenna along the z-axis.Fig. 1, below shows our
model. This model being excited by a voltage source of
excitation with cach of the following set of scalar
parameters:

1. Magnitude=1[V]
2. Phage Shift =0 [Degrees]
3. Impedance = 50 [Ohm]

At the conclusion of the above process of our monopole
antenna model creation in the CADFEKO environment, a
3D Radiation Pattern, and 2D Far-Field/Gain were ploted
generated by using the POSTFEKO program.
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To be more specific, monopole antennahave a lot
ofapplications across multiple arcas of scientific and
engineeringdiscipline and it plays a significant role in
wirelesscommunication  systems,  inautomotive  space
involving Radios, Navigation Systems,ADAS/Automated
Driving L2 and L3 Systems, precise positioning andmobile
phones. Because of its low profile and effective cost,
itconsidered as a better antenna solution choice in wide
varietyof applications. We investigated and presented our
monopoleantenna geometry model creation within the
“CADEFEKO programandthan “POSTFEKO was used to
obtain our antenna solution in terms of Far field/passive gain
results.

Deng [4], covered a coplanar waveguide-fed monopole
antenna that is made up of a rectangular monopole patch
notched at the bottom with a T shaped coplanar waveguide
as its ground plane. Their study was carried out via
simulation with HFSS and experimential method, in order to
achieve “a fractional impedance bandwidth of 164% for S11
<-10 [dB], which is about 2.3 times of the conventional one.
Furthermore, Deng [4] highlighted monopole antenna has
been largely utilized in wireless communication system
because of their less costs, simple structure, omnidirectional
radiation pattern and it is also suitable for portable mobile
ultrawideband (UWB) applications.Wen [7], proposed a
monopole antenna that made up of a capacity loaded
matching patch two resonators, two meandering
monopoleantenna.Wen's, paper presents a compact
monopole antenna with filtering response for WLAN related
applications.Wen’s work focuses mainly on the simulation
versus an experimental measurement resulis that poinis out
their proposed monopole “antenna has a wide impedance
bandwidth of 16% for S11<-10 [dB]” plus an
omnidirectional radiation pattern was achieved and realized
by their study. Hong [5], has shown a trapezoid patch
monopole radiator that isplaced on a “quasi-fractal” solid
ground plane, where the antenna system operates in a dual
band that covers the frequency range of WLAN, “1.74-2.38
and 4.46-5.56 [GHz]". Chen [5], reports a triband planar
monopole antenna with dual inverted L-slot are etched, to
obtain three radiating elelments that functions in three
resonant modes of operation with WLAN/WiMAX
applications as its intended focus. Different monopole
antenna structure with various radiating element shapes
coupled with variety of ground plane designed with
applications related to WLAN, and WLAN/WIMAX (Chen
[6]) published papers studied, however observed that there is
a problem related to cellular 5G below 6 [GHz] monopole
antenna coupled with an antenna solution that would satisfy
the automotive and vehicle homologatioin specification of
an antenna height < 70 [mm], which has not been
investigated. In this work, a compact, robust, low profile
monopole antenna solution is proposed and designed via
FEKO simulation tool to cover cellular 5G sub 6 [GHz]
frequency band with an overall antenna height of
appromimately 23 [mm].
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1L CONCLUSION AND FUTURE WORK

In thiz paper we hove presented, investigmed. snd hos
been discossedihe WEW cellaler 30 sub & [GHz] with center
frequencyat 3.3 [GHz} monopele antenna design, modeling
nnd simmulaiscmby pxing FEKO software packege. 'We have

& [2Hz]

CADFEKD space and obtamned resulis in tesms 2D Far-
Figld, Gain phots coupled with 20 Radiation Panem in the
POSTFEEC domain

The proposed monopole anterme finds applications in
celinler  wameless  commupicaison  petworks,  modemn
BUEbMAIVE DOMpoenis, sysi thicle space
and it also finds application in widearcas of other sciemlific
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created, simuelsied and then @ i g aniconm
characteristic, soch =5 Far-field verics] ganm wasfiound s be
I.%4 [dHi] for monopole anteona delta between ) and S0
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ibemigm of a pew cellular momopobs anténns that operae o
the [requency bend of 0.6 [GHz] o 39236 [GHz], met the
suramedive vehicle homologaieon e with par
propaossd monopole smtenna & 4 overall height of 23 [mmj
nmd the this wes sucoessfnlly achieved

FPar fure wosk, the simulstion studies can be extended
tofsoas on o emgle monopoleanienna that will sspporinmalti-
band frequencies and iis opemating frequency upper limit can
be extended up i 7.123 [GHz] [5] band of Grequencies. &
physeznl proiotype for the proposed 5G below 6 [GHz]
mOnGEGIE Anlenm can be created, instalied, and mslnied o
on opimal locstion on & vehiclke bady stnctore sndior
\'eh:ckmﬂfhﬂmnnlmfntdrmu{mr:vdndn
kevel Venficaton and Validari The ted
muuup:hunl:mmlmmcmlhnhl.ﬂnmUmiHTﬂ
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L. I r s e

GPS consiellation system that 15 mansped smd maintsmmed by the United Seates Depariment of
[elonse since the curly Tl GPS 35 a space base radie navigabion system that supplics an ests-
mzbed posation, velocity amd Hmmg mlformation to 8 GPS aotennad recerver moduale on the global
GPS system s mainly comsmting of three pans, nomely the space component, ground contrizl
station and user sepmenl GI'S constellation we have 31 fully operaonal satellfies posibiomned at
an aliamide aff 200, (00 ko (12, 427 mmbes) and i moves srouod the earth twice o dey. Wherne each
satellile ransmits mngne and navigabion dotn oo the L1 {1 57542 GHey, L2 (1 22760 CGiHz), ond
LS 1.1 7645 GH2) camer reguencees [3]-

In vrder o support an ey of apphcabions soress vanoss mdustrees, wireless commumcation
{Satellite, Spacecrafl), Missale, Maobile Devices such as a Cell Phone, Groand Reference Statson,
spaces, platforms and amlomolive secior thal regquires accuarale bming ond precous pesHonimng
data, messages, spnals mfarmation 1o be deliver 1o a domestic and non-domsestic: vehicles des-
tined 10 USA, Canada, Mexico and European morkets plus =0 resull of rapsd growih enoan aaio-
motiyve applicaisons related 1o compecied services, stomotive radio bead omil fetures,. funclions
and navigation sysioms. an aplerna that can receive both BF GPFS L1 passive paich and active
GPSGLONAS Spatch antenma freguencies 15 needed. Thaelore, due b s low oosl and prafile
tergeting applicatsns across varous seciors of oulomotive and mon-amomedive mdusiries, the
following o proposed antenmes 15 mvesigated and compared i thes research work-

1) BF GPS LI passive pabch anlenna
3y Acthive GPEGLONAS Spatch antenna

The BF GPS L1 passive paich amlenna bes raduting element saze of 1225 & 12.25 mm and it
operabs of the GFS LI 157542 GH:x feguency. While oo the other hand. 1he active
GPRGLONAS Speich amerna has 12235 1 1225 mm with resomate freguency of 15925 GHe.

The BF GPS L1 pasmssove patch and active GPSAGLONAS Spaich = model, simulated, desagned,
szmulation resalls obtnmed and constructed on & 5.5 mm ceramc/porcelamn subsfrate omterad and
graound plane lengih snd width sze for ench anlenna of 95 by 9% mm respectively in the
CADFERO pagpe were defined and antenna far Geld'passive gam were obiamed o the
POSTFEKD enviranment. To be mare direct, FEKD sumilsiion soibware package wis used 1o
model. stmulsie and desayn both antemmas.

Wiz are mizresded 1o know the antenma characiormstic porformance parameler, such as the passive
pain of the twe proposed antenna. Imitiafly, both antennes destgn parameters were defined, FEKO
msdels for cach respective presemied snienma were created. by creimg the radmsimg element,
diebectric substrate, pround plane, feed pin, sdd 8 pon 1o the comted feed pin, added s voltage
sowree of excilabon, sel the simulaison fregoency, union anlenm parts togeihor, mesh the gener-
dbed antenna model geometry followed by samulating the medel by anming the FEEO Salver all
within the C ADFERD enviranment.

POSTFERKD was used o obtnin ibe passive pain expeocted resalis, 20 plots of simulaied Far
Fiehl top‘side view al the studied anfenmas and use the simulation results from the POSTFEED
environmen io compare passive gain resulls and determme an optimal anerma solaben and make
recommendabions for the aomative mdustries with inlended applications targeting aubomotive
radics and noyigation systens that requires GPS and GPSGLOMASS sipmals.

ra
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Upon comparing the obtained simulation results of the RF GPS L1 patch and GPS/GLONASS
patch antenma structure from the POSTFEKO environment in this research work, it was found
and concluded that the simulated results of the proposed GPS/GLOMNAS Santenna is a better an-
tenna solution for the automotive applications related to automotive radios and navigation sys-
tems.

An antenna could be defined as a wireless communication device or module such as a piece of
wire for radiating or receiving electromagnetic wave propagating i a communication channel,
such as guided structure transmission line and then getting transmitted into a free space and/or
vice versa in the receiving mode. Furthermore, we present the passive gain of the RF GPS only
patch and GPS/GLONASS antenna structure using FEKO electromagnetic simulation software
package, in order to support automotive applications. Plas, this study describes the modeling.
design, simulation and analysis of RF GPS oaly (L1) patch and GPS/GLONASS patch antenna.
According to Constantine A. Balanis, the antenna is the transitional structure between free-space
and a guiding device, for wireless communication systems, the antenna is one of the most critical
components. For the past few decade Microstrip Patch Antenna were used heavily in high per-
formance aircraft, spacecrafi, satellite and massile where size, weight, cost, performance. ease of
installation. and aerodynamic profile are constraints. Low profile antennas maybe required [1] for
packaging and'or aesthetic constraints. The active GPS/GLONASS patch antennas play a signifi-
cant role in today’s modern communications, Le. they nicely meet automotive specification re-
guirements. most antenna designers and OEMs mamlv preferred and select this rectangu-
lar/square actuve GPS/GLOMNASS patch antenna, in order to mount. install. place and position it
on their production vehicles.

This research work main contribution is the RF GPS L1 passive only patch versus active
GPS/GLONASS passive gain comparison through modeling and simulation within the FEKO
{CADFEKO and POSTFEKO) environment.

The question/problem to address of how to obtain the same and'or equivalent amount of antenna
passive gain in a GPS/GLONASS versus GPS L1 antenna is the objective of this research work.
The problem has not been solved, no solution 1s available on the shelf.

The verification and validation of antenna characteristic performance parameter testing of pro-
posed antenna can be conducted at the automotive bench, vehicle level, and at an antenna range
with no limitations or deficiencies by using antenna measurements with a presented Antenna Un-
der Test (AUT) component, Antenna Measurement Software, DC Power Supply, Bias-Tee, and
Vector Network Analyzer (VNA) The accurate far field and/'or proposed antenna passive gain
measurements can be performed fast.

L.1. Patch Antenna Geometry Photo

Figure | below shows the patch antenna basic structure model in general, where we have a metal-
li¢ rectangular radiating element, which we call it patch that is place over a dielectric substrate
material with a specific relative permittivity and at the bottom of substrate is a conducting base
layer that acts as a rectangular conducting ground plane.



International Journal of Computer Science, Engincening and Applications (DCSEA) Vol 10, MNo.4, Awgust 2020

ReRETECwmT |

Comdiaet s
Ground Plare

Delecine Subntrae

Figure 1. Patch Antenna Structure

L2 GPS Constellation System Photo

6 visible satellites

Reference: Wikipedia

Figure 2. GPS Satellites Constellation

This research work is organized into six Sections. ln Section 1, we highlight our Introduction
followed by a Patch Antenna skeleton geometry in general. In Section 2, we are discussing An-
tenna Performance Characteristics and set of Design Equations. In Section 3. we offer Antenna
Design, FEKD Simulation Swmdies, and Discussion of Results. In Section 4, we demonstrate
FEKO Design Parameters and further Simulation Results. In Section 3, we present our Findings
and Conclusions. Lastly, in Section 6, we have our Future Work Suggestions.
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2. ANTENNA PERFORMANCE CHARACTERISTICS

In the following below are illustration of mathematical model/equations that define the antenna
gain, efficiency, directivity, input impedance, patch actual length and width dimension.

Equation 1Expresses, the Antenna Gainas:

radiationincensic v

- gl
: = 4w —
Fobalfmputieceptod power Fin

gain = 4w {dimensionless) [1]

Also, Antenna Gain is defined in terms of Antenna Efficiency and Antenna Directivity according
to Fawwaz T. Ulaby:

G=¢eD (dimensionless) [2]

where g=antenna gan, e=antenna efficiency, and d=antenna directivity

Equation 2Expresses the Antenna Radiation efficiency as follows:

_ Prad ;.. .
£ = —— (dimensionless) [3]

Where P’ nd=Radiated Power, Pt=Transmitter Power
In general, the overall Antenna Efficiency can be express as below

80 =EBe2d [4]
Where es-Total Efficiency (dimensionless)
e~ Conduction Efficiency  (dimensionless)
I'= Voltage reflection coefficient at the inpat terminals of the antenna
= Dielectric Efficiency  (dimensionless)
Equation 3 Expresses, the Antenna Directivity

D = 4 (dimensionless) [51
Where [1,= Pattern Solid Angle = [, F(8, ¢) (d 01} and
F(8, @) = Normalized Radiation Intensity = (Elevation Angle, Azimuth Angle)

Equation 4Highlights, the Antenna Input Impedance, defined as:

Input Impedance = Za= BatjXs (ohms) [6]
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Where ZA = antenna impedance at the input terminals of an antenna when it operates in transmit-
ting mode (ohms)

R = antenna resistance at the input terminals of an antenna when it operates in transmitting mode
(ohms)

Xa = antenna reactance at the input termunals of an antenna when it operates in transmitting mode
{ohms)

In general. the Raparameter from below Equation is mamly made up of two resistances {R-and
R.) of the antenna

Resistive component = Ra= R+Ro {ohins) [

Where

Rr = Represents the radiation resistance of the antenna (ohms)

RI. — Represents the loss resistance ol the antennia (ohons)

If we assume that the antenna is connected/attached to a signal/function generator/source with
internal impedance, when the antenna is used in the transmitting mode of eperation then internal
impedance s defines as listed below:

Internal impedance (Z:)= R+ jX, (ohms) [8]
Where
Rg = Represents the resistance of signal source/generator impedance  (ohins)
Mg = Represents the reactance of signal source/generator impedance (ohms)
solving these equations above at high level will permits to obtain the some of the antenna charac-
teristics. where on the other hand feko simalator/simulation software package is based on the

method of moments {mom) ntegral formulation of james maxwell’s equations, i order to solve
for antenna characteristics, such as anfenna gain, antenna input impedance, etc.

per constantine a. balanis the following simplified rectangular patch antenna equations and for-
mulas can be utilized to design microstrip antenna for a given relative permuttivity and/or dielec-
tric constant of the substrate material (epsilon ¢, er), the resonate frequeney (fr). and the substrate
height (h):

Equation § Determine the patch width W

Patch Width =W =2 \/2/(er + 1) (em and/or in) 01

Where v0= The velocity of light in free-space (Constant value)
fr = The resonant frequency

&gr = The dielectric constant of the substrate
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Equation 6 Determine the actual patch length L:

1 ;
Patch Length=L W — 24L (cm and/or in) [10]

Where AL= The extended incremental length of the patch =

h (0.412)x(ereff + 0.3) (% + :}.254) /(ereff — 0.258) (? + {}.B)
fr = The resonant frequency

: _ -1/2
eref f = The effective dielectric constant L; + ”Tlx (1 + 12%)

£0 = The permittivity of free space
(0 = The permeability of free space
h = The substrate height

W= The patch width

£r = The dielectric constant of the substrate

Equation 5 and equation 6 above allows for the computation of a rectangular microstrp antenmns
mechanical dimensions such the actual patch length and width for the purpose of a practical de-
sign of patch antenna

J. ANTENNA DESIGN AESSESSMENT SIMULATION AND DISCUSSION OF
RESULTS

I'he testing, experimental, comparison and evaluation of the square KF GPS only passive patch
and active GPS/GLONAS Spatch antenna design and simulation of the proposed two antennas is
performed using FEKO which has not been previcusly investigated and/or studied at the FEKO
simulation level. The RF GPS only passive patch and active GPS/GLONASS patch antenna will
be compared and contrasted mostly from the total passive gain in FEKO simulation environment
viewpoinL The photo of each of the respective two test and presented antennas under evaluation
and assessment are outlined and shown in Figure 3, Figure 4, Figure 5, and Figure 6. Figure 3
depicts the Front View of the dual band active GPS/GLONASS antenma. From the Figure 4 we
can see the Top View of the dual band active GPS/GLONASS antenna. Fipure 3 depicts the Front
View of the RF GPS only L1 square/rectangular passive patch antenna. From the Figure 6 we can
see the Top View of the RF GPS only L1 square/rectangular passive patch antenna.
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3.1. Active GPS/GLONASS Patch Antenna Front View Photo

=

Figure 3. Dual Band Constellation Active GPS/GLONASS Patch Antenna

3.2, Active GPS/GLONASS PatchAntenna Top View Photo

Figure 4. Dual Band Constellation Active GPS/GLONASS Patch Antenna

3.3, RF GPS Only Passive Pateh Antenna Front View Photo

Figure 5. RF GPS Only Passive Patch Antenna
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3.4. RF GPS Only Passive Patch Antenna Top View Photo

[

Figure 6. RF GPS Only Passive Paich Antenna
3.5. RF GPS Antenna Samples Consideration for the Evaluation

Table 1. One sample of each antenna used for the model simulation i the FEKO environment

Dual-Band Active GPS/GLONASS 1
Patch Antenna
RF GPS Only Passive Patch Anten- |
na

J.6. Range of Operating and Simulation Frequency Requirements

The getive GPS/GLONASS pateh, RF GPS Only L1 passive patch antenna frequencies weree used
for the purpose of this paper test and simulation activities:

« RF GPS Only L1 passive patch antenna Frequency, GPS (L1): 1.57542 GHz
s Active GPS/GLONASS patch antenna: 1575 to 1610 MHz, Center Frequency
(fcy= 1.5925 GHz)

The proposed antennas [RF GPS LI Passive Patch and active GPS/GLONASS] patch antenna
characteristic was simulated by using FEKO simulation software package. An analysis was con-
ducted next and finally total gain for each of the sample antenna were observed from the
POSTFEKOD environment.

4. FEKO DESIGN PARAMETERS AND SIMULATION RESULTS

We initially performed and conducted the proposed two antennas physical dimension measure-
ments of patch length/width, substrate length/width/height followed that by antenna modelling,
simulation and data results analysis activities within the CADFEKO and POSTFEKO software
package domain for the following antenna samples:

» RF GPS Only LI passive patch antenna
*  Active GPS'GLONASS patch antenna
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Figure Toutlined below indicates the CADFEKO RF GPS patch antenna model that is pin fed
voltage source of excitation (1 V, 50 £2) Top View, Figure Eplot below shows graphic representa-
tion of the Cross Section Image of the GPS only (L1 frequency, 1.575342 GHz) passive patch an-
tenna on a finite square/rectangular orange color ground plane, square purple color substrate with
dielectric constant value of 5.5 mm and a square dark blue color radiating element created in
POSTFEKOD. Figure 9 and Figure 10 depict the Front and Side View of the RF GPS only passive
patch antenna generated in the POSTFEKO environment.

Figure 7. RF GPS Patch antenna operating at 1.57542 GHz (Top View-CADFEKO v2020)

Figure 8. RF GPS Patch operanng at 1.57342 GHz (Cross Section Image-POSTFERKO v2020)
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Figurc &. RF GPS Passive Patch operating at 1.57542 GHz (Front View-POSTFEKG v2020)
i

-Purple Color=Substrate

iV
T

Figure 1{). RF GPS Passive Patch operating at 1.57542 GHz (Side View-POSTFER O v2020)

4.4. Simulated Far Field of Reference RF GPS only Structure Passive Patch
Antenna
Amisrmnce (F% Crap Falos Arienna Fas P 30 Fiet

]
ey E v Fm—

B

Figure 11. Patch antenna operating at 57542 GHz rectangular plot

Using Figure 11, the passive gain is approximately 3.791dBi of the presented antenna and it can be
determined by taking the difference in gain angle/delta between 30 and 90 degree angle: in the 2D
plot graphic.
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Figure 11 shows the simulated passive gain of the proposed antenna and we selected substrate
matenal to be Ceramic/Porcelain with dielectric constant/relative permittivity=3.5 mm to model,
design, and simulate the presented RF GPS (L1} only passive patch antenna.

4.5, Device Under Test (DUT) Active GPS/GLOMNASS Patch Antenna

Modeling, design. and simulation based on the following design parameters listed in table 5 be-
low.

Table 5. Design Parameters of Device Under Test (DUT) Active GPS/GLONASS Structure Patch Antenna

Parameter Value
Feed Length 0.5 mm
Operating Frequency 1.5925 GHz
Ground Plane Length 95 mm
Ground Plane Width 95 mm
Radiating Element Length 12.25 mm
Radiating Element Width 12.25 mm
Substrate Length 24.7 mm
Substrate Width 247 mm
Substratc Thickncss 4.5 mm
Substrate Diclectric Constant { Relative 5.5 mm
Permittivity) for CeramicPorcelain Material

Figure 12 plot shows the Top View of the active GPS/GLONAS Spatch antenna geometry with a
square/rectangular orange color ground plane, square purple color substrate with dielectric con-
stant value of 5.5 mm and a square dark blue color radiating element where the model was creat-
ed in CADFEKO. Figure 13, Figure 14, and Figure 15 depicts the Cross Section View, Front
View, and Side View respectively of the active GPS/GLONAs Spatch antenna within the
POSTFERD environment.

Figure 12. GPS/GLOMNASS Patchoperating at 1.5925 GHe( Top View-CADFEKO v2020)
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Figure 13, GPS/GLONASS Patch operating at 1.5925 GHz (Cross Section-POSTFEKO v2020)

Z

=Orange Color=Ground Plane

-Purple Color=8ubstrate
-Dark Blue=Radiatna Element

Figure 14. GPS/GLONASS Patch operating at 1.5925 GHz (Front View)
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Figure 15. GPS/GLONASS Patch operating at 1.5925 GHz (Si1de View)

4.6. Simulated Far Field of GPS/GLONASS Structure Patch Antenna
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Figure 16. Patch antenna passive gain at 1.5925 GHz rectanguelar plot

In the 2D model plot from Figure 16, we can see about (.83dBi passive gain, by taking the differ-
ence in gain between 30 and 90 degrees.

Figure 16 simulated the passive gain of the proposed antenna and we selected substrate material
to be Ceranic/Porcelain with diclectric constant/relative permittivity=5.5 mum to model, design,
and simulate the presented GPS/GLONASS patch antenna.

5. CONCLUSION

This paper describes the GPS (L1 1.57342 GHz) frequency )patch antenna performance and com-
pares it to that of GPS/GLONASS patch antenna with ceramic/porcelain substrate material. These
two antennas can be used in modern automotive applications. The models for each antenna were
developed and then simulated on FEKO. The performance characteristic, such as passive gain in
dBi were found. 3.791 dBi for GPS and .85 dBi for GPS/GLONASS delia berween 30 and 90
degrees. The simulated results show an improved passive gain for the antenna. Thus, the pro-
posed GPS/GLONASS will meet the needs of future automotive applications in robust way
JFurthermore, other characteristics such as wide band width and efficiency are examined,
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6. FUTURE WORK SUGGESTIONS

In future work this presented antenna can be modified, further studied and simulated in each of
the following manners:

The substrate material type can be changed from ceramic/porcelain to non-ceramic ver-
ston/variant.

The proposed antenna performance can be further improved by selecting a thick substrate
whose relative permittivity is in the lowet/smaller value than the presented dielectric con-
stant of 5.5 mm.

The mechanical dimensions of each antenna can be altered and simulated. in order to en-
hance antenna major performance parameters, such as Directivity, Impedance. Current and
Polarization.

The wverification, validation and testing of the proposed RF GPS only pawch and
GPS/GLONASS patch antenna component can also be conducted at the system vehicle
level, where each of the presented antenna can be installed and mounted on an optimal ve-
hicle root location area prior to the start of the testing and antenna performance parameters
experimental measurement can be ascertained.

The testing, assessment and evaluation of the presented RF GPS only (L1 1575.42 MHz
frequency) and GPS/GLONASS patch antenna can be carried out in Anechoic Chamber
and'or Indoor Antenna Range. in order to measure the basic antenna performance parame-
ters and/or characteristics, such as Radiation Pattern, Radiation Efficiency, Directivity. Im-
pedance, Polarization and Current draw and/or Antenna Surface Current.
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Kafafy [6] has proposed the improved P-Transformation
algorithm, which can be utilized to solve global
optumzation problems and 12 application can be extended
to cover both probabilistic and deterministic problems,
Furthermore, they demonstrated  that their improved
P-Transformation is an efficient technigue for global
optumzation  algorithms  as o umversal  heunstic
optimzation methodology. Moreover, Zohdy | 1] covered
a nmew robust and optimal global non-sequential search
technigue for an optmization n n-dimensions by using o
stochastic approsch. Moreover, Ademezyk [9], presented
the P-Transformation algorithm as an efficient method
and techmique in finding the global maximum of an
objective  funchon. Nguven [28] highlighted  that
microstrp patch antenna are wsed 1 a lot of appheation
becanse of its low profiles, light weight, low cost snd
patch antennn ground plone 15 one of the most significant
part of i because if effects many of antenne
charactenistics, such as Gain, Bandwidth and Radiation
Pattemn.

A, Pateh Antenna Structwre Configuration and
Design Equations

Fig. I, shows the patch antenna basic structure model m
general, where we have a rectangular metallic patch, that
15 place over & diclectric substrate matersal with a specific
relative permiuttivity and st the bottom of “Cubod™ [4]
substrate i » conducting base sheet that acts as a
conducting ground plane,

mw.-,f"'

Trmsared Plame:
Fig. 1. Microstrip Patch Antenna Geometry

Per Constantine A. Balams [1], a simplified rectangular
patch antenma equation from below can be vsed to design
microstrip antenna for a given dielectric constant of the
substrate matenial (Relative Permittivity = Epsilon r= er),
the Resonant Frequency (fr), and the Substrate Height (h),
Equation (1) Dewrmine the Patch Width W

TO8

4] -

Patch Wids =W =3#Y 20 T Do andior iy [1]

Where ik = The velocity of light in free-space (Constanr value)
i = The tesodait fraquency

&7 = The diekectric constant of the substrate warerinl

Equution {2) Deterimine (e Patch Lengtly |

Patch Lenpth = L = 2frJerefr o ope

(cmandioring  [I]
Where 8L = The extended incrementnl length of the patch =
b o g1z f £ 08 (5 + 0:204) Harery - 0258 (T + 0]

[ = The resoman frequency

eref f = The effective diclectric constant =
Erdl Er=1

(1 12%)_”2

&0 = The permutivity of free space
=8.854x 107 | fau0menne)

HO =The permeabality of fres space
=4 x 1077 {henrv/ metre)

h = The substrate height
W= The patch width
i = The diclectric constant of the substrate

Equation {1} and Equation (2) allows for the caleulation
of a rectangular mucrostnp antenna actual patch length
and width of w practical design of patch antenna. The
shape of the radiating patch element antenna needs to be
rectangular in peneral as its depicted m Fig. |, and we are
considering  this a5 a constrami, where our design
parameber x| =x2=reclangular and x1 Fxd=square.

B. Model of Design of Experiments Method in
Creneral

Attached below in Fig. 2, we are showing the general
madel of Design of Expenments (DoE). Equation | below
indicates a design parameter as an input versus output

response of an antenna
where

v hat = The predicted vahee of an output response vanable
xi = The input factors and design parumetere of an
nnlenna

K =The design parnmeter in the summation symbaol
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fir = The coefficient proportionnl to the mun effect, where
the main effect represents the degree of a parumeter
individual influence on an outpul response vanable,

fiiy = The coefficient proportionsl to the two-factor
interaction of the main effect

To be direct, fi and fij are the vnknown coefficients
proportional to the mun effect.
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Fig 2 Design of Experiment Input, Design Problem and Oxatput
Response Model.

Here we are looking at the 2%k full factonal design, where
we conducted 120 simulation combinabon runs, were
conducted in the experiment and the simulation operating
frequency was set to 1.555 [GHz|. In our study here the
value of k = 7, which resulted in 2%7 = 128, 120
simulation runs. For each FEKO simulation run we are
varying three input factor design parameters, namely
ground plane length, ground plane width and dielectnic
constant of substrate matenial and we arc secking the
antenne average and‘or passive gain for each simulation
run from the POSTFEKO environment.

. P-Transform Chjective Function 20 Plot

We are defining and setting our true objective function to
be equal |/passive gain. For cach of the FEKO simulason
s e now patcli anlcnna avalage gam was oldancd aid
then we conducted a mathematical inverse operation on
our outpul passive gamn parameter, which m term provided
us with the true ohjective function.

Fig. 3, below we are depicting the objective function
r\euhnsu:[:ur gruph Iﬁ-]

iex (FCAECT)

Fix)

L=l TPl X T ]
/ NI

x
Fig 3. Type | — Contimuous Obgective Function.

f

11, Geiss Parcn Asrenna Desson, Mobeurs Axo
SiMULATION

A. FEKD Model Creation of the GN5S Potch
Antenna

The proposed new GNSS (GPS and GLONASS) patch
antenna w5 designed, modeled, simulated by using FEKO
simulation  software  package. The FEKO s an
electromagnebc field simulator and it can be used to
design, model and anabyze a simple to large and complex
antenna structure. FEKO 8 a commercial software tools
chain that 15 based oa the Method of Moments, A student
version of FEKO was used to design, model, and conduct
the simulation runs in this work,

The desired GNSS metallic patch antenna was positioned
on a suhstrate materal with varving the relative
permuttivity or dielecinic constant ranging from 5.1 to 5.9
[mm] was simulated and run by usmg FEKO software
package.

While conduciing the FEKO simulaion run, the
conducting rectangular ground plane mechanical length
and width dimension and as well its substrate diclectric
constant was vaned during each simulation run and the
entire GNSS antenna model was constructed within the
“CADFERD environment [4].

The steps outlined below highlights the FEKO geometry
gencration of the GNSS (GPS and GLONASS) patch
antenna within the “CADFEK(" [4] and the antenna
results were obtumed  from  the “POSTEERO™ [4)
ERVITOAmEnt:

I, We selected and set the antenna model unit o
millmeters [mm)].

2. Next declsre the design parameters or varisbles,
such as the opemnfing frequency, ground plane
length, ground plane  width, substrate length,
substrate width, patch length, patch width, etc. that
define the antenna geometry and substrate material.
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Fig. 5. GNSS Patch antenna operating at 1.355 [GHz] (Cross
Section View).

Fig. 6, Depicts our GNSS paich sntenna model in the
“POSTFEKQ" [4] page.

Fig. 6. GNSS Patch antenna operating at 1,555 [GHz] (Cross
Section View).

E. FEKO Simulared Far Field of GNSS Parch
Anrenna

Fig 7, simulated the passive gun of the proposed sntenna
and we selected substrale material to be ceramic or
porcelmn with  dielectric  comstani  or  relative
permuttivity=3.1 [mm] to model, designed, and simulated
the presented GNSS patch antenna with center frequency
= | 555 [GHz]. In the 20} model plot from Fig. 7, we can
see about (.55 [dBi] passive guin, by taking the difference
in gain between M and W deprees.

il ¥ W ¥ ¥ -

Fig. 7. GMSS patch antenna passive gain at 1 555 [GHz]
rectangular 20 plog

11 Desson OF Expesinvents (Dog)

Dresign of Experiments is an oplimization methodology
that can be appled to the Electromagnetic design
problems, such as various types of antenns design and

i e iy e S il Tech

1 ics (ICAECT)

optimization, namely patch antenna, Radio-Freguency
Identification (RFIDY) antenna. One of its applications s
in the emerging feld of L2 Advanced Dnver Assistance
Systems (ADAS) and 13 Automated Drving (AD)
systems. Design of Experiments as a way to optimize an
antenna design efficiently and effectively [7]. Outlined
below are some of the Design of Expeniments advantages:

1. It aflows for the design eyele of an antenna to be
reduced

2. It supports the design problems and process with
maore efficiency.

3. It allows for substantal time saving and it led o a
short  design cycle by reducing the number of
requirement  simulabions, m our context here, a
smaller mumber of FEKO simulation runs for the
presented GNSS patch antenna design, modelling and
simulation.

4. Efficient design and analysis of an antenna.

To be specific, Design of Expeniments allows for the
desipn eyvele of anantenna to be reduced by eotting down
the number of possible simulations runs from a large test
nms fo 8 manageable size, which in tum will suppont
more efficiency, huge tme saving, less use of computer
computations] power and resources becanse it will allow
for munning fewer oumber of simulations o an
engineering optimization problem study.

We have designed o new GNSS (GPS and GLONASS)
patch antenna and investigate how chamge our design
three mput parameters, namely ground plane length,
ground plang width and the substrate dielectric constant
effects the antenna performance, such as the output
passive guin and this can be handled and answered with a
Design of Experiments method. Furthermore, we have
looked at the design parsmeters (x1, x2 and x3) as an
mput relationship versus the passive gmn output response
parameter{y ).

A Design of Experiments mathematical model equation
that represents our design parameters input and passive
gain output relation can be observed i Equation 3 below,

Equanon (3) DoE antennn input and cutput response

relation.

k k-1 &
J_" - ﬁﬂ * Zﬂ:xi T Z Z ﬁr’;‘tix;
=1 =] f=i+1 [5:
2k foctorel design mathematical model equation.

where

fi = The: main effect

i) = Twoo factor imtersotions

X1 = The inpul design parameters

v hat = The predicted value of an output response varable
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In equation (3), we ore looking ot a mathematical
interaction mode] for 2°k factorial, where we can see the
antenna design input and output response paremeter

We have created our GNSS (GPS and GLONASS) patch
antenna geometry model for the Design of Expenments
within the CADFEKO [4] and obtain the comresponding
passive gmin parameter values within POSTFEK [4]
enviromment.

IV, P-Transeoss ALGORITHM ANALYSIS AKD
I EEr TATION
A, P-Tronsform Anolysis Details [6]

According o Maged Abdelnaby [6]: P-Transform
algonthm can be used o find the global muamum of
an objective function. The transformation of the
objective function, f(x) where x 15 an n-dimensional
vector 15 performed by a nonlineer operator,

which is given by P{fix)]| a Gi1)(2)

Where t represents the time as a scalar quantity that 1s
tuken to be pointwise Lebesgee’s division of the object
function f{x), in which the ineguality equation needs to be
satisfy

m(f(x))=t0<tl<t2..ti<tmax =

max{f(x}) )]

Parameter I represent the set on which the fix) function
15 to be determined and D* 15 a subset of [, Given a Hix)
function such that Hix) can take esther a value of 0 at
D/D* or | value at

D*a

Hix} = {0 at D/D* 1 at ¥} 4)

By applying the Riemann integral on the equation 4
function set D results equal o its measure 1 Equation
{5} below:

IDi. JHix)dxi . dxn=pi i5)
The function from Fig. 3, can be estimated from the
ﬁ.‘lll:nlil'll'l H:I Biemann i'nlrgr.nl mnd T oean he mrn|111l|.-r|
using  stotisticol tests. We let the Pi represent the
probabality that a point x mndomly chosen from D* and
[ befongs to Di and 1t can be approximated by the ratio
of s{r)'t, where ris the number of rndomly chosen ponts
x and parameter a, b and s(r) represents the number of
successes. Thus, for any & > 0, as r — =, the mtio s(r)'t
can mimic the measure i of the D set

Im Pri S{r¥t—P1y=e=0
Y".I:
ui =sirpr

(&)

Once we have the ‘s we can estimate the quadratic
function Rit) as shown in Equation (7} below,

Rity=alt 2 +alt+a2 (7
where all, al, and a2 are the roots of quadratic equation

(7) and it can be found by wtilizmg the least squares
approach with the following assumptions:

al I
al| =@T|n2
. (8)
|
p= | t, 1
t2 t3 1 ©)

B. P-Transform Algorithm Implementation
Steps [6]

Outlined below are the implementation steps for the
P-Transform technigue:

|. Generate N random vectors xn.

2, Cheek the consteaints for each 1.

3. Evaluate the function fixn) for all xi s that satisfy
the constraints.

4, Lettl = (min fix) + max fix))2,

5. Caleulste pr as defined m Equation (6).

6. Repeat step 5 for each G where ti+1 = G + At until
the condition in Equation (6) 15 no longer vald

7. Extrapolate Git) using R(t) in Equation (7).

8. Find the roots for this guadratic equation, Rit) =0
by calculating Cguaton (8):
& 1f afl < 0, then the global maximum Fix * ) =
maxiR1, R2).
b. ifall = 0 then F{x * ) = min{Real(R1, R2}).

9, Repeat the algorithm until AF{x * j==g

C. FEKO Simulation Combination Run and
P-Transform Results in the Experiment
Tuble 3 below ndicates the FEKO [4] simulaton
combination runs conducted in the experiment at 1555
[GHz] center frequency and s corresponding simulated
Passive Guin (Objective Function) results obtaned.

Table 3 Simulation of Passive Gain Results
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Equation (4)
- X Ll I
i rs)-E sl al/e)
L L [ 1 i 1 _ch o where:
T ! F1] | 1] :f;
) ﬁ u S m = Number of neuron or number of basis funchion
:: —1 ;,’, i :. i ::) pj = Center vector for newron
s o - e w ] = Weight of neuron |
i TR hE [N phi = Meuron/basis function
i — ¢ — o i ET s 5 = Width of basis function

0. P-Tronsform Technigue Optimization
Process and Block Diogram

Representotion

GNSS (GPS and GLONASS) patch antenna passive gain
optimization was achieved by using a global optimization
P-Transtorm algonthm [6] and given a newral network
genetic algorithm. To be direct, in general P-Transform
does maximization of optimization problems however i
this work the focus was to perform the minimizaton for
the purpose of obtmnmg optimal GNSS patch antenna
passive gmin, The mimmization of GNSS patch antenna
was done by modifying the ongmal P-Transform bult
function coupled with the ublization of the Radinl Basis
Function {RBF) to fit the data curve within the MATLAB
environment. Radial Basis Function are applied to
approximite functions, data, and system, so that the
assessment of the approximation function or system can
take place more easily, Radial Basis Function finds
application in the field of Newral Network, Learning
Theory, solving o set of Lincar Systems using matrix
decomposition amd 1t 15 applicable i almost any
dimension of Euclidean space [50].

The high-level steps involved in the GNSS patch antenna
passive gain optimization is outhned below:

1} Read the antenng csv file, which contams the mputs
and output design parameters:

E1] |'1-1|1||T '|1:||1|m:-lrrr. = x], x? ¥ = {Ankenmmn grnrmrt
plane length, antenna ground plane width, substrate
muterial dielectric constant).

b) Crutput response = (v) = GNSS Patch Antenna Passive
Gain (Objective Function),

2y Train the system that is based on neural network by
using response surface technique and one of them is the
Rudial Basis Function [49], to zel o best fit curve and
mathematical Egquation 4 below from a senes of mputs
and 1o obtmn the comesponding outpol nedron parameters
can be model by the relation Equation 4 below:

3} Conducted OGNSS patch antenna  passive  gmin
optimization operation by using the original P-Transform
bt in function in the MATLAB environment to get our
GNSS patch anterma owtput, which 15 our optimized
passive gain (ohjective function).

To be more speafic, each simulston muntime using the
Student Version of FEKO software package tkes
ppproximately 2 minutes in our case We generated a set
of data based on Design of Expenments (DOE) [5] and a
Radial Basss Neural Network (RBN) [49] was used to
truin the svstem to generste a response surface. The
crested response surface model can then be wsed as a
black box system an liew of FEKO simulations. This will
let ws perform hundreds of thousands of optmization
terations i @ fraction of bme MATLAB from
MuthWorks was used for generating the response surface
end optimization using the P-Transform  technigoe,
Furthermore, simulation run 15 expensive, it takes a lot of
respurces, memory allocation, processing power and a
lomg time, therefore its deemed necessary 1o explore and
use Design of Expenments (DoE) to come up with the
FEK(O simulation mns and then apply the P-Transform
slgonthm on the results of DoE mns m terms of GNSS
paich antenna design parameters and passive gmn oufput
response, o opmize the GMSS patch antenna passive
gin.

Moreover, the listed steps from below were execuled, to
come up with our optimized and robust objective function
andfor passive gain desired value.

&) Create Design of Expeniments, FEKO simulation runs.
b} Create the surface response by using the given Radial
Basis Function (RBF).

c) Generate the mput and output black box relationship
model, which represents our system.

di Apply the P-Transform to our mputs and output black
trox mathematical equation model and system.

To be more precise, the entire process can be summanzed
m the following block dwgram and  fewchar
representatron.
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Fig. 8. Optimizaticn block diagram Aowchan

By executing the optimization flowchart from Fig. 8, we
were able to obtain our optimized passve gaim of 0 2084
[dBi], with the comesponding desizn parameter as

follows:

a) Ground Plane Length = 493 7 [mm]
b} Ground Plane Width = 503 [mm}
¢) Dielectric Constant = 5.492 [mmy]

by wsing the P-Transform 6]
V. Corecrissos Axo Furure Wokk

In this paper we have presented, described, and
investigated the NEW GNES (GPS and GLONASS) with
center frequency at 1555 [GHz) paich antenna design,
modelling snd simulation by osing FEKOQ software
package. We also  demonstrated the Design  of
Experiments (DoE) and a5 well as by applying a
F'—Tmnw;’l"mn ﬂ]gnrilhm nn  the GRSS Tlutrh antennn
Passive Gan ((Objective Functionh n the process. To be
specific, the GMNSS patch antenna passive gain, DoE,
P-Transform techmgue has been discussed. The proposed
GMNSS paich antenna can be wied i non-sutomotive,
modern automotive  components, Syslems, Autonomus
vehicle space and it also finds application in wide areas of
other scientific and engineening disciplines. The GNSS
patch antennn model was developed, simulated and then
i’s corresponding antenna charactenistic, such as passive
gan was found to be 0055 [dBi] for GNSS patch antenna
delts between 30 and 90 degrees within the FERO [4]
environment. The corresponding optimized version of the
GNSS patch antennan passive gmn was obtwned to be

Ti4

oy, irativrs e Soviminable Tech iex (FCAECT)

02084 [dBi] using the P-Transform techmgue [6] with
MATLAB products created by MathWorks.

Furthermore, we demonstrated that the GNSS patch
antenna will meet the need of fubwe automotive
spplications.  Moreover, the DoE and  P-Transform
techmigue, which can be used m an advance optimisation
problem global (Maximum or Minimum), optimal and
robust solution generation for cases where the objective
function 15 erther defined and/or not within the MATLAB

environment  were  examined, mvestigated were  the

emphasts of this paper.

For future work, the simulation studies can be extended to
focus on a GNSS patch antenna substrate material that s
different than porcelain and as well conducting the
testing, sssessment and evalunbon of the proposed GNSS
patch antenna can be camed out in Anechoic Chamber
andior Indoor Antenna Renge, in order to measure the
basic antenna charactenstics, such as Gain, Radiation
Pattern, Radistion Efficiency, Directivity, Impedance,
Bandwidth, Polanzation and Current  drew  andfor
Antenna Surface Current.
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CHARACTERISTIC
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'Department of Electrical and Computer Engincering,
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ABSTRACT

Antenna modide i5 @ vital component of mutomated driving systems. it showld function ax needed
im dGPS, HD map correction services, and radio and navigation svstems. The proposed antenna
made! for GPS only paich antenng operating at 1 87542 Gl and the GNSS patch antenna
resanating at [ 5925 Gz are developed  This work prevents the design, modelling, determining
passive gain of the (GPS patch vs. GNSS antenna with intended targeted applications within the
automative system. Simulation are undertaken o evaluate the performance of the proposed
GNSS antenna, Simulation conducted in FEKO software rather than mathematical modelling.
The two antennas are also compared from the size standpoint. The goal of this paper is fo fest,
measure and evaluate the performance af GPS against GNSS aniennas, Another emphasiy af
this paper i how to obtain the equivalent amount of total passive gain in a GPS vs. that of
GNSS anlenna,

KEYWORDS

Differential Global Position System (dGPS), Global Novigation Saoteliite System (GNSS),
Globalmaya Navigazionnaya Sputnikovaya Sistema (GGLONASS), Advanced Driver Assistance
Svstems (ADAS), Awomated Driving (AD), Modelling, comparison, measurements, anafysis

1. INTRODUCTION

An antenna could be defined as a wireless communication device or module such as a piece of
wire for radiating or receiving electromagnetic wave propagatmg in a communication channel,
such as guided structure transnussion line and then getting transmitted into a free space and'or
vice versa in the receiving mode. We present the passive gain of the GPS only patch and GNSS
(GPS/GLONASS) antenna structure using FEKO electromagnetic simulation software package.
in order to support automotive applications. This study describes the modelling, design,
simulation and analysis of GPS only (L1) patch and GNSS (GPS/GLONASS) patch antenna.
According to Constantine A. Balanis, the antenna s the transitional structure between free-space
and a guiding device, for wireless communication systems, the antenna is one of the most critical
components. For the past few decade Microstrip Patch Antenna were used heavily in high
performance aircraft, spacecraft, satellite and missile where size, weight. cost, performance, ease

David C. Wyld et al. {Eds): ICAITA. CDEP. SAL NCO, CMC, 50FT, MLT, AdNLP - 2020
pp-01-12, 2020. C8 & IT - CSCP 2020 DOL: 10,512 Fesit, 2020, 1009401
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of installation, and aerodynamic profile are constraints. Low profile antennas maybe required [1]
for packaging and/or aesthetic constrmints. The GNSS (GPS/GLONASS) antennas play a
significant role in today’s modern communications, 1.e. they nicely meet automotive specification
requirernents, most antenna  designers and OEMs mainly preferred and select this
rectangular/square GNSS (GPS/GLONASS) patch antenna, in order to mount, install, place and
position it on their production vehicles,

2. ANTENNA PERFORMANCE CHARACTERISTICS

In the following below are illustration of mathematical model/equations that define the antenna
guin, efficiency, directivity and input impedance.

Equation 1 Expresses. the antenna gain as:

Gain G =4{r){radiation intensity)'total mput{accepted) power=4(x)*(U{{Elevation Angle,
Azimuth Angle))Pin (dimensionless) [1] (1)

Also, Antenna Gain (G) = Antenna Efficiency (€)*Antenna Directivity (D) [2]

Equation 2 Expresses the antenna Radiation efficiency:

€ = Prad/Pt (dimensionless) 2)
Where Prad = Radiated Power, Pt= Transmitter Power  [2]

In general, the overall antenna efficiency can be express as below

Bp= By B B

Where eo is the total efficiency (dimensionless)

e~ reflection (mismateh) efficiency = (1-jvoltage reflection coefficient at the input terminals of
the antenna|"2) (dimensionless)

e = conduction efficiency (dimensionless)
= dielectric efficiency (dimensionless) [1]
Equation 3 Expresses, the antenna directivity
D=4{z)yQ2 3

[/

Where =Pattern Solid Angle= are  F(Elevation Angle, Azimuth Angle)(d £2)
F (Elevation Angle, Azimuth Angle) =Normalized Radiation Intensity ~ [2]
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Equation 4 Highlights, the antenna input impedance, defined as:
Input Impedance = 2, = Ra + jXa (ohims) [ 4)
Where

£y = antenna impedance at the input terminals of an antenna when it operates in transmitting
mode (ohms)

R, = antenna resistance at the input ternunals of an antenna when it operates in transmitting
mode (ohms)

X, = antenna reactance at the input terminals of an antenna when it operates in transmitting mode
{ohms)

In general, the Ra parameter from

Equation 5 15 mainly made up of two resistances (R, and R} of the antenna

Resistive component = R, = R, + Ry (ohms) [1] (5}
Where

R, = Represents the radiation resistance of the antenna (ohms)

R = Represents the loss resistance of the antenna (ohms)

If we assume that the antenna 15 connected/attached to a signal/function generator/source with
internal impedance, when the antenna is used in the ransmitting mode of operation then intermal

impedance is defines as listed below:
Internal impedance (£,) = R, + jX; (ohms) [1] (6}
Where

R, = Represents the resistance of signal source/generator impedance (ohms)
X, = Represents the reactance of signal source/generator impedance (ohms)

Solving these equations at high level will allow to obtain the some of the antenna characteristics.
Where on the other hand FEKO simulator/simulation software package is based on the Method of
Moments (MoM) integral formulation of James Maxwell’s equations, in order to solve for
antenna characteristics, such as antenna gain, antenna input impedance, etc.

3. ANTENNA DESIGN STRUCTURE AND ANTENNA EVALUATION

The testing, experimental, comparison and evaluation of the square GPS only patch and GNSS
{GPS/GLOMNASS) patch antenna design and simulation of the proposed two antenmas is
performed using FEKO which has not been previously investigated and'or studied at the FEKO
simulation level. The GPS only patch and GNSS (GPS/GLONASS) patch antenna will be
compared and contrasted mostly from the total passive gain in FEKO simulation environment
viewpoint. The photo of each of the respective two test and presented antennas under evaluation
and assesstoent ure vutlined and shown in Figure 1, Figure 2, Figure 3, and Figure 4. Figure |
depicts the front view of the dual band GNSS (GPS/GLONASS) antenna. From the Figure 2 we
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can see the top view of the dual band GNSS (GPS/GLOMNASS) antenna. Figure 3 depicts the
front view of the GPS only L1 square‘rectangular paich antenna. From the Figure 4 we can see
the top view of the GPS only L1 square/rectangular patch antenna.

J. 1 GNSS (GPS/GLONASS) Patch Antenna Front View Photo

.

Figure |. Dual Band Constellation GMNSS Patch Antenna

3.2, GNSS (GPS/GLONASS) Patch Antenna Top View Photo

-

Figure 2. Dual Band Constellation GNSS Paich Antenns

3.3, GPS Only Passive Patch Antenna Front View Photo

Figure 3. GPS Only Patch Antenna
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34. GPS Only Passive Patch Antenna Top View Photo

=

Figure 4. GPS Only Patch Antenna
1.5, GPS Antenna Samples Consideration for the Evaluation

Table 1. One sumple of each antenna used for the model simulation in the FEKO environment

Duial-Band GNSS (GPS/GLONASS) Patch 1
Antenna
GPS Only Passive Patch Antenna 1

X6, Range of Operating and Simulation Frequency Requirements

The GNSS (GPS/GLONASS), GPS Only L1 frequencies were used for the purpose of this paper
test and simulation activities:

» GPS Only L1 Frequency, GPS (L1): 1.37542 GHz

s (NS5 (GPS/GLONASS) 1575 to 1610 MHz, Center Frequency (fe)= 1.5925 GHz)
The proposed antennas [GPS Passive Patch and GNSS (GPS/GLONASS)] characteristic was
simulated by using FEKO simulation software package. An analysis was conducted next and

finally total gain for each of the sample antenna were observed from the POSTFEKO
environment.
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4. FEKO DESIGN PARAMETERS AND SIMULATION RESULTS
4.1. Antenna Samples for FEKO Simulation

Takle 2. Antenna substrate and radiating element dimensions

Patch Size & Application Reference & Device Under
Test (DUT) Antenna
GPS Only Single Passive Patch Antenna (L1-, 1.57542 Reference
GHx)

*  Substrate Size: 249 x 248 x 4.5 mm
s  Radiatng Element Size: 12.25 x 1225 mm
Dual Band GPS/GLOMNASS Antenna (GNSS-1.5925 DuT
GHz)
=  Substrate Size: 24.7 x 24.7 x 4.5 mm
#  Radiating Flement Size: 12.25 x 12.25 mm

4.2, Design Parameters within FEKO Simulation Environment

Table 3. FEKO Mesh and Loss Tengent Parameters for GPS only Patch and GNSS Paich Antenna

GPS and GNSS Antenna Parameter Value
Component

GPS only Patch Antenna Operating Mesh-Wire Segment Radius 1.587¢-3 mm

at, 1.57542 GHz Diclectric Loss Tangent for 2 le-14 mm
Porcelain Material

GNSS (GPS/GLONASS) Patch Mesh-Wire Sepment Radius 1.569-3 mm

Antenna Operating at 1.5925 GHar Diclectric Loss Tangent for 2.0c- 18 mm
Porcelain Material

4.3. Reference GPS only L1 Patch Antenna

Modelling. design, and simulation based on the following design parameters listed in Table 4
below.

Table 4. Design Parameters of Reference GPS only Structure Antenna

Paramcter Value
Feed Length 0.5 mm
Operating Frequency 1.57542 GH=z

Ground Plane Length 95 mm

Ground Plane Width 95 mm
Radiating Element Length 12.25 mm
Radiatmg Element Width 1225 mm
Substrate Length 24 8 mm
Substrate Width 249 mm

Substrate Thickness 4.5 mm
Substrate Dielectric Constant (Relative 5.5 mm

Permuttivaty) for Ceramic/Porcelam Material

Fipure 5 plot below shows graphic representation of a pin fed voltage source of excitation, The
Top View of the GPS only (L1 frequency. 1.57542 GHz) passive patch antenna on a finite
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square/rectangular orange color ground plane, square purple color substrate with dielectric
constant value of 5.5 mm and a square dark blue color radiating element. Figure 6 depict the Side

View of the GPS only patch anfenna.

Figure 5. GPS Patch antenna operating at 1.57542 GHz (Top View/Cross Section Image)

Fd -Purple Color=Substrate

T
T

Figure fi. GPS Patch antenna operating at 1.57542 GHz (5ide View)
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4.4. Simulated Far Field of Reference GPS only Structure Patch Antenna

n M [

Fikat (s IR (F rocpaaincsy = 1 STSER HE Pty

Ralerence GFS Onky Fatch Antenna Far Flakd 20 Pt

| = Fuifwiae

s 9 81 —

[ 1m 1]

Pt b

2 | - Eanerenes (IS Oy S0 Ay

Figure 7. Patch antennn operatimg at 1.57542 GHz

Using Figure 7, the passive gain is approximately 3.791 dBi of the presented antenna and it can
be determined by taking the difference in gain angle/delta between 30 and 90 degree angles in the

2D plot graphic.

Figure 7 shows the simulated passive gain of the proposed antenna and | selected substrate
material to be Ceramic/Poreelain with dielectric constant/relative permittivity=5.5 mm to model,

design. and simulate the presented GPS (L1) only patch antenna.

4.5, Device Under Test (DUT) GNSS Patch Antenna

Modelling, design, and simulation based on the following design parameters listed in table 3

below.
Table 5. Design Porameters of Device Under Test (DUT) GNSS (GPS/GLOMASS) Structure Patch
Antennm
Parameter Value
Feed Length 0.5 mm
Orperating Frequency 1.502% GHz
Ground Plane Length 9% mm
Ground Plane Width 95 mm
Radiatmg Element Length 1225 mm
Rediating Element Width 12,25 mm
Substrate Length 24.7 mm
Substrate Width 24.7 mm
Substrate Thickness 4.5 mm
Substrate Dielectric Constant ( Relative Parmittivity) 5.5 mm
for Ceramic/Forcelain Material
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Figure % plot shows the Top View of the GNSS (GPS/GLONASS) patch antenna with a

square/rectangular orange color ground plane. square purple color substrate with dielectric
constant value of 5.5 mm and a square dark blue color radiating element. Fig @ depict the Side

View of the GNSS (GPS/GLONASS) patch antenna.

Figure 8. DUT GNSS Patch antenna operating at 1.5925 GHz {Top View/Cross Section Image)

4 -Purple Color=Substrate

Figure & DUT GNSS Patch antenna operating at 1.5925 GHz ( Side View)
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4.6. Simulated Far Field of DUT GNSS Structure Patch Antenna
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Figure 10. Patch antenna passive gain at 1.5925 GHe

In the 2D model plot from figure 10, we can see about (L85 dBi passive gain, by taking the
difference in gain between 30 and 90 degrees.

Figure 10 sinulated the passive gain of the proposed antenna and we selected substrate material
to be Ceramic/Porcelain with dieleciric constant/relative permittivity=3.3 mm to model, design,
and simulate the presented GNSS (GPS/GLONASS) patch antenna.

5. CONCLUSIONS

This paper deseribes the GPS (L1 1.57542 GHz) frequency) patch antenna performance and
compares it to that of GNSS patch antenna with ceramic/porcelain substrate material. These two
antennas can be used in modern automotive applications. The models for each antenna were
developed and then simulated on FEKO. The performance characteristic, such as passive gain in
dBi were found, 3.791 dBi for GPS and (.85 dBi for GNSS delta between 30 and 90 degrees.
The eimulated reculte chow an improved paseive gain for the antenna. Thue, the proposed GNES
will meet the needs of fiture automotive applications in robust way. Furthermore, other
characteristics such as wide band width and efficiency are examined.

6. FUTURE WORK SUGGESTIONS

In fumre work this presented antenna can be modified, further studied and simulated in each of

the following manners:

+ The substrate material tvpe can be changed from ceramic/porcelsin to non-ceramic
version/varian.
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*+  The proposed antenna performance can be further improved by selecting a thick substrate
whose relative permittivity is in the lower/smaller value than the presented dielectric constant
of 5.5 mm.

*  The mechanical dimensions of each antenna can be altered and simulated enhance antenna
major performance parameters, such as Directivity, Impedance, Current and Polarization.

«  The venfication, vahdation and testing of the propesed GPS only patch and GNSS patch
antenna component can also be conducted at the system vehicle level, where each of the
presented antenna can be installed and mounted on an optimal vehicle roof location area prior
to the start of the testing and antenna performance parameters experimental measurement can
be ascertained.

*+  The testing. assessment and evaluation of the presented GPS only (L1 157542 MHz
frequency) and GNSS (GPS/GLONASS) patch antenna can be cartied out in anechoic
chamber and'or indoor antenna range. in order to measure the basic antenna performance
parameters and/or characteristics, such as radiation pattern, radiation efficiency, directivity.
impedance, polarization and current draw,
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APPENDIX D

ANTENNA DESIGN MODEL CREATION AND FLOWCHART BLOCK DIAGRAM

REPRESENTATION
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Main process highlighted in antenna (Classic, embedded, smart) design in FEKO space is

illustrated in Figure D.1.
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FEKO Antenna Model Creation and Results Post Processing

Workflow
i) 7 : :
Create antenna Insert source of i ) )
geometry per excitation to power Speu-fy and requ.est
requirements in up antenna solution calculation

CADFEKO )| (ie. Voltage source) (i.e. Far Fields)

N, o 3 ‘/’ \
Launch POSTFEKO to Run antenna model
view the results via Mesh antenna model
FEKO solver
/ .33 ) q y

Figure D.1: FEKO antenna model creation and results workflow



The basic workflow and/or main steps involved in antenna design, simulation and
analysis in general is shown in Figure D.2.

Flowchart of an Antenna Design in General

o)
Begin
\\\ _//
1
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b ‘ Mechanical
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a— 2
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[Test and measurement of | L Microstrip..) )
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\ J ———_specifications  resimulate

Figure D.2: Flowchart of antenna design process in general
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APPENDIX E

BLOCK DIAGRAM REPRESENTATION OF AUTOMOTIVE ANTENNAS

ELECTRICAL INTERNCONNECTION TOPOLOGY
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Block diagram representation of GPS, SDAR and SirusXM antenna component,
automotive radio setup and RF signal propagation path is illustrated below in each of the

following, Figure E.1, E.2, and E.3.

GPS L1: 1.57542 +/- 1.023 [MHz]

GPS Antenna
/" ||RF
y

BP Filter Radio HU

Figure E.1: GPS antenna and automotive radio electrical interconnection

SDAR

SDAR Antenna

/RF

¥

" Filter (BPF) LNA Radio HU

Figure E.2: SDAR antenna and automotive radio electrical interconnection



SDAR, SirusXM: 2320 (Low band) -2325.55 (Mid band)-2345 (High band XM) [MHz]

SirusXM Antenna

RF
y Radio HU

y

i Filter (BPF) > LNA DC Block

Figure E.3: SDAR and SirusXM antenna and automotive radio electrical interconnection
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APPENDIX F

CONFIGURATION OF TRANSMITTER AND RECEIVER ANTENNA ASSEMBLY

SYSTEM ARCHITECTURES
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Block diagram representation of transmitter and receiver architecture is depicted in Figure
F.1 and F.2.

Transmitter

Signal Source Current | P

— = "4 ' Propagating
- / _J_Electromagnetic
| A/ ;l Transmitting Antenna *——  Wave into Free-
\_ H

~— ..,..\__. ~— Space

-

TL=Transmission Line

Figure F.1: Transmitter and antenna assembly block diagram
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: ¥ a
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Load Recei Detect 1E «_ Incident
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¢ ]
Current |

Figure F.2: Receiver, antenna assembly and load block diagram
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