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ABSTRACT 

 

In this thesis, a steerable antenna system which is able to maintain high connectivity 

through beamforming towards the strongest base station signal is presented. Main 

objective of the thesis is to design an antenna system for vehicles operating in poor 

coverage region or even in no coverage region, in order to enable these vehicles to make 

a reliable communication link with far away base stations. To achieve this high 

performance antenna system, several antenna designs were considered and evaluated for 

their performance. This thesis provides an overview of different antenna designs 

considered and their pros and cons. Among these designs, the concept of stacked patch 

antenna was selected for prototype manufacturing because of its good performance in 

terms of bandwidth, efficiency, gain, impedance matching and ease of fabrication 

because of its simple structure. Stacked patch antenna was optimized for lower GSM 

band covering frequencies from 824 MHz to 960 MHz by using electromagnetic 

simulation software CST Microwave Studio. 

Finally the stacked patch antenna was fabricated and measurements were performed. 

The results for both the prototype measurement and simulations are presented and 

compared. From the comparison, it is concluded that the manufactured antenna element 

prototype gives high performance as promised by simulation results and is suitable for 

the adaptive vehicular antenna system.  

 

Keywords: steerable antenna system, vehicle antenna, stacked patch antenna. 
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LIST OF ABBREVATIONS AND SYMBOLS 

 

BW bandwidth 

CP circular polarization 

EM electromagnetic 

EP elliptical polarization 

FNBW first null beamwidth 

GSM global system for mobile communications 

HPBW half power beamwidth 

HP horizontal polarization 

LP linear polarization 

LHCP left hand circular polarization 

PCB printed circuit board 

RHCP right hand circular polarization 

RF radio frequency 

UHF ultra-high frequency 

VHF very high frequency 

VP vertical polarization 

 

c  speed of light 3x108 m/s 

D directivity 

E  electric field of antenna 

e  total efficiency of antenna 

𝑒𝑟𝑒𝑓 reflection efficiency  

𝑒𝑟𝑎𝑑 radiation efficiency 

fr  resonance frequency 

FU upper frequency 

FL lower frequency 

FC center frequency 

G gain 

𝐺𝑅𝑋 gain of receiving antenna 

𝐺𝑇𝑋 gain of transmitting antenna 

H magnetic field of antenna 

hb height of base station 

L  length of radiating patch 

LdB path loss in dB 

PIN power accepted by the antenna 

𝑃𝑅 power received 

𝑃𝑇 power transmitted  

Prad radiated power 

RL return loss 
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RA real part of impedance of antenna 

RL internal loss resistance of antenna 

Rr radiation resistance of antenna 

S11 scattering parameter 

U radiation intensity 

W width of radiating patch 

XA reactance of antenna 

ZA impedance of antenna 

Zo characteristic impedance of transmission line 

 

𝜀𝑟 relative permittivity 

𝜀𝑒𝑓𝑓  effective dielectric constant 

λo free space wavelength 

𝛤  reflection coefficient 

𝜃  elevation plane angle 

∅  azimuth plane angle 

⊝1𝑟 half power beamwidth in one plane 

Ω𝐴 beam solid angle 
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1. INTRODUCTION 

 

1.1 Introduction 

 

With the advance of technology, communication is becoming an important need of our 

daily life. People communicate using cellular communication while the service 

providers try to provide coverage to more and more area depending on the subscriber 

densities. Within a cell, the more you are away from the base station, the weaker is your 

signal strength resulting in poor connection. With poor connection you fall in area of 

less coverage or even no coverage. Often these poor coverage areas are those where no 

subscribers or small number of users are located. Vehicles, like forest vehicles operating 

in these poor coverage areas are not connected to the network because of the weak 

signal strength. So an attempt has been made to design directional and adaptive antenna 

system that is capable of providing a reliable communication to the vehicles in poor 

coverage region of the network. 

The existing technology for communicating from the poor coverage area or even no 

coverage area is by using satellite communication (Iridium). Satellite communication 

allows a user to connect to a network from anywhere in the world using satellite 

connection. One daily life example of satellite communication is TV signals. Despite of 

the advantages like vast coverage (theoretically) of satellite communication it has some 

disadvantages which are its costly service, costly devices, more propagation delays 

compared to terrestrial communication and low stable throughput compared to 

terrestrial communication [1]. 

 

 

1.2 Scope of thesis 

 

This thesis work presents an adaptive antenna technique of how to connect vehicles 

which are in poor coverage region or outside network coverage, to the base station. The 

vehicle antennas in Global System for Mobile Communications (GSM) lower frequency 

bands are typically omnidirectional antennas with a gain of roughly 2 dB. These 

vehicles operating in poor coverage regions with these low gain antennas are unable to 

establish a communication link with far away base station because of weak signal 

strength. An increase in gain of the antenna can result in reduction of path losses 

between transmitter and receiver, which result in an increase in received signal power, 

as presented in the figure below. Calculation of path loss are done using Okumura-Hata 

model [2]. Formulas for path loss and received power calculation are presented in 

Appendix 1. 

The operating frequency used in calculation is 900 MHz and height of base station 

antenna is taken as 50 meters. Following figure shows the received power level vs 

distance for different receiver antenna gain. It can be seen that with an increase in 

antenna gain, the path loss reduces which results in an increased signal strength at the 

receiver. With this increased signal strength the receiver (vehicles) in poor coverage 

area can more often establish a communication link with base station. Typical mobile 
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station receiver sensitivity level in GSM 900 is -104 dBm [3]. The two markers in 

Figure 1 show the distance between transmitter and receiver where received signal level 

is -104 dBm for different receiver antenna gain. 

 

 

Figure 1. Received power level vs distance for different antenna gain values. 

 

From the above figure, it can be seen that by increasing the receive antenna gain the 

range over which a communication link can be established is increased. Increasing the 

receiver antenna gain from 2 dB to 8 dB, the range of communication link is extended 

by 13 kilometers. 

 

 

1.3 Outline of thesis 

 

This thesis work consists of five chapters. Chapter 1 gives an introduction about the 

topic of the thesis. Chapter 2 presents an overview of different antenna parameters. 

Basic parameters which are important to be considered in the design of antenna are 

presented in detail in this chapter. Chapter 3 presents the analysis and design of 

different antenna structures and their performance. Based on their performance they are 

evaluated and best among the studied designs is decided. Chapter 4 contains the design 

of stacked patch antenna and its performance. The measurements of the prototype 

(stacked patch antenna) are also presented in chapter 4 and compared with its simulation 

results. The final chapter draws some conclusion related to the thesis and presents a 

direction to the future work. 
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2 OVERVIEW OF FUNDAMENTAL ANTENNA PARAMETERS 

 

2.1 Introduction 

 

Antenna is a device which is capable of transmitting and receiving radio waves. An 

antenna can be as transmitting antenna or receiving antenna depending on its role in the 

communication system. In transmitting mode, antenna transmits a signal (which it 

receives from radio transmitter via transmission line) in the form of electromagnetic 

(EM) wave. In receiving mode, antenna receives an electromagnetic wave from free 

space and sends it to the radio receiver via transmission line. It is required that the 

antenna impedance must be matched with the characteristic impedance of the 

transmission line. In this way, the total power available from the source (radio 

transmitter) is accepted by the antenna. If there is an impedance mismatch, reflection 

occurs which results in standing waves in transmission line. The same applies to 

antenna in receiving mode. Antennas can radiate and receive in a frequency band for 

which it is designed and will reject signal of other frequencies, which makes them 

frequency dependent devices. 

 

 

2.2 Antenna parameters 

 

Some of the important parameters related to antenna need to be considered for 

designing the antenna. These parameters define the performance of the antenna. 

Theoretical background presented in this section can be found from the textbook by 

Balanis [4]. 

 

 

2.2.1 Radiation pattern 

 

Radiation pattern of an antenna is a graphical representation of the variation of 

electromagnetic power radiated by antenna in space, observed in far field region of 

antenna. It actually represents the field strength, radiation intensity, power flux density, 

directivity, or polarization of the field radiated by the antenna [4]. Radiation pattern 

helps to visualize how and to which direction antenna radiates or receives the power. 

Radiation pattern of an antenna is a 3D pattern with two important principal plane 

patterns i.e. azimuth plane pattern and elevation plane pattern. Figure 2 shows an 

antenna which is oriented along z-axis. From the figure, when 𝜃 = 90 degree we are in 

x-y plane which is azimuth plane for the antenna. The elevation plane is at 90 degree to 

azimuth plane. At Ø = 90 degree we are in elevation plane, y-z plane in this case [5]. 

Here we define antenna pattern as field pattern which is normalized field strength 

(electric field |E| or magnetic field |H|) at a constant radius. 
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Figure 2. Graphical representation of azimuth and elevation plane of antenna. 

 

Based on radiation pattern of an antenna we have the definition of isotropic, directional 

and omnidirectional antennas. An isotropic antenna is one with no losses and having the 

same radiation intensity in all directions. This is hypothetical antenna, used as reference 

for defining directionality of real antenna designs. [4] 

Directional antennas are those which favors a particular direction for radiation and 

reception. These antennas have main lobe in direction of maximum radiation and some 

minor lobes in other directions [5]. The radiated energy by the directional antennas 

remains the same, and due to regions of minimal radiations in the pattern we have more 

energy radiated in particular directions which results in more gain in those directions. 

An antenna is said to be directional antenna if its maximum directivity is greater than 

the directivity of half wave dipole antenna [4]. 

Omnidirectional antenna is a special case of directional antenna. Radiation pattern of 

these antennas are directional in one plane and nondirectional in another plane which is 

orthogonal to the first plane. [4] 

 

       

Figure 3. Polar plot of omnidirectional and directional radiation pattern. 
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Radiation Pattern has following Parameters, which are also shown in Figure 4 

 

a) Radiation Lobe is a section of radiation pattern which is surrounded by weak 

radiation intensity regions. 

b) Main Lobe (Major lobe, main beam) is a radiation lobe which has maximum 

radiation intensity. 

c) Minor Lobe are the radiation lobes in undesired directions i.e. all radiation lobes 

except main lobe.  

d) Side lobes are maximum minor lobes in radiation pattern. 

e) Back Lobe is a minor lobe which is opposite (at 180º) to the main lobe. 

f) Half-Power Beamwidth (HPBW) is the angular separation between half-power 

points on main beam of radiation pattern. 

g) First Null Beamwidth (FNBW) is an angular separation between the first nulls on 

either side of the main beam of radiation pattern. 

 

 
Figure 4: Antenna radiation pattern. 

 

 

2.2.2 Beamwidth 

 

Beamwidth of an antenna radiation pattern is the amount of angle between the two 

identical points on the opposite side of the main beam. Typically we have two kinds of 

beamwidths in radiation pattern. 

Half-Power Beamwidth (HPBW) Two points on opposite side of main beam 

representing half power level, the angle between these two points represents half power 

beamwidth (HPBW). Half power levels in decibels are expressed as -3dB, so that is 

why half power beamwidth is also referred to as 3-dB beamwidth. Both horizontal and 

vertical beamwidths are usually considered. [6] 
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First-Null Beamwidth (FNBW) This is the angular separation between the first nulls of 

main beam of the radiation pattern [4]. The ability of an antenna to differentiate 

between signals from different sources is also define by the parameter beamwidth. 

There is a resolution criterion presented in [4], [7], [8] which states that, the capability 

of an antenna to resolve or to differentiate between two sources is equal to one half of 

the first null beamwidth (FNBW/2), and is approximated as half power beamwidth 

(HPBW). If two sources have angular separation ≥ FNBW/2 = HPBW of an antenna 

then these two sources can be differentiated. [4] 

 

 

2.2.3 Directivity and Gain 

 

Directivity is defined as the ratio of radiation intensity in any particular direction 

(usually direction of maximum radiation intensity) to the average radiation intensity as 

if the antenna radiates in all directions [4], [6]. 

 

 
𝐷 =  

𝑈

𝑈𝑜
=  

4𝜋𝑈

𝑃𝑟𝑎𝑑
 

(2.1) 

 

If information about direction is not specified then the direction of maximum radiation 

intensity is taken (max directivity) 

 

 
𝐷𝑚𝑎𝑥 =  

𝑈𝑚𝑎𝑥

𝑈𝑜
     (𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠) 

(2.2) 

 

D = directivity 

U = radiation intensity 

UO = radiation intensity of an isotropic source 

Prad = radiated power 

Dmax = max directivity 

Umax = max radiation intensity 

  

Antenna which have one major lobe and rest minor lobes (negligible), then directivity 

can be calculated by multiplying HPBW in one plane with HPBW in another 

perpendicular plane. 

 

 
𝐷𝑜 =  

4𝜋

⊝1𝑟⊝2𝑟
=  

4𝜋

Ω𝐴
 

(2.3) 

 

⊝1𝑟 = HPBW in one plane (in radians) 

⊝2𝑟 = HPBW in another plane perpendicular to first plane (in radians) 

Ω𝐴  = Beam solid angle  
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Gain of antenna is the ratio of radiation intensity of an antenna in a particular direction, 

at some constant distance from radiating source, to the radiation intensity of an isotropic 

antenna at same distance, provided that input power for both antennas is the same. Gain 

is another important parameter which is related to the directionality and efficiency of 

antenna, compared to directivity which only takes into account the directionality of 

antenna. Antennas with higher gain tends to be more directional while those with low 

gains, radiates almost in all directions with same power. [6] 

Gain and total efficiency of antenna are related as [7] 

 

 𝐺 = 𝑒𝐷     (𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠) (2.4) 

 

Where 𝑒 is the total efficiency of antenna and is dimensionless. The drop in the 

efficiency is due to the resistive losses inside the antenna, dielectric losses inside the 

antenna and also the mismatch losses at the antenna input terminal. Out of all power 

from the source, some of the power is reflected back in transmission line due to 

impedance mismatch, while some of the power is not radiated but is dissipated in 

antenna which results in heating of the antenna structure [7]. 

 

 

2.2.4 Antenna operating bandwidth 

 

Antenna bandwidth shows the range of frequencies in which antenna operates according 

to the design specification for which it is designed and can transmit and receive energy 

accordingly. Antenna can be broadband antenna (having wider bandwidth) or 

narrowband (having narrow bandwidth). For broadband antenna, bandwidth is 

represented in the form of ratio for example, a 20:1 bandwidth shows that upper 

frequency (FU) is 20 times more than lower frequency (FL), while for narrowband 

antenna, bandwidth is represented in terms of percentage ((FU -  FL) / (Fc))*100. [4] 

Bandwidth of an antenna is calculated from S-parameter curve of the antenna. S-

parameter (S11 in dB) represents the amount of power which is reflected back from the 

antenna input port due to impedance mismatch. If according to the requirement, 

bandwidth is the range of frequencies where S11 is less than -10 dB then from the 

following figure bandwidth of this antenna is 200 MHz with the lower frequency 0.8 

GHz and upper frequency 1 GHz. 
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Figure 5. S11 curve vs Frequency of antenna. 

 

 

2.2.5 Antenna input impedance 

 

Antenna input impedance is the impedance offered by antenna at its input port. 

Consider the following Figure 6 which shows a source and antenna connected via RF 

transmission line of length L. The input port of the antenna is labeled as ‘cd’. 

Impedance at this point is antenna input impedance (represented by ZIN). Many aspects 

of antenna contributes to defining its input impedance like physical dimensions of 

antenna, feeding arrangement, operating frequency, operating environment [4], [9]. 

 

 

Figure 6. RF transmission line connecting source to antenna. 
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Antenna impedance is a complex number and is given by ZA = RA + jXA. Real part of the 

impedance include radiation resistance (Rr) and internal loss resistance (RL) of the 

antenna. Power that enters into antenna, small portion of it is dissipated in RL which 

results in heating of antenna while rest of power is radiated via Rr. The XA represents the 

antenna reactance at the input terminal and this reactance approaches 0 at resonance 

frequency. 

 

 

2.2.6 Impedance matching 

 

The signal from the source is conveyed to antenna via RF transmission line, having 

some pre-defined impedance Zo as shown in Figure 6. If there is mismatch between the 

two impedances Zo and ZIN, then reflection of signal occurs at input port of the antenna. 

Due to reflection, not all power from source is delivered to antenna to be radiated and 

reflection results in standing waves in RF transmission line. 

Reflection coefficient is defined by 

 

 
𝛤 =  

 𝑍𝐼𝑁 −   Zo

𝑍𝐼𝑁  +  Zo
 

(2.5) 

 

And Return loss in dB is  

 

 𝑅𝐿 =  −20𝑙𝑜𝑔|𝛤|  (2.6) 

 

S-parameter (S11) take negative values in dB scale as shown in Figure 5. More negative 

value of S11 indicates better matching. With increase in mismatch losses, S11 approaches 

towards 0 dB. At S11 = 0 dB, no power is delivered to antenna. 

In case of mismatch, matching can be performed by either adjusting dimensions of 

antenna or by using matching circuits which uses lumped components (L or C) or TX 

lines. [9] 

 

 

2.2.7 Antenna efficiency 

 

Total antenna efficiency shows how much of the power available from the source is 

actually been radiated by the antenna, taking into account all losses inside antenna and 

also mismatch losses at the antenna input terminal. 

Total antenna efficiency is the product of all efficiencies in an antenna. It takes into 

account the resistive losses and dielectric losses inside the antenna and also the 

mismatch losses at the antenna input terminal which results in reflection. If only the 

losses inside the antenna are considered for efficiency calculation, then this gives 

radiation efficiency. It does not consider mismatch losses, it only includes conduction 

losses and dielectric losses. 
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𝑒𝑟𝑎𝑑 =  

𝑃𝑟

𝑃𝑖𝑛
=  

𝑅𝑟

𝑅𝑖𝑛
=  

𝑅𝑟

𝑅𝑟 + 𝑅𝐿
 

(2.7) 

 

 

𝑃𝑟𝑎𝑑 = Radiated Power 

𝑃𝑖𝑛  = Power accepted by the antenna 

𝑅𝑟 = Radiation Resistance of antenna 

𝑅𝐿 = Internal Resistance of antenna 

 

The reflection efficiency of antenna is calculated from following equation. 

 

 𝑒𝑟𝑒𝑓 = (1 − |𝛤|2)  

 

(2.8) 

And the total efficiency is given by  

 

 𝑒 = 𝑒𝑟𝑎𝑑𝑒𝑟𝑒𝑓 (2.9) 

 

 

2.2.8 Polarization 

 

Polarization of antenna according to Balanis in [4] is "the polarization of the radiated 

wave by the antenna." The wave radiated by antenna is actually electromagnetic wave. 

Polarization of the EM wave can be defined from the traces made by instantaneous 

electric field vector of radiated wave while propagating, observed from some fixed 

point in space and this observation is made along the direction of propagation of the 

wave. Polarization of antenna is the orientation of radiated wave’s electric field vector 

and it depends on geometry (shape) and arrangement (position) of the radiating element 

itself [6]. 

There are three different classes of Polarization which are Linear, Circular and 

Elliptical. 

Linear Polarization: In case of linear polarization, the electric field (or magnetic field) 

vector of the radiated wave oscillates along a straight line at any given instant of time. 

Linear polarization can be either horizontal polarization (HP) or vertical polarization 

(VP) depending on the orientation of the radiating element [6]. In case of horizontal 

polarization, the traces of electric field follows a horizontal line (parallel to the earth’s 

surface) while in vertical polarization the electric field oscillates along a vertical line 

(perpendicular to the earth’s surface). 

Circular Polarization: In circular polarization, the electric field (or magnetic field) 

vector of radiated wave oscillates in form of circle at any given instant of time. Circular 

polarization occurs when the electric field vector components are orthogonal, equal in 

magnitude but out of phase by 90 degrees. Circular polarized antennas can be either 

right hand circular polarized (RHCP) or left hand circular polarized (LHCP). If the 

rotation of the electric field vector is in clockwise direction, in the direction of 



18 
 

propagation then wave radiated is RHCP and if rotation is in anticlockwise direction, in 

the direction of propagation then the wave radiated is LHCP. [4] 

Elliptical Polarization: In elliptical polarization, the electric field (or magnetic field) 

vector of radiated wave oscillates in form of ellipse at any given instant of time. 

Elliptical polarization occurs when  

a) Components of electric field vector are equal in magnitude and phase difference 

between components is not  
𝑛𝜋

2
  (𝑛 = 1, 3, 5…). 

b) When components of electric field vector are not equal in magnitude and phase 

shift is not 𝑛𝜋  (𝑛 = 0, 1, 2, 3...). 

If the rotation of the electric field vector is in clockwise direction, in the direction of 

propagation then right hand elliptical polarization occurs and if rotation is in 

anticlockwise direction, in the direction of propagation, then left hand elliptical 

polarization occurs. [4] 

We have more effective scenario for communication if both the transmitting and 

receiving antenna have same polarization and less effective scenario if antennas have 

opposite polarization.  

 

 

2.3 Adaptive antenna system 

 

In early stages of wireless technology, antennas used were omnidirectional, typically a 

monopole or dipole, which radiate in all directions in azimuth plane. Then concept of 

directional antenna was introduced, which have radiation beams in some specific 

direction and have reasonably good amount of gain with restricted azimuth plane 

coverage, but more geographical coverage range compared to omnidirectional antennas 

[12]. Directional antenna have better multipath discrimination compared to 

omnidirectional antenna [13]. These directional antennas can be used to make an 

adaptive antenna system. 

An adaptive antenna system is one which can adapt to the environment. It can change its 

radiation pattern based on the operating environment. Adaptive antenna system can 

transmit and receive radio waves in particular direction. In transmitting mode, it can 

direct its transmitted radio waves to some specified direction, while in receiving mode it 

can steer its beam towards the transmitter. A lot of work has been done which focus on 

steering beam intelligently. One method discussed in [13], [14], [15], [16] which is 

mechanical beam steering. Using a single antenna element or an array of antenna 

elements and mechanically steering the beam, by steering entire antenna structure using 

stepper motor. Advantage of mechanical steering is that the gain does not change much, 

it gives constant gain in the beam in any directions by adjusting the rotation of antenna 

elements accordingly [16]. Mechanically steering requires physically steering the 

antenna system, so it makes the system bulky, costly, steering speed is a problem, have 

high power requirements and require regular maintenance. 

The alternative for mechanical steering is electronic beam. A common method of 

electronic beam steering is by using phased array. The elements of the antenna array are 

excited by the signal having different phase for each antenna element which result in 

constructive and destructive interference causing beam steering. The beam is steered to 

the required direction by selecting an appropriate phase shifts for each individual 
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element of the array. Another option for electronic beam steering is switched parasitic 

smart antenna. In an array of antenna, some elements are excited (active) while some 

are left unexcited (parasitic). Different combination of active and parasitic elements 

result in different radiation pattern and one can get the desired radiation from any 

combination [17]. The parasitic elements around the active elements produce beams in 

required direction, increase bandwidth of antenna and increase gain [18]. In phased 

array the gain decreases when the beam is rotating away from the broadside of antenna 

[16]. The phased array requires power dividers, sometimes gain control and phase 

shifters which add insertion loss and also these arrays are complex and costly. 

For an antenna system having more than one element (but not in an array), beam 

steering is possible via switch diversity. At any given time, at least one or more than 

one antenna element might be in suitable position for transmission and reception, so 

steering the beam by switching one antenna element of the system at a time 

independently and leaving rest unexcited. The system checks for the suitable antenna by 

switching between different antennas continuously so as to select antenna element with 

high signal power. [12] 

 

 

2.4 Cable loss (Insertion loss) 

 

The signal between transceiver and antenna is conveyed through transmission line. 

Coaxial cable is a transmission line which consist of an inner conductor (made of 

copper or silver) covered by insulator (made of Teflon or polyethylene) with some 

dielectric constant, and then surrounded by outer conductor (made of braided copper) 

and all these enclosed in an outer insulator jacket [10]. Coaxial cables have some losses 

i.e. it absorbs energy from the signal which passes through it and these losses are known 

as cable loss or insertion loss. This loss is measured in dB scale. The insertion loss also 

include losses due to connectors if there is any. Different cables have different losses 

depending on its length, diameter and operating frequency.  

 Length: long RF cable has more resistance, more losses and vice versa. 

 Diameter: Smaller the diameter, larger is resistance and more losses offered and 

vice versa. 

 Operating frequency: At higher frequency RF cables have more loss compared 

to lower frequency with same length and diameter. [11] 

 

 

 

 

 

  



20 
 

3 DESIGN CONSIDERATIONS 

 

Design of a wideband antenna with relatively high gain and high efficiency, operating in 

the lower band of GSM is required. To achieve this goal, different types of antennas are 

designed and evaluated. The antennas under consideration are simulated using 3D EM 

simulation software CST Microwave Studio using time domain solver.  

The design specifications are that, a high gain antenna is required, 8 dB gain or more, 

which is highly efficient and having an operating bandwidth of 136MHz with lower 

frequency (FL) 824 MHz and upper frequency (FU) 960 MHz. The design target is to 

have a vehicular antenna mounted on vehicle, which is mostly located in far areas 

typically on cell edges or in areas where there is no cellular network coverage. Because 

of high gain, this antenna system is able to communicate with far away base stations. 

The antenna system is required to have radiation pattern in horizontal directions 

(perpendicular to axis of antenna) i.e. to cover the entire azimuth plane just like the 

radiation pattern of omnidirectional antenna. This enables the antenna to receive or 

transmit a signal in any direction. Similarly, there is restriction on the beam of the 

antenna in elevation plane (which is plane perpendicular to the azimuth plane) i.e. this 

antenna is communicating with base station from a distance so the main beam is 

required to have an elevation of 90 degrees in elevation plane. In this way, the main 

beam of the antenna is pointing towards the base station to make the communication 

range as large as possible. 

 To meet these listed design specifications for the required antenna system, different 

antenna types are designed and their performance is analyzed. Following are some of 

the antenna types which are considered for designing are presented. 

 

 

3.1 Antenna types 

 

3.1.1 Monopole  

 

Monopole is a type of wire antenna which is usually mounted on top of a ground plane. 

Most common monopole is quarter wavelength monopole which is a metallic rod of 

length ¼ time wavelength as shown in figure below. The radiations out of monopole 

radiator are reflected from the ground plane. The ground plane can be thought as mirror 

image of monopole radiator [19]. 
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Figure 7. Monopole with ground plane. 

 

Monopole antenna is basically same as a dipole antenna, only difference is that it has 

only one radiating arm with ground plane. The input impedance of monopole is half the 

impedance of dipole. This is because only one half voltage is needed for monopole to 

produce same amount of current as in dipole, and from the basic ohms law, impedance 

= voltage/current, so impedance of monopole is half that of dipole. [9] 

Talking about the directivity of monopole, a monopole antenna with its length equal to 

half the length of dipole antenna, is twice directive compared to dipole. E.g. if dipole 

has directivity of x dB then directivity of monopole is x+3 dB. This is because 

monopole has radiations only above the ground plane. [9] 

 

 

3.1.2 Microstrip patch antenna 

 

Microstrip patch antenna also referred to as planar antenna was first proposed by G. A. 

Deschamp in 1953 [20]. This is a low profile antenna which is easily installed on flat 

surfaces and also on uneven rough surfaces. Radiation pattern of a patch antenna is in 

the form of semi hemisphere and this antenna is easily fabricated with low cost. 

Figure 8 shows a common type of microstrip antenna. It consists of a rectangular metal 

plate serving as ground and on top of ground plane there is a dielectric material with a 

relative permittivity (𝜀r). There is another rectangular metallic plate known as patch, 

which is the actual radiating element. 
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Figure 8. Rectangular patch antenna. 

 

The patch antenna shown in the above figure consists of thin metal ground plate with 

thickness t << free space wavelength (λo), height of the substrate is typically (0.003λo ≤ 

h ≤ 0.05λo), length of radiating patch is typically λo/3 < L< λo/2 and relative permittivity 

of the dielectric material is usually 2.2 ≤ 𝜀r ≤ 12. [4] 

Phenomena of fringing occurs at the edges of the main patch due to its finite size. The 

extent of this fringing effect depends on the height of the substrate (h) and also on patch 

dimensions. The fringing of the electric field lines at the edges of main patch affects the 

resonance frequency of the patch antenna. Due to the fringing effect, the electrical size 

of the patch is larger than its actual physical size. A term effective dielectric constant 

𝜀eff is introduced which takes into account the fringing effect and also wave 

propagation. [4] and [21]. 

The effective dielectric constant is given by following formula 

 

 

 
𝜀𝑒𝑓𝑓 =  

𝜀𝑟 + 1

2
+  

𝜀𝑟 − 1

2
 [1 + 12

ℎ

𝑊
]−1/2  

(3.1) 

 

Value of 𝜀𝑒𝑓𝑓  is (1<𝜀𝑒𝑓𝑓 < 𝜀𝑟) and it is frequency dependent. 

 

Two edges of the main patch which are on opposite ends of L dimension of the 

rectangular patch are radiating edges. The resonance frequency of this patch antenna is 

determined by length of the patch. Formulas for calculating the dimensions of main 

patch are given below. 
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Width of the radiating patch is given by 

 

 𝑊 =  
𝑐

2𝑓𝑟√(𝜀𝑟 + 1)
2

 
(3.2) 

 

Effective length of the radiating patch is  

 

 𝐿𝑒𝑓𝑓 =   
𝑐

2𝑓𝑟√𝜀𝑒𝑓𝑓
  (3.3) 

 

The extension in length is  

 

 

∆𝐿 =  0.412ℎ
(𝜀𝑒𝑓𝑓 + 0.3) (

𝑊
ℎ

+ 0.264)

(𝜀𝑒𝑓𝑓 − 0.258) (
𝑊
ℎ + 0.8)

 

(3.4) 

 

And the actual length of radiating patch  

 

 𝐿 =  𝐿𝑒𝑓𝑓 − 2∆𝐿 (3.5) 

 

𝑐 = speed of light = 3x108 m/s 

𝑓𝑟  = resonance frequency 

𝜀𝑟  = relative permittivity of the substrate. 

ℎ = height of substrate 

𝜀𝑒𝑓𝑓  = effective dielectric constant 

 

 

3.1.2.1 Patch Antenna feeding 

 

For exciting the main patch to radiate radio waves, there are different feeding 

arrangements. Most common feeding arrangements are microstrip line, coaxial probe 

feed, aperture coupling and proximity coupling. [4] 

Microstrip line feeding arrangement consists of a strip line of relatively smaller width 

compared to the main patch as shown in Figure 9. This stripline feeds the main patch. 

This arrangement results in narrowband antenna (bandwidth typically 2-5%). [4] 

Coaxial probe feed consists of a coaxial cable, which feeds the patch of the antenna. 

The outer conductor of coaxial cable is connected to the ground plate while inner 

conductor of coaxial cable goes through the dielectric substrate and is attached to the 

main patch of the antenna. This kind of arrangement also results in narrowband antenna, 

but this arrangement is difficult to model if the substrate height is large (h > 0.02 λo). [4] 

Aperture coupling arrangement includes two substrates, the ground plane is sandwiched 

between these two substrates. There is a microstrip line on lower substrate and a slot in 
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ground plate through which energy is coupled from microstrip line to the patch. This 

arrangement has low spurious radiations. Aperture coupling is difficult to model and 

also results in narrowband. [4] 

Proximity coupling results in larger bandwidth (upto 13%) and has low spurious 

radiations but its fabrication is difficult. [4] 

 

      

  Microstrip line  Coaxial probe feed 

 

      

              Aperture coupling [22]  Proximity coupling 

 

Figure 9. Four common feeding arrangement for patch antenna. 

 

Microstrip antennas are low cost and are easily fabricated on printed circuit board 

(PCB), however there are some limitations of this type of antenna i.e. limited bandwidth 

(narrowband), low gain and surface wave excitation. These antennas have a high Q 

value and high Q value shows that these microstrip antenna have more losses which 

results in narrowband and low efficiency. Decrease in Q value can be achieved by 

increasing the height of substrate. This will improve efficiency and also bandwidth but 

it will also result in additional unwanted power loss in the dielectric material.  
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3.2 Antenna designs and evaluation 

 

3.2.1 Monopole with Corner reflectors 

 

Monopole antenna is an omnidirectional antenna with radiation in all directions. One 

concept of focusing the radiations of monopole to some specified direction is by using 

reflectors with monopole. These reflectors will reflect the radiation of monopole and 

will concentrate it to one specific direction. This results in a directional antenna known 

as corner reflector antenna. The concept of corner reflector was introduced by Kraus 

[23] for very high frequencies (VHF) and ultra-high frequencies (UHF). Several 

modification to the concept of Kraus were presented in [24], [25], and [26]. The concept 

explained in the mentioned papers, is using monopole radiator with various numbers of 

reflecting plates in different planes. We modified this concept and used four reflecting 

plates shown in Figure 10. The radiator is fed by using coaxial cable of impedance 50 

ohms.  

 

 

Figure 10. Monopole with corner reflectors and its radiation pattern at 900 MHz. 

 

The design is optimized for the optimum values of reflecting walls dimensions, angles 

between reflecting walls and location of monopole on the ground plane. The gain which 

we get from this arrangement is 4.9 dB at 900MHz. This gain takes into account the 

mismatch losses between antenna input port and transmission line. The azimuth plane 

pattern and elevation plane pattern is presented in Figure 11 below. 
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Figure 11. Azimuth and Elevation plane pattern of Monopole with corner reflectors at 

900 MHz. 

 

The azimuth plane pattern shows that the main beam of a single monopole with corner 

reflectors has 3-dB beamwidth of 74 degrees, with main beam pointing exactly towards 

90 degree in elevation plane. This complies with our design specifications.  

Using the concept of switched antennas explained in [27] i.e. using four monopoles with 

corner reflectors as shown in figure below. Switching between different antenna 

elements can give coverage of roughly entire azimuthal plane with the main beam 

pointing towards 90 degree in elevation plane. 

 

   

Figure 12. Four beam switched antenna system and its azimuth plane pattern at 900 

MHz. 

 

The different colors in azimuth plane pattern shows the radiation pattern of individual 

antenna element. One antenna at a time is excited and the rest of the 3 antenna elements 

are left unexcited. This antenna system has better coverage over the azimuth plane and 

roughly cover 360 degrees. 
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Figure 13. S-parameter curve for four monopole with corner reflectors. 

 

 

 

Figure 14. Efficiency curve for four monopoles with corner reflectors. 
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The above two figures shows the S-parameter curve (S11) and efficiency of corner 

reflector antenna. The problem with this antenna system is that it has poor matching as 

can be seen in Figure 13. It needs matching circuit to compensate for mismatch losses. 

Due to the mismatch losses, the total antenna efficiency drops to the level of -2.4 dB 

(57.5%) over the band (824 MHz to 960 MHz) as can be seen in Figure 14.  

Maximum simulated gain of this antenna system is 5.2 dB which is low compared to 

our requirement. Based on the listed drawbacks of this structure we rejected this 

arrangement and evaluated the next antenna arrangement. 

 

 

3.2.2 Inverted L monopole antenna 

 

Inverted L monopole antenna is shown in the following figure. This is a low profile 

antenna which consists of a coaxial cable located on top of conducting ground plate. 

The end part of the antenna is only the inner conductor of coaxial cable while the rest of 

coaxial cable is removed. The extended inner conductor is radiating element which gets 

the excitation at the point of termination of outer conductor. A parasitic metallic strip is 

located on top of the inverted L monopole. [28], [29] 

The ground conducting plate acts as a reflector and reflects the radiation of the inverted 

L monopole, while the parasitic strip acts as a passive resonator. The radiations of the 

inverted L monopole induces current in the parasitic metallic strip. This induced current 

causes the parasitic strip to reradiate the electromagnetic waves with different phase 

than that, radiated by the inverted L monopole. This occurs through the phenomena of 

mutual coupling [30]. As a result we have constructive interference in some directions 

(resulting in more radiations) and destructive interference in other directions (resulting 

in less radiations).  

The length of parasitic strip and inverted L monopole decides the two resonance 

frequencies. Two resonance occurs due to the two resonating metallic wires (parasitic 

strip and inverted L monopole). Similarly, the height of inverted L monopole above the 

ground affects the bandwidth of the antenna. The height of inverted L monopole is 

adjusted to get the required bandwidth. By increasing the height, the bandwidth gets 

wider with a decrease in directivity and vice versa. [31] 

 

 

Figure 15. Inverted L monopole mounted on ground plane. 
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The 3D radiation pattern of this antenna is shown in the figure below. This antenna has 

a gain of 6.9 dB at 900 MHz, which is high compared to monopole with corner 

reflectors antenna. The azimuth plane pattern shows that the 3-dB beamwidth for a 

single element is 94 degrees which shows the coverage area by single element in 

azimuth plane, with main beam at 86 degree (close to 90 degree) in elevation plane.  

 

    

Figure 16. Radiation pattern of inverted L monopole and Azimuth plane pattern of 

inverted L monopole at 900 MHz. 

 

The antenna design mainly focuses on antenna for vehicles, so mounting this antenna on 

a vehicle which has metal body will result in an increase in the elevation of the main 

beam of the radiation pattern by 12 to 15 degrees as show in figure below.  

 

 

Figure 17. Elevation plane pattern of inverted L monopole mounted on rooftop of 

vehicle at 900 MHz. 

 

The result in above Figure 17 is taken by mounting antenna on rooftop of the vehicle. 

Mounting the antenna on rooftop has two effects which are, it increases the gain of a 
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single element from 6.9 dB to 7.6 dB and it also increases the elevation of main beam 

which is now pointing towards 73 degrees in elevation plane. This increase in elevation 

angle causes a drop in gain at the broader side of antenna (at 90 degree in elevation 

plane). The gain reduces from 7.6 dB to 5.8 dB towards broader side. 

The gain can be increased by using antenna array of inverted L monopoles with two 

elements on each side of the antenna system and using the concept of switched beam 

antenna to cover entire azimuth plane. The antenna system arrangement is shown in the 

figure below. 

 

 

Figure 18. Antenna array of inverted L monopole on rooftop of vehicle. 

 

This inverted L monopole array is mounted on ground metal plate which acts as a 

rooftop of vehicle. Two antenna elements are excited simultaneously to get the beam in 

the respective direction. Maximum gain from this configuration we get is 10 dB at 940 

MHz towards the broader side.  
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Figure 19. S-parameter for inverted L monopole antenna array. 

 

 

Figure 20. Total and radiation efficiency of inverted L monopole antenna array. 

 

From the S11 curve in above Figure 19, we see that this antenna has better matching 

compared to corner reflector monopole antenna. The impedance matching is not yet 

perfect because of the little spikes in S11 curve which needs to be taken into account and 

matching needs to be done at these frequencies. 



32 
 

The drawback of this antenna design is its large volume. Volume of 8 elements array of 

inverted L monopole is 35280 cm3 which is very large. Secondly the fabrication of this 

inverted L monopole is difficult because it involves bending of a coaxial cable by 90 

degrees. As there is always a limit on bending coaxial cable and these limits are defined 

in terms of minimum bend radius. If one happens to go beyond the limits of this bend 

radius, the inner conductor of coaxial cable is moved to one side. The shield and the 

inner conductor are not aligned anymore which results in increase in losses, more 

reflections and impedance mismatch. 

 

 

3.2.3 Stacked patch antenna 

 

Stacked patch antenna is a third alternative which was designed and analyzed for its 

performance. This is actually modified version of a microstrip patch antenna. Much 

work has been done on improving the drawbacks related to patch antennas, like exciting 

the antenna elements with different feeding arrangement or making changes in the 

dimensions of antenna structure. Several techniques have been used for widening of 

patch antenna bandwidth like making the antenna substrate thick [32], using parasitic 

patches [32] or feeding the patch antenna using U-shape slot arrangement [33]. One 

concept of stacked patches has been presented in [34], [35] and [36], which addresses 

the problems related to narrow bandwidth of the antenna. 

Following Figure 21 shows the structure of stacked patch antenna. It consists of metal 

patches stacked on the top of each other and a ground plane. There is an air gap between 

all these metal plates. Cylinders made of nylon, along with screws and bolts are used to 

hold the whole structure (metal plates) together. The feeding to the main patch is 

achieved through L probe feeding arrangement which was proposed in [37] and also 

used in [36].  

The microwave signal from the L probe is coupled into the main patch which in turn is 

capacitively coupled to the parasitic patch [34]. In this manner, the main patch and 

parasitic patch are excited. The two resonating patches of different dimensions which 

are stacked on top of each other, result in dual resonance at different frequencies [38]. 

The dimensions of these patches, including height of the parasitic patch from the main 

patch and the length and width of the main patch, and parasitic patch are optimized to 

get the two resonance close to each other which result in wide bandwidth. Any change 

in the geometries of these patches will affect the resonance frequency. 

The spacing between the two patches (main patch and parasitic patch) is very critical 

and affects the bandwidth of the antenna. For small distance, (distance upto 0.05λ) 

between the patches, the bandwidth of the antenna is wide. By further increasing the 

distance between the patches the bandwidth gets narrower. At distance of 0.3λ or more, 

the gain of the antenna is increased but the bandwidth is narrowed and is less than 3%. 

The concept of stacked patch antenna is similar to Yagi antenna. [39] 
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Figure 21. Stacked patch antenna without radome. 

 

This antenna has gain upto 8.4 dB at 900 MHz and better matching in the lower GSM 

band with high efficiency. This antenna structure fulfills our design requirements. 

The following table presents the summary of all the antenna designs which are 

considered along with their performances. From the table, it is clear that stacked patch 

antenna structure is wideband, highly efficient and has good amount of gain with 

reasonable volume of antenna system. Based on these results, it was decided that stack 

patch antenna is a solution for our problem. Technical details of this antenna, and its 

performance are discussed in detail in chapter 4. 

 

Table 1. Performance comparison table. 

S.No Antenna 

type 

Number 

of 

elements 

Maximum 

gain [dB] 

Total 

efficiency at 

900 MHz 

Bandwidth 

[MHz] 

Volume 

[𝑐𝑚3] 

 

1 

Monopole 

with corner 

reflector 

1x4 5.2 68.2% not 

applicable  

8984 

 

2 

L inverted 

monopole 

1x4 5.8 88.6% 144 13005 

3 L inverted 

monopole 

2x4 10 89% 143 35280 

4 Stacked 

patch 

antenna 

1x4 8.4 97% 184 16032 
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4 DESIGN OF STACKED PATCH ANTENNA 

 

After studying the printed circuit board (PCB) patch antenna as presented in chapter 3, 

we know that these antennas are narrowband antennas. Improving the bandwidth of 

these antennas, concept of stacked patch antenna is evaluated and presented for ultra-

high frequency band 824-960 MHz. Performance of this stacked patch antenna is in 

acceptable range according to our requirements. It has wide bandwidth (due to dual 

resonance close to each other), highly efficient, has good impedance matching and high 

gain. Along with all these advantages regarding performance of the antenna, this 

stacked patch antenna is simple and easy to fabricate. 

 

 

Front view of stacked patch antenna. 

 

 

Side view of stacked patch antenna. 

 

Figure 22. Front view and Side view of stacked patch antenna. 
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4.1 Simulation results 

 

Simulation results of stacked patch antenna are shown in the following figures. The 

antenna along with its 3-D radiation pattern can be seen in Figure 23. 

Figure 24 shows the S-parameter curve of this stacked patch antenna. From this S-

parameter curve, it can be seen that this antenna has better matching in the desired 

frequency range and is wideband antenna, with bandwidth of roughly 147 MHz. The 

value of S11 is below -10 dB in the frequency range of 824-960 MHz. Figure 25 

represents the radiation efficiency and total efficiency curve of stacked patch antenna. 

From the plot, it can be seen that total efficiency of this antenna is roughly more than 

90% over the required frequency band (824-960 MHz).  

Figure 26 shows the gain of this stacked patch antenna. This figure illustrates that this 

antenna has more than 7.8 dB gain over the entire band of 824-960 MHz with a peak 

gain of 8.4 dB at 900 MHz. 

Figure 27 and Figure 28 presents the azimuth plane pattern and elevation plane pattern 

of this stacked patch antenna for different frequencies in the range of 824-960 MHz. 

The azimuth plane pattern shows the coverage of the antenna in horizontal plane. The 

polar plot shows, that the 3dB beamwidth of this antenna is roughly 78 degrees meaning 

that beam of this single element stacked patch antenna is quite wide, and can provide 

coverage in horizontal plane up to 78 degrees. Similarly, polar plot of Figure 28 is 

elevation plane pattern of this antenna. In elevation plane, the main beam of this antenna 

is pointing straight perpendicular to the axis of the antenna. The axis of the antenna is 

into the page for these results. The electric field distribution of this stacked patch 

antenna is shown in Figure 29 for different frequencies. 
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Figure 23. 3-D radiation pattern. 

 

 

 
Figure 24. S-parameter. 
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Figure 25. Radiation and total efficiency. 

 

 

 

Figure 26. Gain over the band 824-960 MHz. 
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Figure 27. Azimuth plane pattern. 

 

 

 

Figure 28. Elevation plane pattern. 
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Figure 29. Electric field distribution for 820, 900, 960 MHz. 

 

 

4.2 Optimized antenna structure 

 

The dimensions of different parts of stacked patch antenna are optimized and presented 

in this section in the figures below. 

 

   

Figure 30. Front view and side view of the antenna structure. 
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4.2.1 Antenna components 

 

Following four figures show individual components of antenna along with their 

dimensions. The thickness of ground plane is 2mm, main patch is 0.5mm and parasitic 

patch is 0.5mm. Thickness of feeding strip is 0.2mm.  

 

 

       

(a) (b) 

 

      

(c)                           (d) 

  

Figure 31. Dimensions of antenna components: (a) ground plane, (b) main patch, (c) 

parasitic patch, and (d) feeding strip. 
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4.2.2 Effect of design parameters on antenna performance 

 

The dimensions of the antenna structure are optimized to get as efficient antenna as 

possible, and to get good impedance matching and high gain for the antenna. The 

antenna is required to have bandwidth in the range 824-960 MHz. Following figures 

present the effect of feeding arrangement on the efficiency, bandwidth and matching of 

the antenna. The length and height of the L probe feeding arrangement has been varied 

and results are plotted. 

 

 

(a) 

 

 

(b) 

 

Figure 32. Effect of height of L probe on S11 curve and efficiency with length of L probe 

fix (l = 30mm): (a) S-parameter and (b) Total efficiency. 
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(a) 

 

 

(b) 

 

Figure 33. Effect of length of L probe on S11 curve and efficiency with height of L probe 

fix (h = 12mm): (a) S-parameter and (b) Total efficiency. 

 

From Figure 32 and 33, we have selected optimal height and length for the L probe feed 

which comes out to be, height = 12mm and length = 30mm. Increasing or decreasing the 

height of the L probe, the matching of the antenna gets poor, meaning that we have 

more mismatch losses, and also the bandwidth of the antenna gets narrower. The  

resonance frequency is shifted forward in the case of height less than 12mm, and is 

shifted backward in the case of height more than 12mm. Changing the height from 

12mm the efficiency is also affected and it gets reduced. This is because of increase in 

mismatch losses. 
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Similarly, the matching of the antenna is also affected by changing the length of L 

probe feed. With increasing or decreasing the length of L probe from the optimal value, 

will result in more reflections, more losses, narrow bandwidth and a shift in resonance 

frequency as can be seen in Figure 33a. With increase in losses, the total efficiency of 

the antenna is reduced as evident from Figure 33b. The optimal length for the L probe 

feed is 30mm. 

Spacing between the parasitic patch and main patch affects the resonance frequency and 

bandwidth as shown in the figure below. The optimal spacing between the two patches 

is 19.5 mm, due to which the required band 824-960 MHz is below -10 dB level in S-

parameter curve. 

 

 

Figure 34. S-parameter for different spacing between main patch and parasitic patch. 

 

 

4.3 Measurement results 

 

From the simulation results of the stacked patch antenna presented in Figure 23-29, it is 

clear that this antenna structure fulfills our requirements. This antenna has high gain, 

high efficiency and is operating at lower GSM band. Also the radiation properties of the 

antenna are according to our requirements. Main beam of the antenna is not elevated 

and is pointing in direction perpendicular to the axis of the antenna. The azimuth plane 

pattern shows that this single element antenna gives good amount of coverage in 

azimuth plane. So it was decided to fabricate this antenna structure with dimensions of 

different antenna components, same as presented in section 4.2 Figure 30 and section 

4.2.1 Figure 31. The antenna prototype and its measurement results are presented in the 

following figures. 
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(a)                    (b) 

 

Figure 35. Stacked patch antenna prototype: (a) Prototype, (b) Prototype measurement 

in Satimo. 

 

The measurement results are plotted along with simulation results for comparison in 

Figures 36-40. 

The S-parameter curve for stacked patch antenna is shown below. It shows results 

obtained from both measurement and simulation. In simulation we simulated the 

antenna structure without any extra ground surface (only antenna structure with radome 

was simulated), while in measured results, we perform measurements with extra ground 

surface (aluminum ground) and without extra ground surface (in air). From the figure, it 

can be seen that the measured results follow the simulation results or even show better 

performance than simulation results. The two vertical dashed lines show the bandwidth 

requirement and the measured results show that this antenna is wideband antenna and 

fulfills our bandwidth requirements. 

 

 

Figure 36. Measured and simulated S-parameter. 
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Figure 37 shows the measured and simulated total efficiency curve for the stacked patch 

antenna. In the required band (represented by vertical dashed lines) the total efficiency 

curve for both measurement and simulation is above -0.5 dB meaning that efficiency of 

the antenna is more than 90%. There is always a slight difference in the results of 

simulation and measurement. This difference can be because of soldering of SMA 

connector, or variation in thickness and relative permittivity of the available material. 

Figure 38 shows the gain curve for both measured and simulated results. The measured 

gain in the band of 824-960 MHz is above 7.4 dB with the peak gain of 8.2 dB at 

950MHz. These measurement results show that the performance of this prototype 

complies with simulation results of the stacked patch antenna. 

 

 

Figure 37. Measured and simulated total efficiency of antenna.  

 

 

Figure 38. Measured and simulated gain of antenna. 
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Following Figure 39 represents the measured azimuth plane pattern of the antenna 

prototype and comparing this measured result with the simulation result (Figure 27). 

From the simulation results, we have seen that this antenna has 3dB beamwidth upto 78 

degrees in azimuth plane, which should be fulfilled by the measurement results of the 

prototype. From the measurement results in the figure below, it can be seen that the 3dB 

beamwidth of azimuth pattern is upto 80 degrees which is roughly same as obtained in 

simulations. 

Considering the elevation plane pattern, it is desired to have no elevation of the main 

beam of antenna, meaning that the beam should not be elevated, but instead should be 

pointing along the line which is perpendicular to the axis of the antenna. So comparing 

Figure 28 and Figure 40, shows the simulated and measured elevation plane pattern of 

the antenna respectively. It can be seen that this antenna has main beam with no 

elevation, meaning that the main beam is pointing at 90 degree to the axis of antenna. In 

these figures, the axis of antenna is into the page for these results. 

 

 

Figure 39. Measured azimuth plane pattern. 

 

 

Figure 40. Measured elevation plane pattern. 
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4.4 Discussion 

 

The stacked patch antenna is wideband antenna having bandwidth of 146 MHz for 

single element. This wideband is due to the dual resonance of the stacked patches of 

different dimensions. This antenna design gives high gain of 8.4 dB and better 

impedance matching in the band 824-960 MHz as revealed by the simulation results. 

This antenna structure is compact having reasonably small volume. Volume of antenna 

system consisting of four stacked patch antenna elements is 16032𝑐𝑚3. The 

performance of this stacked patch antenna fulfills all the design requirements, so it was 

decided to fabricate a hardware prototype of this design.  

This antenna structure is easy to fabricate as it needs only 3 square metallic patches (one 

for ground plane, one as main patch, and one as parasitic patch) of different sizes and 

one rectangular feeding strip. Stacking all these metal patches including the feeding 

strip, vertically on the top of each other and enclosing it into a radome. Care must be 

taken while assembling these metal patches together, because a small change in distance 

between patches or distance between feeding strip and main patch can affect the 

resonance frequency and bandwidth. The designed prototype is shown in Figure 35. 

Measurements of this prototype were performed by Satimo Starlab near-field 

measurement system and vector network analyzer (VNA) from Agilent technologies, 

N5247A. The measurement results obtained are compared to the simulation results.  

From the comparison presented above, it is evident that the fabricated prototype follows 

exactly the simulation results and from the results, it can be seen that a single element 

can cover roughly upto 90 degrees in the azimuth plane with having elevation of the 

main beam equals to 90 degree in elevation plane. This antenna provides good amount 

of gain and is highly efficient. The coverage in the entire azimuth plane can be provided 

by using four antenna elements of the same kind and using switch diversity for beam 

steering. The beam can be steered to different directions by exciting single antenna 

element, which is perfect for transmission and reception at any given time, while 

leaving the rest unexcited. In this manner, this antenna system can cover entire 360 

degrees of the azimuth plane with this high performance. 
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5 CONCLUSION AND FUTURE WORK 

 

5.1 Conclusion 

 

In this thesis, the main objective was to design a high gain antenna system for vehicles. 

Increasing the antenna gain can extend the communication range, so the aim was to get 

the high gain antenna system. The design frequencies are lower GSM band frequencies. 

At lower frequencies, the antenna dimensions are large due to increased wavelength. 

Research focus was to build a compact antenna structure. 

Performance, volume and other properties of different antenna types were analyzed. 

Some of these designs were rejected based on their large dimensions, lower gain, poor 

matching or difficulty in the fabrication of the antenna. The performance of stacked 

patch antenna was according to requirements. It has better performance in terms of 

bandwidth, gain, efficiency, and impedance matching. Based on its good performance, it 

was selected for fabrication. 

The fabricated stacked patch antenna was tested for its performance and the 

measurement results were compared with the simulation results. The measurement 

results show that the performance of the prototype follows the simulation results 

relatively well. The results presented show that a single element can provide coverage to 

a portion of horizontal plane. Coverage can be provided in the whole azimuth plane by 

using multiple antenna elements and steering the beam using switch diversity. A switch, 

SP4T (single pole four throw) is required for beam steering, with the help of which we 

can excite any antenna element at a time while leaving the rest unexcited. In this way 

beam is steered to different directions. 

 

 

5.2 Future work 

 

The next step would be evaluating the performance of antenna array i.e. using antenna 

array of two elements on each side of the antenna system. The array elements need to be 

placed at a distance ≥ λ/2. This can result in an increase in gain of the antenna system. 

The beam is steered in the same manner by exciting two elements at a time, leaving the 

rest unexcited. 

Another future task would be evaluating the performance of the antenna system at 

different location on the vehicle. This thesis presents the results of installing the antenna 

system on rooftop, while this can also be installed at different locations on vehicle e.g. 

in pillars of the vehicle. Due to the reflection from the rooftop of the vehicle, the main 

beam have slight change in elevation angle, while installing in the pillars, there might 

be no elevation of the beam and can result in more gain towards 90 degree in elevation 

plane. 

Other future task could be performing field tests i.e. installing this antenna system on 

vehicle and making measurements in real operation environment, and evaluating 

performance of the antenna system against omnidirectional antennas.  
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7 APPENDIX 1 

 

Okumura-Hata model  

 

 𝐿𝑑𝐵 = 𝐴 + 𝐵𝑙𝑜𝑔(𝑑) − 𝐶 

 

(1.1) 

𝐴 = 69.55 + 26.16 log(𝑓𝑐) − 13.82 log(ℎ𝑏) 

𝐵 = 49.9 − 6.55log (ℎ𝑏) 

𝐶 = 2(log (𝑓𝑐/28))2 + 5.4 

 

Received power is given by 

 

 𝑃𝑅 = 𝑃𝑇 − (𝐿𝑑𝐵 − 𝐺𝑇𝑋 − 𝐺𝑅𝑋) (1.2) 

 

𝑑 = distance between transmitter and receiver 

𝑓𝑐  = operating frequency 

ℎ𝑏= height of base station 

𝐿𝑑𝐵 = path loss in dB 

𝐺𝑇𝑋 = gain of transmitting antenna 

𝐺𝑅𝑋 = gain of receiving antenna 

𝑃𝑇 = transmitted power 

𝑃𝑅 = received power 

 


