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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. 
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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 



vii 
 

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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1. Automotive patch antenna component and OEM vehicle level system 

requirements specification  

2. 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 

Ψ -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 

GNSS (GPS and GLONASS) 
 Patch Antenna 

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 
communication systems, and internet of space) 
 
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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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 
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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 l= 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. 
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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 
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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 
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GPS Passive Patch Antenna 

 Flat Position (0 degrees) 

 
Figure 1.3: GPS patch antenna set up position flat view 
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 Elevate (45 degrees) 

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

 

 Elevate (90 degrees) 

 
Figure 1.5: GPS patch antenna set up position 90 degrees view 
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 Elevate (180 degrees) 

 
Figure 1.6: GPS patch antenna set up position 180 degrees view 

 
 
 



 

Table 1.3 GPS passive patch antenna receive power preliminary measurements data matrix results 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Received Signal Power [dBm] at Various Antenna Position 

Receiver 
Antenna 

Transmit 
RF Signal 
Amplitude 
[mv] 

Center 
Frequency 
[MHz] 

Spacing 
Distance 
between 
Transmit 
and 
Received 
Antenna 
[cm] 

Flat 
(0 degrees) 

Elevate 
(45 
degrees) 

Perpendicular  
(90 degrees) 

Rotate/Flip  
(180 degrees) 

GPS 
Passive 
Patch 

1 

1575.4 100 

-76 -73 -75 -77 

10 -72 -74 -71 -75 

20 -70 -71 -75 -76 

30 -68 -71 -69 -73 
40 -62 -67 -68 -72 
50 -60 -66 -59 -64 
60 -59 -65 -55 -63 
70 -57 -65 -55 -64 
80 -59 -64 -58 -60 
90 -60 -63 -58 -61 

100 -58 -60 -54 -58 

11
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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] 
 

 

 

 

 
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 (λ) 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. Background 

2. Applicability and Advantages of GNSS (GPS and GLONASS) Patch Antenna  

3. Antenna Experimental Measurements 

4. GPS Passive Antenna Test and Measurements  

5. Question-Problem Statement 

6. Dissertation Architecture Overview and Engineering Tools 

7. GNSS (GPS and GLONASS) Satellite Constellation 

8. Antenna and Their Types 

9. Antenna Definition 

10. Antenna Types 

11. Basic Antenna Characteristics, Analysis Planes & Radiation Zones 

12. Basic Antenna Characteristics 

13. Antenna Analysis Plane 

14. Antenna Radiation Zones 

15. Antenna Experimental Measurements 
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16. Transmitter Site Instrumentations 

17. Receiver Site Equipment 

18. Block Diagram Representation of Transmit and Receive Site of Basic Parameter of 

Antenna Measurements 

19. Basic Performance Parameters of Antenna Measurements 

20. GPS Passive Patch Antenna Received Signal Power Experimental Measurements 

Results 

21. Patch Antenna Geometry and Design Equations 

22. GNSS Patch Antenna Research Focus 

23. Model of Design of Experiments Method in General 

24. P-Transform, Objective Function 2D Plot 

Chapter 2 demonstrates: 

1. FEKO Model Creation of the GNSS Patch Antenna 

2. GNSS Patch Antenna Design Parameters 

3. Meshing and Simulation Parameters within FEKO 

4. GNSS Patch Antenna 3D Model within FEKO 

5. FEKO Simulated Far Field of GNSS Patch Antenna 

Chapter 3 presents the: 

1. Design of Experiments Advantages 

2. Design of Experiments Mathematical Model Equation 

Chapter 4 is devoted to: 

1. P-Transform Analysis Details 

2. 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 of 20,180 

[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 (𝜀𝑟), relative permeability ( 𝜇𝑟), and conductivity (Ʊ). 

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.  

 

 

 

 

 
 

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 1.10: GPS constellation satellites [52] 
 
 

 
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.  
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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. 

 
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: 

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

1.16 Receiver Site Equipment 
 
1. An Antenna Under Test (AUT)/Receiving Antenna 

2. A computer that is preloaded with an antenna measurement software 

3. A vector network analyzer or spectrum analyzer (calibrated) 

4. A Positioner mechanism along with its control units 

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

smaller) 

6. Power supply 

7. Bias-Tee 

8. 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. 

 

 

 
Figure 1.19: Shows a Pictorial Representation of Transmit and Receive site at Oakland 

University small RF laboratory space 
. 
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1.17 Block Diagram Representation of Transmit and Receive Site of Basic Parameters of 
Antenna Measurements 

 
 

 
 
 

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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Figure1.20 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 

 
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 

 

 
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] 
 
 
 
 

 
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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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. 

 

 

 
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 = ℇr), the Resonant Frequency (𝑓𝑟), and the Substrate 

Height (h).  

Equation (1) Determine the Patch Width W: 

𝑃𝑎𝑡𝑐ℎ 𝑊𝑖𝑑𝑡ℎ = 𝑊 =
𝑉0ඥ2/(ℇr + 1)

2𝑓𝑟
 (𝑐𝑚 𝑜𝑟 𝑖𝑛𝑐ℎ𝑒𝑠)   [1] 

𝑊ℎ𝑒𝑟𝑒 𝑉0 = 𝑇ℎ𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 𝑖𝑛 𝑓𝑟𝑒𝑒 − 𝑠𝑝𝑎𝑐𝑒 (𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑣𝑎𝑙𝑢𝑒) 

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

material 

 

Equation (2) Determine the Patch Length L: 

𝑃𝑎𝑡𝑐ℎ 𝐿𝑒𝑛𝑔𝑡ℎ = 𝐿 =
1

2𝑓𝑟ඥℇreff)ඥμ0ℇ0)
− 2∆𝐿   (𝑐𝑚 𝑜𝑟 𝑖𝑛𝑐ℎ𝑒𝑠)   [1] 

𝑊ℎ𝑒𝑟𝑒 ∆𝐿 = 𝑇ℎ𝑒 𝑒𝑥𝑡𝑒𝑛𝑑𝑒𝑑 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑃𝑎𝑡𝑐ℎ

= (ℎ)(0.412)
(ℇreff + 0.3)(

W
ℎ

+ 0.264)

(ℇreff − 0.258)(
W
ℎ

+ 0.8)
 

ℇreff = The effective dielectric constant =
ℇr + 1

2
+

ℇr − 1

2
 ൬1 + 12 

ℎ

𝑊
൰

ିଵ
ଶൗ

 

 

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

𝑊 = 𝑇ℎ𝑒 𝑃𝑎𝑡𝑐ℎ 𝑊𝑖𝑑𝑡ℎ 

ℇr = The Dielectric Constant of the Substrate Material and/or Relative Permittivity of 

material 

μ0 = The Permeability of free space = 4𝜋10ି଻ [
ℎ𝑒𝑛𝑟𝑦

𝑚𝑒𝑡𝑟𝑒
] 

ℇ0 = The Permittivity of free space = (8.854)(10ିଵଶ)  [
𝑓𝑎𝑟𝑎𝑑𝑠

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. 



 
 

 

33 

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 

βi = The coefficient proportional to the main effect, where the main effect represents the 

degree of a parameter individual influence on an output response variable, 

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

To be direct, βi and βij are the unknown coefficients proportional to the main effect. 

Here we are looking at the 2^k 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 2^7 = 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.  
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Figure 1.26: Design of Experiments input, design problem and output response model 
 

 

 

 
Figure 1.27: Type 1 – Continuous objective function rectangular graph [6] 
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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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3. Third, a “Rectangular” [4] ground plane surface geometry, with its corresponding 

media type selected to be a Metallic, was created 

4. 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  

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

6. Then, we created the feed pin by using the “Line” [4] curve function to excite or 

energize the GNSS patch antenna 

7. 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 

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

tab 

9. We used the “Union” [4] function to group each component or elements of the overall 

GNSS patch antenna geometry together 

10. Then, we set the operation and/or simulation frequency 

11. 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] 

12. 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 

13.  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 −64 + 2.0𝑒ିଷ [mm] 
Dielectric Substrate Width −76 + 2.0𝑒ିଷ [mm] 
Substrate Thickness 4.0 [mm] 
Substrate dielectric constant 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 

Porcelain Material 

2.0𝑒ିଵସ [mm] 
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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 “CADFEKO” [4] space. Figure 2.2 Depicts our GNSS 

patch antenna model in the “CADFEKO” [4] space.  Figure 2.3 Depicts our GNSS patch 

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

 

 

 

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) 

 

 

 

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. 

 

 

 
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. 

  (5) 

2^k factorial design mathematical model equation. 

where 

βi = The main effect 

βij = 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.



 

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, f 

(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) = 0 at D/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 μi in Equation (5) below. 

න 𝐷𝑖. . . න 𝐻(𝑥)𝑑𝑥𝑖. . . 𝑑𝑥𝑛 = 𝜇𝑖   (5) 
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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 ε > 0, as r → ∞, the ratio s(r)/r can mimic the measure μi of the Di set.  

lim Pr (  
ௌ(௥)

௥
 − Pi ) > ε = 0  (6) 

γ→∞ 

μi = s(r)/r 

Once we have the μi ’s we can estimate the quadratic function R(t) as shown in Equation 

(7) below. 

R(t) = ao𝑡ଶ + a1𝑡 + a2 (7) 

where ao, a1, and a2 are the roots of quadratic equation (7) and it can be found by utilizing 

the least squares approach with the following assumptions: 

  (8) 

  (9) 

4.2 P-Transform Algorithm Implementation Steps [6] 

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

1. Generate N random vectors  xn 
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2. Check the constraints for each xi 

3. Evaluate the function f(xn) for all xi ’s that satisfy the constraints 

4. Let t1= (min f(x) + max f(x))/2 

5. Calculate μi as defined in Equation (6) 

6. Repeat step 5 for each tiwhere ti+1 = ti + Δt 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 ao < 0, then the global maximum F (x *) = max (𝑅1, 𝑅2), where 𝑅1, 𝑅2 are 

the roots of R(t) 

b. if ao > 0 then F (x *) = min (Real (𝑅1, 𝑅2)) 

9. Repeat the algorithm until ΔF (x *) << ε 

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 Technique 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)  

[50] 
where: 
 

m = Number of neuron or number of basis function 
 
μj = Center vector for neuron j 
 
w j = Weight of neuron j 
 
phi = Neuron/basis function 
 
σj = 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 
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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]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

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  

2. 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 

3. 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 

4. 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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Figure 5.1: Antenna range measurement system block diagram 
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APPENDIX A 
 

IMAGE REPRESENTATION OF WIDE AREA AUGMENTATION SYSTEM 
 
 
 
 
 
 
 

  



 
 

 

56 

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. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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

LIST OF PUBLISHED JOURNAL AND REFEREED CONFERENCE 
PAPERS 
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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-I-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 
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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]” 
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C-I-2 Refereed Journal Papers 

 

 

 

 

 

“Evaluation of (GPS/GLONASS) Patch Versus RF GPS (L1) Patch Antenna 

Performance Parameter” 
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C-I-1 Refereed Conference Papers 

 

 

“GNSS Patch Antenna Design Parameter Optimization using FEKO, Design 

of Experiments & P-Transform Technique” 
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C-I-2 Refereed Conference Papers 

 

 

“Comparison of GNSS Patch Versus GPS L1 Patch Antenna Performance 

Characteristic” 
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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. 

 



 

 
Figure D.1: FEKO antenna model creation and results workflow 
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The basic workflow and/or main steps involved in antenna design, simulation and 

analysis in general is shown in Figure D.2. 
 
 

 

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 

 



 

 
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. 

 

 

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

 
 
 
 

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

 
 
 



 

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

Figure F.1: Transmitter and antenna assembly block diagram 
 
 
 
 

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