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ABSTRACT 
 
 
 

CELLULAR 5G AND V2X ANTENNAS DESIGN FOR AUTOMOTIVE 
APLICATIONS  

 
by 

 
MOHAMED OSMAN HUSSEIN KHALIFA 

 
 
Adviser:  Daniel N. Aloi, Ph.D. 
 
 
 The work presented in this dissertation involves investigation and development of 

antennas and antenna systems that can contribute to autonomous vehicles realization. The 

antennas targeted in this work are namely Fifth Generation (5G) cellular antennas and 

Vehicle to Everything (V2X) antenna. The studies conceived in this work followed a 

scientific approach which starts by accurately simulating the antennas using three-

dimensional Electromagnetics (EM) solver High Frequency Simulator System (HFSS) 

software on one meter rolled edges GND. Then antenna and antenna systems were 

measured on one-meter GND inside anechoic chamber and also measured either on the 

top of vehicle roof or at the vehicle’s windshield. 

 Phase one of this work starts by presenting a multi-wideband branched monopole 

antenna that covers 5G cellular bands between 617MHz- 5000MHz. This antenna utilizes 

two arms and L-Shape slot structure to provide coverage for low, mid, and high 5G 

cellular bands and also to reject Global Navigation Satellite System (GNSS) frequency 

bands. The antenna has compact size, light weight, low cost, and excellent gain 
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characteristics at the solid angle facing cellular base station communication towers. The 

design, simulated, and measured results were presented and discussed in detail. 

 Phase two of this work uses the element developed in phase one to construct high 

order Multiple-Input-Multiple-Output (MIMO) structure in order to boost overall system 

throughput, capacity, and data rate. Three MIMO systems configurations were studied, 

the first two are 2x2 5G cellular MIMO systems with similar individual antenna elements 

and opposite antennas orientations whereas the third configuration is a 4x4 5G cellular 

MIMO system. The individual antennas performance, diversity radiation pattern, and 

correlation between antennas were reported and discussed for all three MIMO 

configurations. 

 Phase three of this work presents a V2X cavity-backed slot antenna that can be 

mounted in the vehicle’s windshield or rear-view mirror. The antenna is GND 

independent, and it provides excellent below horizon performance allowing the vehicles 

to communicate with other objects of less height. The antenna can be used as a building 

block to implement a full V2X system that provides null-free omnidirectional coverage at 

V2X solid angle of interest while providing aesthetic look for the vehicle which makes it 

very attractive in the automotive industry. The antenna was simulated and measured, and 

its radiation pattern, gain, and efficiency were presented and discussed in detail. 
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CHAPTER ONE 
 

INTRODUCTION AND WORK CONTRIBUTIONS 
 
 
 

1.1  Introduction 
 

Recently, there has been an increasing demand in the automotive industry for 

wireless systems and antennas. Wireless communication technologies such as Wireless 

Local Area Network (WLAN), Second Generation (2G), Third Generation (3G) and 

Long Term Evolution (LTE) have been developed to increase the data rate and efficiency 

of wireless systems but still cannot be deployed in certain applications on the vehicle 

such as V2X communication which analyzes the vehicle’s communication with 

everything such as Vehicle-to-Vehicle (V2V), Vehicle-to-Infrastructure (V2I), and 

Vehicle-to-Pedestrian (V2P) communications. 5G technology should be able to address 

these applications with its enhanced data rate, low latency, increased reliability, and high 

user capacity. In fact, 5G is going to play a very important role in the automotive industry 

for self-driving cars and Internet of Things (IoT) since it helps to establish a connection 

to assist drivers on the road (i.e. traffic, accident prevention, or simply for entertainment 

systems). Compared to the LTE network, 5G is expected to have 100 times the data rate 

up to 10 Gbps at peak, 1000 times the capacity of connected nodes, 10-100 times power 

consumption efficiency by allocating Radio Frequency (RF) resources based on user 

usage, and very low latency with a maximum of 1msec [1]-[2].  

The upcoming 5G system has larger frequency bandwidth requirements in both 

the low and high frequency bands including millimeter waves. It would also require a 

MIMO system on the vehicle with multiple antennas in order to gain better diversity and 
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throughput to meet the requirement of this advanced system. The shark-fin modules on 

the vehicle contain many antennas for various applications such as: GNSS, satellite radio, 

WLAN, FM, Digital Audio Broadcast (DAB), and MIMO cell antennas. Hence, 

considering space limitation with coupling and shadowing effects between antennas, it is 

challenging to design elements that meet the required performance within desired 

dimensions [3]. The motivation and challenges for this work, Literature review, work 

contributions, and dissertation organization are discussed next in this chapter. 

1.1.1  The Evolution of Cellular Communications    

In 1979, the mobile network first generation was introduced in Japan. The 1G 

permitted a speed of 2.4Kb/s with limited coverage and it was not supporting roaming 

services. The 2G introduced in 1991 used digital signaling to push speed limit to 64Kb/s 

and it also improved reliability and information security by using the Global System for 

Mobile Communications (GSM) standard. It is noteworthy to mention that Short text 

Messages Service (SMS) was first introduced within the 2G era. 2001 witnessed the 

introduction of the 3G that supported much higher speeds (256Kb/s) and it also allowed 

for global standards harmony. The 3G made it possible for some additional services to be 

real such as Video streaming, teleconferencing and Voice over Internet Protocol (VoIP). 

Finally, the fourth generation (4G) LTE, pushed the speed further to 1Gb/s and it also 

made applications like online gaming and high-definition video streaming also possible. 

We are now on the edge of the 5G, which is developed to support the escalating demands 

of a universe of IoT, telemedicine, explosion of consumer video, and future autonomous 

transportation. In addition to dramatically decrease the latency, the speed will be 

increased to up to as much as 100 times as of now. The ability to support many more 
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connected devices with greater network efficiency and reduced latency is driving the 

transition to 5G.  

The introduction of 5G in the automotive industry will unlock potentials for 

autonomous vehicles and connected cars and bus-stops. Such services will be mapped 

into safety, augmented reality and navigation, ecosystem scalability, fleet monitoring, and 

sustainability. In Summary, to realize these high speed and low latency requirements, the 

current 5G frequency coverage required in automotive industry requires inclusion of high 

frequencies that goes up to 5GHz as well as band B71 (617MHz – 698MHz) which has 

recently been freed up by TV broadcast to be used in 5G applications and it puts some 

challenges in the way of designing a multi-wideband antenna that covers such a big 

frequency range from 617MHz to 5GHz. 

1.1.2  General Requirements for Vehicular Antennas 

To have good vehicle reception in general, some requirements are to be satisfied 

by the antenna. First of all, for most antennas the antenna must be omnidirectional i.e. the 

antenna should have the ability to receive from any direction around the car. If one 

antenna is not enough to satisfy the requirement, then two or multiple antenna elements 

forming an antenna array must be considered. Second, in general an antenna should be 

placed on vehicle and as high as possible over ground. Placing antenna higher over 

ground results in better reception and transmission characteristics.  

Moreover, the distance between antenna and receiver must be kept at minimum to 

prevent attenuation caused by increased cable length. In addition to that, the antenna 

surroundings can also degrade the performance of the antenna and therefore, materials 

and clearances surrounding the antenna must carefully be considered. In general, a 
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clearance of three times antenna size box around the antenna should not be obstructed 

which makes it very challenging to design cellular antenna with frequencies less than 

1GHz. However, this requirement can easily be satisfied with GNSS-antennas or Cellular 

above 1 GHz. The spurious noise generated by vehicle engine can also negatively impact 

receiving the signal, so the antenna must be kept away from the engine with all other 

placement requirements taken into account. Finally, the polarization of the antenna is 

very important, as some signals are transmitted specially polarized, for example Cellular 

antenna are usually vertically polarized to receive RF signals from cell towers while 

GNSS patches are right hand circular polarized to allow satellite signals reception. 

In Summary, for antennas on vehicles, several factors come to play including 

over-ground elevation, omnidirectional reception, engine spurious noise, antenna-to-

receiver cable attenuation, and antenna polarization. All these factors should be 

considered for successful automotive antenna design. 

1.1.3  Vehicular Antennas Placement Overview 

Watching different cars on the road in terms on antenna placements, it seems that 

there are several placements to be found. Figure 1.1 displays the best practices to place 

antennas on vehicles and those locations are discussed in detail on this section. 

1.1.3.1  Roof 

Most automakers place antennas on top of vehicle’s roof. The reasoning behind 

this is that the vehicle’s roof is high above ground, and it is unobstructed which allow for 

excellent reception from all directions. Since omnidirectional reception is a must in all 

wireless applications, antenna placement on vehicle’s roof represents the best option for 

most vehicles, except convertibles.  
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Figure 1.1.   Antenna Placement Location on Car 

 

 

1.1.3.2  Spoiler 

To further increase the downward force for racing cars at higher speeds, spoiler is 

used. Sometimes, the spoiler is made of plastic which makes it suitable for antennas to 

place. Spoiler represents the second preferred location to place antennas whenever it is 

present. 

1.1.3.3  Windshield, Rear-Screen, and Windows 

Since 1980 embedding antennas in windshields and other car’s screen has been 

very popular. As windows and screens are available in most if not all cars, applying 

antennas on such fairly big space is usually a straightforward process. This process 

sometimes requires huge engineering efforts. However, once the design is developed, 

producing such antennas is often of low cost, good performance, and resilient. On-glass 

antennas is very attractive solution for automakers specially when aesthetic look for the 

vehicle is a must. 

Windshield 
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1.1.3.4  Fender and Bumper 

When a vehicle’s fender and bumper are made of plastic, multiple antennas can be 

placed inside. The disadvantages of such designs are possible loss of communication 

because fenders and bumpers are often more exposed to accidents than the rest of car 

parts. Moreover, degraded antenna performance may result due to engine noise and low 

antenna height above the ground. 

1.1.3.5  Trunk Cover 

Trunk cover represents the optimum place to fit antennas in convertible vehicles 

and that is because roof, windows, and screens can be hidden. However, to ensure 

successful antenna operation inside the convertible vehicle trunk, the trunk cover must be 

made of plastic or a double-layer structure with metal frame and plastic cover on top. 

1.1.3.6  Mirrors 

Side mirrors in big vehicles such as Sport Utility Vehicles (SUV) and trucks 

represents a good place to fit several antennas inside. Placing multiple high frequency 

antennas such as V2X inside mirrors of regular vehicles can be made possible by building 

side mirrors outer shell from plastic materials. In fact, side mirrors of some trucks offer 

huge room in which not only high frequency antennas could be placed but also relatively 

large size low frequency antennas such as FM and GSM cell antennas plus other 

technologies like GNSS and SDARs antennas. However, such antennas may require huge 

engineering effort to ensure comparable performance to on-roof placed antennas since 

modern vehicles side mirrors are often packed by defrosters, cameras, and other 

electronics for blinkers and blind spot detection systems.  
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In Summary, Cellular antennas can generally be placed on the roof, spoiler, car 

screens, fender, bumper, or in convertible’s trunk. The commonly used antenna design 

topologies are monopoles [4] and [5], helical antennas [6]– [8] and on Printed Circuit 

Board (PCB) antennas [9]– [12]. In fact, by hiding antennas in places like in the glove 

compartment, under the dashboard, or side-view mirrors, additional benefits such as 

aesthetic appeal of the vehicle and less exposure external factors (accidental damage, 

vandalism, and theft) can be obtained. However, in such locations it becomes inevitable 

to deal with complex scenarios stems from the interactions with the vehicle structure. In 

particular, the proximity of antenna to other electronic components in these locations, 

affect the antenna performance in a way that is extremely difficult to predict let alone to 

compensate for and consequently, these locations will not be considered in this study. 

Protruding modules cannot get bigger in size as they influence the vehicle aerodynamics 

and disturb their aesthetic appearance, which is a major selling point for passenger 

vehicles. However, Shark-fin antenna casing style on the roof of the car which originally 

developed to lessen drag and remove another source of noise from the cabin, has now 

proven to further improve aerodynamic efficiency, potentially making cars more efficient 

[13].  

Based on the above discussion, to achieve the best performance and improve the 

aerodynamic of the vehicle, a Shark-fin casing mounted on the car roof will be the best 

candidate to contain the proposed 5G cellular antenna. The Shark-fin package may also 

contain one or more antenna for other wireless applications such V2X antenna. However, 

due to shadowing problems and other requirements outlined in section 1.2, V2X antenna 

will be placed in the windshield.  
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1.2  Motivation and Challenges 
 

Some of the challenges that usually face the RF designers in the development and 

integration of single or Multiple 5G and V2X antenna elements and trying to fit them in 

the vehicle without compromising their performance are outlined below: 

 5G cellular antennas covers a very wide range of frequencies including low-band 

(617MHz- 960MHz), two mid-bands (1710MHz- 2170MHz) plus (2490MHz- 

2690MHz), and high-band (3400MHz- 5000MHz). This vast range of frequencies 

makes the task of coming up with a Multi-Wide Band antenna design with good 

performance characteristics very challenging. In fact, covering low 5G cellular 

frequencies represents a design bottleneck since the available space within the 

Shark-fin for each antenna is much smaller than the wavelengths at the which the 

antenna expected to operate, issues such as performance degradation due to 

limited antenna size and bandwidth limitations will happen. In addition to the 

need of getting good 5G cellular performance, antenna element cost is also of 

great importance for successful commercialization of the antenna product. 

 With more wireless applications antenna elements being integrated within the 

same antenna module in modern vehicles, shadowing and coupling between 

antennas inside an automotive Shark-fin start to occur. Shadowing happens 

because of misarrangement of antenna elements with respect to each other which 

can cause blockage of electromagnetic waves (EM) that is translated to radiation 

pattern nulls in the direction of that blockage. Shadowing can also appear in a 

shape of tilted radiation pattern due to EM reflections. Antenna elements that 

share some frequency bands can strongly couple to each other if filters are not to 
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be used. The inter-antenna distance is frequency dependent. Coupling between 

antennas usually happens when a transmitted/received signal gets absorbed by 

unintended neighbor antenna and hereby reduce the targeted antenna efficiency. 

These issues cause 5G cellular system performance degradation that express itself 

in terms of dropped phone calls and radio mutes. Thus, reduce coupling by 

designing 5G antenna element with built-in rejection for other applications 

antennas such as high precision GNSS (which usually coexist with 5G cellular 

antenna in the same module with frequencies from 1160MHz- 1610MHz that lie 

in the mid of 5G cellular frequencies from 617MHz-5GHz) is of great 

importance. 

 To allow for high-speed internet access, 5G communication system is usually 

equipped with MIMO antennas to allow for 2 or more layers of orthogonal data 

streams to be received or transmitted via the antenna system. However, with the 

use of MIMO antennas, issues like correlation between antennas starts to happen. 

Correlation between similar antennas depends on radiation pattern orientation of 

individual antennas relative to each other as well as the distance between them 

which is in turn frequency dependent. The limited size of the Shark-fin module 

puts a huge burden on the design process of decorrelated MIMO antenna system. 

In addition to that, the MIMO antennas must be carefully placed to yield good 

diversity performance with low correlation figures. 

 In order to establish reliable V2X communication system. V2X antennas must 

demonstrate high performance, omnidirectional pattern, and below horizon 

coverage. Trials to integrate such antennas inside a Shark-fin module with other 
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applications’ antennas often comes at a performance cost. V2X antenna usually 

has a small footprint since it operates at relatively high frequencies (5.85GHz- 

5.925GHz). With such a small size antenna, there is a high possibility of EM 

waves blockage from bigger antennas inside the same antenna module and 

consequently nulls in antenna radiation pattern that can sabotage overall V2X 

system operation and safety. Below horizon reception for V2X antenna is a 

necessity to ensure sound operation of V2X system. However, V2X antenna 

integrated inside a Shark-fin module on top of a vehicle roof will likely lose this 

feature because of the big ground plane (GND) underneath the antenna. 

Moreover, modern vehicle styling purposes encourages the elimination of 

protruding mechanical parts such as Shark-fin for aesthetic look of the vehicle. 

For the above reasoning, it is quite important to mount the V2X antenna in a 

location such that all mentioned problems are mitigated. 

1.3  Literature Survey 
  

Below is a through literature review of the work that has been made in vehicular 

antenna system with regards to 5G cellular antenna design, cellular MIMO antenna 

system, and V2X antennas. 

1.3.1  5G Cellular antenna 

The antennas in [14], [16], [21], [22] are multi-band antennas that cover a wide 

range of 5G systems. However, a fully wide-band antenna that covers the B71 band is 

desired and is presented in this work and tested on a vehicle roof to provide practical 

performance. The dimensions of the antenna in [15] are too large for an automotive Shark-

fin radome and the antenna does not fully cover the desired band from 617MHz up to 
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5GHz. The low-profile antenna in [17] covers the band from 790MHz-2690MHz and 

provides acceptable performance at 30 degrees above the horizon whereas in 5G system 

the requirements are stricter and require higher performance from 3-15 degrees above the 

horizon. In [18], [19], [20] the designed antennas fit in a shark-fin radome for vehicles, 

however the measured bands do not cover the required bands for 5G. 

1.3.2  5G MIMO Antenna Systems 

In [25] [26], 2X2 MIMO systems based on Monopole and Planar Inverted-F 

Antenna (PIFA) elements respectively have been introduced, however the bandwidth of 

operation is very small (700-925MHz). The 2X2 MIMO systems bandwidth have been 

increased to cover from 790MHz to 3GHz with reasonable antenna dimensions and an 

Envelope Correlation Coefficient (ECC) of less than 0.3 and 0.05 in [27] and [28] 

respectively but the bandwidth of operation doesn’t cover 5G frequencies (617MHz-

5GHz). In [29]-[33], the authors have developed 2X2 MIMO structures that are 

constructed from either Monopoles or PIFA elements with a less than 0.5 ECC however, 

these MIMO systems are only covering LTE (698MHz-3GHz) frequency bands and not 

5G frequencies. A much broader bandwidth (700MHz-6GHz) with less than 0.16 of ECC 

(using first method in [34]) is achieved by authors in [35] but it doesn’t include the B71 

band (617MHz-698MHz) as well as it comes at an increased volume (70x70x29𝑚𝑚 ) 

which makes it impossible to fit in production Shark-fins. Finally, a 4X4 MIMO system is 

presented in [36], However, B71 frequency band is not covered, there is no information 

about system volume, and the work has not been supported by either GND or vehicle 

measurements data. 
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1.3.3  V2X Antenna 

In [42], two V2X antennas are designed to fit in an automotive shark-fin however, 

low average gain of -2.3dBi was reported at 5.9GHz. A tri-polarized antenna was designed 

to cover 5G and V2X frequencies in [43] with an H-plane gain of 2.05 to 2.88dBi in the 

V2X band however, it comes with an increased antenna volume with dimensions of 

76X76X17𝑚𝑚 . Similar drawbacks of large volumes can also be seen in [44], [24], and 

[45]-[47] with less than zero gain in [45] and [46] whereas a gain of 0.97dBi was reported 

in [47]. A mean realized gain of 0.043dBi was achieved in [48] with a multiband antenna 

that covers LTE and V2X with a big volume of 120X70X0.1𝑚𝑚 . In addition to those 

similar large volumes multiband designs that covers both LTE and V2X with maximum 

realized gain values of -0.5dBi and 2dBi are reported in [49] and [50] respectively. In [51], 

a quarter-wave balun fed Vivaldi antenna with dimensions of 190X187.5X187.3𝑚𝑚  was 

designed and an average gain of -5dBi was reported around 5.9GHz. The work in [52] 

shows a peak gain of 8dBi at 5.9GHz however, it does not show average gain values and it 

does not tell at which elevation angles this peak gain is achieved. 

1.4  Work Contributions and Dissertation Organization 
 
An overview of the main contributions of this work is provided in this section and 

it is summarized in the following points: 

 Chapter 2 describes the development process and results of a novel branched 

monopole structure that can tackle the challenge of covering the multi-

wideband of 5G cellular frequencies. In particular, the antenna makes it 

possible to cover the 5G low-band (617MHz- 960MHz) frequencies with a 

compact size that can easily fit in an automotive shark-fin. The developed 
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antenna has an inherited GNSS frequency bands rejection which in addition to 

improve the overall antenna module performance by reducing coupling effects, 

it also eliminates the need for further filtering at the PCB board level and 

thereby reduce the overall cost of the antenna system RF front end. The 

antenna element is designed to be compact in size with no need to be printed 

on dielectric which cut the element cost further. The antenna is constructed 

from sheet metal and equipped with two arms that enable coverage of whole 

5G cellular band with less than 3.2:1 Voltage Standing Wave Ratio (VSWR). 

The antenna structure also reduces the typical antenna height of 121 mm (λ/4 

at freq.= 617MHz) to only 60 mm that makes around 50% height reduction and 

makes it feasible to pack the antenna in the shark-fin module.  

 Chapter 3 demonstrates that the antenna in Chapter 2 can be used as a building 

block element to construct high orders MIMO structures. In fact, 3 possible 

MIMO system configurations will be discussed. The first two configurations 

are 2X2 MIMO systems however in the second configuration (Configuration 

II), individual antennas are oriented in the opposite direction to the antennas in 

the first configuration (Configuration I). The third configuration is a 4X4 

MIMO antenna system which is made of the same building block element with 

individual antennas location and orientation optimized to enhance the MIMO 

antenna system performance. Important MIMO system performance metrics 

such as correlation and Diversity Gain (DG) will be discussed with regards to 

the mentioned configurations. 
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 Chapter 4 presents the implementation of a cavity-backed slot antenna that is 

used for V2X communication. The antenna is designed to work around 5.9GHz 

with excellent matching characteristics (VSWR< 2) and directive radiation 

pattern that covers 120 degrees azimuth span towards the front of the vehicle 

with up to 6.5dB realized vertical gain. The developed antenna is GND 

independent (by design) and can be integrated to the vehicle’s windshield or 

rear-view mirror to enhance V2X antenna system transmission and reception 

for below horizon originating EM signals. The mounting location of the 

antenna also guarantee null-free radiation pattern with no other bigger antenna 

elements around as well as modernized look for the vehicle. 

 Chapter 5 provides a conclusion of work that made in this research as well as 

suggestions for possible future works. 

 The Appendix presents tabulated summary of literature review studied 

throughout the research effort. 
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CHAPTER TWO 

MULTI-WIDEBAND BRANCHED MONOPOLE ANTENNA 
 
 
 

2.1  Introduction 
 

With the rapid development in the cellular telecommunications industry, 

increased number of frequency bands have been added by communication services such 

as 2G, 3G, 4G, LTE, GSM, Digital Communication System (DCS), International Mobile 

Telecommunications (IMT), Personal Communications Services (PCS), Broadband 

Radio Services (BRS), and C Band listed in Table 2.1 require multi-wideband antennas. 

For these antennas to be of great use, they need to have a compact size, omnidirectional 

pattern, vertical polarization, high efficiency, low cost, and easy to manufacture. Thus, a 

monopole antenna can be among best candidates given such requirements. Unfortunately, 

typical monopole is a single band antenna with 10%- 20% bandwidth. Table 2.2 presents 

cellular frequency bands together with the corresponding typical monopole heights 

needed to cover them. As it can be seen from Table 2.2, it is impossible to cover all 

targeted 5G cellular bands with an individual monopole and thus a more sophisticated 

design for a monopole antenna needs to be implemented. Successful implementation of 

5G cellular antenna must have omnidirectional pattern, low cost, good matching 

characteristics, good vertical gain performance, shark-fin compatible size, high 

efficiency, and ease of manufacturability. Important design goals and performance 

specifications against which the proposed antenna was designed are summarized and 

reported in Table 2.3. The designed branched monopole structure will be discussed next 

in this chapter. 
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Table 2.1. 5G Cellular Frequency Bands 
 

 
Cellular Band 

 

 
Frequency Range (MHz) 

 
Digital Dividend (US) 

 

 
617-698 

 
Lower and Upper SMH/ Lower 800 (Japan) 

 
699-875 

 
Extended GSM 

 
880-960 

 
DCS 

 
1710-1880 

 
PCS 

 
1850-1990 

 
IMT 

 
1920-2170 

 
WCS 

 
2350-2360 

 
C Band 

 
3300-5000 

 
 

 

Table 2.2. Monopole heights and bandwidths corresponding to the 5G frequency bands 
 

 
Service 

 

 
Digital 

Dividend 
 

 
Lower/ 
upper 
SMH 

 

 
GSM 

 

 
DCS 

 

 
PCS 

 

 
IMT 

 

 
WCS 

 

 
C 

Band 
 

Band 
(MHz): 

 

617- 
698 

 

699-
875 

 

880-
960 

 

1710-
1880 

 

1850-
1990 

 

1920-
2170 

 

2350-
2360 

 

3300-
5000 

 
Center 

Frequency 
(MHz): 

 

657 
 

787 
 

920 
 

1795 
 

1920 
 

2045 
 

2355 
 

4150 
 

% BW: 
 

12.3 
 

22.3 
 

8.7 
 

9.5 
 

7.3 
 

12.2 
 

0.42 
 

41 
 

Height 
(λ/4 mm): 

 

114.08 
 

95.23 
 

81.47 
 

41.75 
 

39.04 
 

36.65 
 

31.83 
 

18.06 
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Table 2.3. 5G Cellular Design Goals and Guidelines 
 

 
Parameter 

 

 
Value 

 
 

Polarization 
 

 
Vertical Linear Polarization (VLP) 

 
Return Loss 

 
5.4 dB (3.3 VSWR) across all 5G Bands 

 
Efficiency 

 
60% 

 
LAG 

 
-3 dBi across θ = 70-90 degree 

 
Dimensions 

 
Maximum Height: 60 mm 
Maximum Length: 45 mm 
Maximum Width: 17 mm 

 
 

 

2.2  Branched Monopole Antenna Design 
 

2.2.1  Work Overview 

 The goal of this design is to develop a 5G cellular antenna that covers frequencies 

from 617MHz to 5GHz with a VSWR less than 3.3 and an omnidirectional gain with 

good characteristics at Theta angles mentioned in Table 2.3. The antenna was first 

simulated using HFSS software on a 1-meter GND. Then the antenna was placed inside 

an anechoic chamber and measured on a 1-meter rolled edge GND. Finally, the antenna 

was mounted on top of a vehicle roof and vehicle-level measurements in anechoic 

chamber was performed. Next antenna parameters, design methodology, and antenna 

placement are discussed.   
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2.2.2  Design Methodology and Parameters 

 The antenna is made of sheet metal with dimensions of 60mm (height) x 39.8mm 

(length) x 15mm (width) and it is mounted on Flame Retardant 4 (FR4) circuit board 

material. A coaxial cable with Fachkreis Automobile (FAKRA) connector is used to feed 

the antenna as shown in Figure 2.1a. Different current paths have been created by 

equipping the antenna with two arms covering different frequency bands. The low band 

(617 MHz – 960 MHz) is attributed to arm 1 whereas mid and high bands (1.71 GHz -

2.69 GHz) and (3.3 GHz – 5 GHz) are covered using arm 2 in Figure 2.1b. As a general 

design guideline, Arm1 and Arm2 of the branched monopole structure must be loaded at 

𝜆 /4 and 𝜆 /4  distance from GND respectively (where 𝜆  and 𝜆  is the 

wavelength at the center frequency of the low band and high band respectively) to obtain 

good radiation and impedance matching characteristics. Top loading arm1 branch of the 

monopole further increases the length of arm1 enabling the antenna to cover much lower 

frequencies. In order to separate the low and the higher bands an L-Shape Slots structure 

has been cut from the antenna as depicted in Figure 1b. This structure acts as a series LC 

to ground (band stop filter) and it allows GNSS band rejection. It is possible to control 

the inductor and capacitor values of this band stop filter by changing L-Shape slots 

structure parameters (Ls and Lg1) and Ha1 length as it will be seen in parametric study 

section. The height Ha2 = 29.3mm represents the average current path for arm2 to radiate 

at 2.5GHz whereas arm 1 current experiences a longer path of H+L= 98.5mm allowing 

arm1 to radiate around 765MHz. Arm1 is also lengthened by adding Ha1 improve the 

matching of the low band, however this extra length contributes in forming the L-Shape 

slots structure and its effect on the antenna matching will be studied in section 2.4. 
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(a) 

 
 

(b) 

Figure 2.1.   Cellular 5G antenna in (a) isometric view of realized antenna; and (b) front 
and side view of the antenna with L-Shape slots structure. 
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 The antenna geometrical dimensions are presented in Figure 2.2 with their 

corresponding optimal values listed in Table 2.4. Individual values selections are going to 

be discussed more in future sections. Figure 2.3 shows that the antenna has been placed 

symmetrically towards the rear of the roof of the vehicle ready for chamber 

measurements, simulation results, on 1-meter GND measurements, and vehicle-level 

measurements are collectively discussed in the following section. 

 

 

 

Figure 2.2.   Cellular 5G antenna geometrical dimensions. 

  

L 

H
 

H
a1

 

Ls 

H
a2

 

La2 

Lg2 Lg1 



 21

Table 2.4. Values of Geometrical Parameters of the Designed Antenna 
 

 
Parameter 

 

 
Value (mm) 

 
 

H 
 

 
60 

 
L 
 

38.5 
 

W 
 

14.9 
 

Ha1 
 

30 
 

Ha2 
 

29.3 
 

Lg1 
 

9 
 

Lg2 
 

2 
 

Ls 
 

2.6 
 

La2 
 

39.8 
 

 

 

 
 

Figure 2.3.   Cellular 5G antenna placement on vehicle’s roof. 
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2.3  Branched Monopole Antenna Results 

2.3.1  Matching and Surface Current Density 

The antenna’s simulated and measured reflection coefficient is shown in Figure 

2.4. Across the frequency range 617MHz- 960MHz, the return loss is better than 5.6 dB 

whereas a return loss of better than 10 dB is noticed across higher frequency ranges from 

1710MHz- 2490MHz and 3300MHz- 5000MHz. Figure 2.4 also demonstrates good 

agreement between the simulated and measured reflection coefficient with both of them 

showing reasonable rejection at the L1/L2/L5 GNSS frequency bands. 

 

 

 
 

Figure 2.4.   On 1-meter GND 5G cellular antenna simulated and measured reflection 
coefficient in dB. 
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The simulated surface current distribution on the antenna in (A/m) is shown in 

Figure 2.5 where a sample that represents low, mid, and high bands was taken to illustrate 

the operation principle of the antenna. The low frequency band presents the most intense 

current in the antenna, especially in the arm 1 structure. The surface current starts shifting 

slightly and transitions into the arm 2 structure at higher frequencies while being 

prevented from going to arm 1 due to the L-Shape slots structure which acts like a GNSS 

band stop filter. 

 

 

 

(a) 

Figure 2.5.   Simulated service current density measured in (A/m) at sample frequencies: 
(a) 617MHz, (b) 1900MHz, (c) 3900MHz, and (d) 5000MHz. 
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(b) 

 

 
 

(c) 

Figure 2.5.   Continued.  
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(d) 

Figure 2.5.   Continued. 
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2.3.2  Antenna Radiation Pattern, Gain, and Efficiency 

 An omni-directional pattern is important for cellular coverage around the vehicle 

across theta angles 70-90 degrees. In Figure 2.6, the vertically polarized gain vs. azimuth 

angles at a theta angle of 80 degrees are shown at different frequencies (namely 617MHz, 

1.9GHz, 3.9GHz, and 5GHz). The three data traces on each sub-plot correspond to the 

simulated antenna performance, measurements on a one-meter diameter GND, and 

measurements on the vehicle roof.  The antenna gain measurements follow the same 

omni-directional behavior; however, the results for the measurements on the vehicle 

appears to be more directive towards the front-end of the vehicle at 3.9 GHz and 5 GHz 

because electromagnetic waves reflections due to roof curvature, which explains the more 

directive behavior of the radiation pattern at high frequencies. Moreover, the LAG 

observed from vehicle radiation patterns is found to be –0.2dBi, 2dBi, -0.1dBi, and 

2.8dBi at frequencies 617MHz, 1.9GHz, 3.9GHz, and 5GHz, respectively. Figure 2.7 

shows simulated vertical (Gain Theta) and horizontal (Gain phi) performance of the 

proposed antenna at 80 deg of Theta at the aforementioned frequencies. The huge 

difference between the two polarizations indicates that the antenna is adequately 

vertically polarized and consequently capable of reducing mismatch loss from base 

stations. 

 Figure 2.8 shows the simulated and measured total antenna efficiency. The GND 

measurement has an average of 87% efficiency across all frequency bands whereas the 

vehicle measurement has a reduced average efficiency of 83%.  This discrepancy is 

attributed to reflections of electromagnetic waves from the roof curvature and paint 

which worsens the grounding of the antenna especially at the lower frequencies. 
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(a) 

Figure 2.6.   Comparison of 5G cellular antenna simulated, measured on GND, measured 
on vehicle realized vertical gain at θ = 80 degree and frequencies: (a) 617MHz, (b) 

1900MHz, (c) 3900MHz, and (d) 5000MHz.  
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(b) 

Figure 2.6.   Continued. 
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(c) 

Figure 2.6.   Continued. 
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(d) 

Figure 2.6.   Continued. 
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(a) 

Figure 2.7.   Comparison of 5G cellular antenna simulated vertical gain (gain Theta) and 
horizontal gain (gain Phi) polarizations at θ = 80 degree and frequencies: (a) 617MHz, 

(b) 1900MHz, (c) 3900MHz, and (d) 5000MHz. 
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(b) 

Figure 2.7.   Continued. 

 

 

 

-50

-40

-30

-20

-10

0

10

0

30

60

90

120

150

180

210

240

270

300

330

Vertical Polarization

Horizontal Polarization



 33

 

 

 

 
 

(c) 

Figure 2.7.   Continued. 
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(d) 

Figure 2.7.   Continued. 
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(a) 

Figure 2.8.   Comparison of total cellular 5G antenna efficiency measured on GND and 
on vehicle roof for frequency ranges (a) 617MHz- 960MHz, (b) 1710MHz- 2690MHz, 

and (c) 3400MHz- 5000MHz. 
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(b) 

Figure 2.8.   Continued. 
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(c) 

Figure 2.8.   Continued. 
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 An effective method to measure the 5G antenna performance in automotive 

industry is by calculating the LAG across the theta angles from 70 to 90 degrees above 

the horizon as in Table 2.3. These angles mimic the incoming RF signals incident from 

cellular towers. LAG in decibels is for a given frequency (f) and polarization (𝛾) given 

by: 

                   𝐿𝐴𝐺 (𝑓, 𝛾) = 10𝑙𝑜𝑔
∑ ∑ ( ) , , ,

                            (2.1) 

where, 𝜃  is a discrete theta angle in degrees referenced via the index 𝑖;  𝑀 is the number 

of theta angles (which is 21 angles for theta from 70 to 90 deg);  𝜑  is the phi angle in 

degrees referenced by the index 𝑗;  𝑁 is the number of phi angles ( which 360 angles for 

phi from 0 to 359 deg); and 𝐺 𝜃 , 𝜑  in the gain in linear units for a discrete point 

on the spherical surface for a given frequency (f) and polarization (𝛾). 

 Figure 2.9 shows the LAG in dBi measured across frequency. In general, vehicle 

LAG is slightly lower than the GND LAG. However, both measurement scenarios have 

LAG values that are greater than -1 dBi across the entire band which indicates good 

antenna performance as well as passing the design goals listed in Table 2.3. 

 The results in this section demonstrate that the designed antenna has generally 

good performance in terms of matching characteristics, vertical gain, and efficiency and 

all these performance metrics are conforming with design goals listed in Table 2.3. it is 

also evident that there is a small difference between antenna simulation and 

measurements indicating a sound antenna element design. Next parametric study is 

presented.  
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2.4  Parametric Study 

In this section parametric study of several significant geometrical parameters and 

features in the antenna element is presented. In reference to Figure 2.2, the parameters 

that are investigated include: 

 separation length between the sheets in arm 1 (Ls) 

 length of the slots in arm 1 (Lg1, Lg2) 

 length of the vertical sheet in arm 1 (Ha1) 

 length of arm 2 that controls the high bands (La2). 

Figure 2.9 shows the effect of L-Shape slot structure on the antenna performance. 

Figure 2.9(a) shows the variation of reflection coefficient for four different values of Ls 

including 0.6mm, 2.6mm, 4.6mm, and 0mm whereas Figure 2.9(b) shows the variations 

for three values of Lg1 namely 6mm, 9mm, and 13mm. It is noticed that the two 

parameters Ls and Lg1 have an effect particularly on the GNSS rejection peak. In fact, 

increasing Ls/Lg1 slot will lower the GNSS rejection filter center frequency. On the other 

hand, reducing Ls/Lg1 length will shift GNSS rejection peak towards higher frequencies 

and this is clearly shown in a particular case when there is no Ls gap (Ls=0mm). 

Choosing Ls and Lg1 to be 2.6mm and 9mm respectively as proposed in the design is 

optimal to balance the reflection coefficient around GNSS rejection peak and 

consequently improving the antenna matching at low band frequencies specially around 

960MHz. 

Furthermore, changing the value of parameter Ha1 has an important role in the 

low frequency band, and it also alters the L-Shape slots structure and thus shift the GNSS 
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(a) 

 

(b) 

Figure 2.9.   Simulated reflection coefficient of varying L-Shape slots structure 
parameters: (a) Ls and (b) Lg1. 
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rejection in frequency. As shown in Figure 2.10, increasing the value of Ha1 supports a 

larger wavelength current in the low frequency band which shifts antenna resonance at 

617-960MHz band towards lower frequencies. In addition, reducing or increasing Ha1 

length change the location of GNSS band rejection peak. A special case when Ha1 is tall 

enough to bridge arm1 and arm2 together is shown in Figure 2.10 with Ha1=30.7mm, in 

this case the GNSS band reject filter can no longer operate and hence keeping Ha1 less 

than 30.7mm is crucial for GNSS band stop filter operation. A value of Ha1=30mm was 

selected since it grants optimal reflection coefficient performance across low band as well 

as it allows balanced GNSS band rejection. 

 

 

 

Figure 2.10.   Simulated reflection coefficient of varying vertical sheet length Ha1. 
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In Figure 2.11, the length of arm 2 was analyzed for three different values: 35.8mm, 

39.8mm, and 43.8mm. The parameter La2 has a significant effect on the high frequency 

bands. It was concluded that increasing the length of arm 2 worsening the reflection 

coefficient at 4-5GHz band since the resonance shifts to lower frequencies while reducing 

its length will have a better reflection coefficient at 4-5GHz band while having a slightly 

worse reflection coefficient at 3– 4GHz band.  

Lg2 Slot variation shown in Figure 2.12 also has an insignificant effect on the 

high band resonance around 4.2GHz. Finally, as it can be seen in Figure 2.13, increasing 

the width of the antenna (W) does not only lower the low band resonance but it also has 

similar effect on the rest of antenna bands. 

In summary, antenna distinctive geometrical features were deeply studied and 

improved the understanding of antenna working principle. Table A.1 in the APPENDIX 

compares the developed antenna in this chapter to related literature antennas in the 

automotive industry. 

2.5  Conclusions 

A multi-wideband branched monopole antenna was presented in this Chapter that 

functions across the 5G frequency band from 617 MHz to 5 GHz. It consists of two arms 

with different dimensions to provide resonances at low and high bands. The antenna was 

simulated and then measured on a one-meter GND and on a vehicle’s roof inside an 

anechoic chamber. The measurements show exhibited VSWR performance less than 3.2:1 

(5.6dB return loss) and an average efficiency of 87% on a GND and 83% on the vehicle. 

The LAG performance was better than -1dBi across the entire frequency band for the 

elevation range from 0 degrees to 20 degrees above the horizon.  
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Figure 2.11.   Simulated reflection coefficient of varying arm2 length La2. 

 

 

 

Figure 2.12.   Simulated reflection coefficient of varying length of Lg2 slot. 
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Figure 2.13.   Simulated reflection coefficient of varying antenna width (W). 

 

 

The parametric study of different geometrical variables was analyzed and revealed that 

the antenna has a resilient design which makes it suitable for manufacturing with an 

acceptable tolerance of each parameter’s dimension. In general, the proposed antenna 

design is a good candidate for on-vehicle roof shark-fin antennas. The antenna is very 

attractive for automotive applications since it is easy to manufacture and has compact size, 

light weight, and low cost. 
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CHAPTER THREE 

5G CELLULAR MIMO SYSTEM STRUCTURES 
 
 
 

3.1  Introduction 
 

With the expansion of the cellular systems being integrated in cars to support the 

connected vehicle effort, a need for multiple antennas support wireless service has 

emerged. The MIMO system consists of two or more antennas that receive or transmit 

multiple layers of orthogonal data streams from cellular base stations which allow for 

increased channel capacity, data rate and the total throughput of the system without 

increasing the operating frequency band or the transmit power [37]. To this date, 2x2 

MIMO configuration with de-correlated antennas that receive two data streams is being 

used to realize downlink reception in modern vehicles [38]. The performance of the 

MIMO system is highly dependable on the efficient design of the MIMO antennas that 

should lower correlation between them and a high total antenna efficiency [39].  

MIMO antenna systems performance metrics and implemented high order MIMO 

structures are presented next in this Chapter. 

3.2  MIMO Antenna Systems Performance Metrics 
 
3.2.1  Envelope Correlation Coefficient 

An important characteristic of the communication systems is the ECC between 

MIMO system antennas. Small ECC values are crucial to increase transmission capacity 

as well as to improve the multipath fading. ECC tells how independent MIMO antennas 

radiation patterns are, for example, for a 2x2 MIMO system with vertically and 

horizontally polarized antennas ECC value will be 0. There are 2 ways to calculate the 
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ECC in a MIMO system [34], the first method used S parameters to find ECC and it 

assumes lossless/60% or more efficient antennas which is sometimes unrealistic. 

Whereas the second method (which is more accurate) used throughout this work utilizes 

radiation patterns of individual antennas to calculate the ECC of MIMO system.  

The ECC can be related to the electric field radiation pattern through the equation 

in [34] as below: 

𝜌 ,

=
∫ ∫ (𝑋𝑃𝑅 .  𝐸  .  𝐸∗  .  𝑃  +  𝑋𝑃𝑅  .  𝐸  .  𝐸∗  .  𝑃 ) sin(𝜃) 𝑑𝜃𝑑𝜙

∏ ∫ ∫ 𝑋𝑃𝑅 .  𝐸  .  𝐸∗  .  𝑃  +  𝑋𝑃𝑅 .  𝐸  .  𝐸∗  .  𝑃 sin(𝜃)𝑑𝜃𝑑𝜙,

 (3.1) 

Where 𝐸  and 𝐸  are the values of electric field in the theta axis while 𝐸∅  and 𝐸∅  are 

the values of electric field in phi axis. Cross-polarization Ratio (XPR) tells the difference 

between incident electromagnetic wave vertical and horizontal polarization. 𝑃  and 𝑃∅ are 

the theta and phi power densities. Equation (3.1) can be simplified by setting XPR = 1 

assuming uniform power densities. 

3.2.2  Diversity Gain 

 Another MIMO system performance metric is the DG which is defined as the 

quantified improvement in signal-to-noise ratio (SNR) by the receiving signals from the 

MIMO antennas and usually calculated in dB. The DG can be calculated as in [40]: 

                                                    𝐷𝐺 = 𝐷𝐺 . 𝐷𝐹. 𝐾                                                       (3.2) 

Where 𝐷𝐺  is the ideal case diversity gain which is 10dB. 𝐷𝐹 is the degradation factor 

which shows how much the ECC impacts DG and is calculated as: (1 − 𝜌). 𝐾 

represents the ratio of the mean effective gain (MEG) between the MIMO antenna 
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elements (𝐾 = 𝑀𝐸𝐺 𝑀𝐸𝐺 )⁄ . 𝑀𝐸𝐺 is the effective gain ratio at the antenna element, in 

other words 𝑀𝐸𝐺 is the received to incident power ratio at the element. (K∼=1) 

condition should be satisfied for received signals by MIMO systems assuming good 

channel characteristics. 

3.3  Comparative Study of 5G Cellular MIMO Systems 
 
 In this section, three different MIMO antennas configurations are being studied. 

The building block for each configuration is the branched Monopole element in Figure 

2.1. The MIMO configurations are then simulated and measured on a 1-meter GND and 

on a vehicle’s roof inside an anechoic chamber. The obtained data from simulations and 

chamber measurements are directly reported whereas ECC and DG results are generated 

using Octave software for each MIMO configuration in this section. The general design 

guidelines that are targeted are listed in Table 3.1. 

3.3.1  Configuration I of a 2x2 5G MIMO system 

The two Monopole elements were cut from a metal sheet, fed with coaxial cables, 

and placed in such a way that will result in an omnidirectional combined radiation pattern 

as well as a minimal ECC value. The system is simulated using HFSS then measured on 1-

meter GND and on a car’s roof with a port-to-port distance of 135mm. Typically, port-to-

port distance is set to be greater than have of the wavelength at the lowest frequency to 

ensure low coupling between antennas. In this case it was set to 114 mm which is higher 

than _

∗√
 on FR4 PCB with relative permittivity (ε = 4.4)) between Monopole 

elements. Figure 3.1 shows Configuration I of a 2x2 5G MIMO system simulation setup 

on GND while Figure 3.2 depicts the on a car roof placement. 
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Table 3.1. 5G Cellular MIMO system Design Goals and Guidelines 
 

 
Parameter 

 

 
Value 

 
 

Polarization 
 

 
VLP 

 
Return Loss 

 
5.4 dB (3.3 VSWR) 

 
Average Total Efficiency 

 
60% 

 
Isolation 

 
10dB 

 
ECC 

 
Less than 0.5 

 
 

 

 

 
Figure 3.1.   Configuration I of a 2x2 5G MIMO system simulation setup. 

Ant2 

Ant1 
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Figure 3.2.   Configuration I of a 2x2 5G MIMO system placement on vehicle roof. 

 

 

The performance of Antenna1 (Ant1) and Antenna2 (Ant2) of this MIMO system 

has been reported in terms of reflection coefficient and isolation as in Figure 3.3 Both 

antennas show an agreement between simulation and GND measurement. Good 

reflection coefficient values have been observed of a worse of -5.6dB and -6.4dB at 

617MHz of Ant1 and Ant2 respectively with reasonable GNSS bands (1160MHz-

1610MHz) rejection. Figure 3.3(c) shows a good isolation between Ant1 and Ant2 in this 

configuration of a worse case 12dB (expressed as -12 dB in S21 format). 

Ant1 

Ant2 
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(a) 

 

(b) 

Figure 3.3.   Configuration I of a 2x2 5G MIMO system simulated and measured 
(a) Ant1 reflection coefficient in dB, (b) Ant2 reflection coefficient in dB, and (c) 

Isolation between Ant1 and Ant2 in dB. 
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(c) 

Figure 3.3.   Continued. 

 

 

Next, the total efficiencies of Ant1 and Ant2 have been captured after a successful 

placement of the MIMO system on 1-meter GND and then on a car roof and the results 

are shown in Figure 3.4. Both antennas exhibit higher efficiencies when placed on GND 

compared to placement on a car roof. It can be noticed that both antennas measured on 

GND have an average total efficiency of 79.8% across all 5G frequency bands while the 

average total efficiencies decrease to 74% and 71% when measured on a car roof for 

Ant1 and Ant2 respectively. Even with small coupling between the two antennas, 

individual antenna efficiencies got reduced compared to the standalone antenna discussed 

in Chapter 2  
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(a) 

 
 

(b) 

Figure 3.4.   Antenna efficiency for Configuration I 5G MIMO system measured 
on GND and on vehicle roof for frequency ranges (a) 617MHz- 960MHz, (b) 1710MHz- 

2690MHz, and (c) 3400MHz- 5000MHz. 
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(c) 

Figure 3.4.   Continued. 

 

 

Simulation, GND measurement, and vehicle measurement of a combined MIMO 

system radiation pattern sample is presented In Figure 3.5. The sample represents a Theta 

horizontal gain cut at θ = 80 degrees and four frequencies namely 617MHz, 1900MHz, 

3900MHz, and 5000MHz to provide a good idea about the system performance. The 

combined MIMO system pattern is obtained by measuring each antenna when the other 

antenna is loaded by a 50Ohm terminator and then combine the resultant individual 

antenna patterns selecting the maximum values of Gain-Theta between Ant1 and Ant2 

measurements for a specific phi-frequency pair at 80 degrees of theta. Finally, the 

average gain of the MIMO system combined radiation patterns measured on car roof is 
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Figure 3.5.   Configuration I combined radiation pattern of simulation, GND 
measurement, and vehicle measurement in (dBi) at θ = 80 deg. for frequencies: (a) 617 

MHz, (b) 1900 MHz, (c) 3900 MHz, (d) 5000 MHz. 
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found to be -1.14dBi, 3.15dBi, 1.81dBi, and 2.84dBi at frequencies 617MHz, 1900MHz, 

3900MHz, and 5000MHz, respectively.  

 ECC and DG on GND and on car roof for Configuration I of a 2x2 5G MIMO 

systems are depicted in Figure 3.6. The two figures suggests that higher values of ECC 

and consequently lower values of DG occurs at low frequencies (i.e., 617MHz) because 

the wavelength is big which leads to more correlation between the antennas. In this 

MIMO configuration an ECC of better than 0.13 and a DG of better than 9.92dB have 

been realized. 

 

 

 
 

(a) 

Figure 3.6.   Configuration I of a 2x2 5G MIMO system measured on GND and on 
vehicle roof (a) ECC, (b) DG. 
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(b) 

Figure 3.6.   Continued. 

 

 

3.3.2  Configuration II of a 2x2 5G MIMO system 

 Similar to Configuration I in subsection 3.3.1, two Monopole elements have been 

placed on a PCB with a distance of 125mm (from port to port) between them. The 

monopoles are place on the back of the roof of a car as in Figure 3.7 to allow for an 

omnidirectional combined radiation pattern.  

The performance of Ant1 and Ant2 of this MIMO system has been reported in terms 

of reflection coefficient and isolation as in Figure 3.8. Both antennas show an agreement 

between simulation and GND measurement.  
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(a) 

 
 

(b) 

Figure 3.1.   Configuration II of a 2x2 5G MIMO system: (a) simulation setup and (b) 
placement on vehicle’s roof. 
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(a) 

 
 

(b) 

Figure 3.8.   Configuration II of a 2x2 5G MIMO system simulated and measured: 
(a) Ant1 reflection coefficient in dB, (b) Ant2 reflection coefficient in dB, and (c) 

Isolation between Ant1 and Ant2 in dB. 
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(c) 

Figure 3.8.   Continued. 

 

 

Good reflection coefficient values have been observed from GND measurements 

of a worse of -7.4dB and -6.4dB at 617MHz of Ant1 and Ant2 respectively with 

reasonable GNSS bands rejection. Figure 3.8 also shows a good isolation between Ant1 

and Ant2 in this configuration of a worse case 15dB (expressed as -15 dB in S21 format). 

 A comparison of on GND and on vehicle measurements of Ant1 and Ant2 total 

antenna efficiencies in this configuration is illustrated in Figure 3.9. The GND 

measurement has an average efficiency higher than 76% for both elements across all 5G 

bands whereas the vehicle measurement is 5% less particularly an average total efficiency 

of 71.7% was achieved. 
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(a) 

 
 

(b) 

Figure 3.9.   Antenna efficiency for Configuration II 5G MIMO system measured 
on GND and on vehicle roof for frequency ranges (a) 617MHz- 960MHz, (b) 1710MHz- 

2690MHz, and (c) 3400MHz- 5000MHz. 
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(c) 

Figure 3.9.   Continued. 

 

 

ECC and DG on GND and on car roof for configuration II of a 2x2 MIMO 

systems is depicted in Figure 3.10 where an ECC of better than 0.02 and an 

approximately 10dB of DG has been achieved using this configuration. 

Figure 3.11(a)-(d) presents combined realized vertical gain (Theta gain) radiation 

patterns of a horizontal cut at θ = 80 degrees for frequencies 617MHz, 1900MHz, 

3900MHz and 5000MHz utilizing the same technique described in subsection 3.3.1. The 

average gain values recorded from the combined vehicle radiation patterns are -0.71dBi, 

3.16dBi, 0.57dBi, and 1.51dBi at frequencies 617MHz, 1900MHz, 3900MHz, and 

5000MHz, respectively. 
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(a) 

 
 

(b) 

Figure 3.10.   Configuration II of a 2x2 5G MIMO system measured on GND and on 
vehicle roof (a) ECC, (b) DG. 
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Figure 3.11.   Configuration II combined radiation pattern of simulation, GND 
measurement, and vehicle measurement in (dBi) at θ = 80 deg. for frequencies: (a) 617 

MHz, (b) 1900 MHz, (c) 3900 MHz, (d) 5000 MHz. 
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3.3.3  4x4 monopole-based 5G MIMO system 

In this subsection, four Monopole elements are integrated in the same shark-fin 

package to operate as a 4x4 MIMO system. The building block antenna element for this 

configuration is the same antenna used in subsections 3.3.1 and 3.3.2. The four elements 

are placed in such a way that, the combined radiation pattern is omnidirectional with 

good isolation and correlation figures between individual antennas. The system 

placement on the car roof and simulation setup are shown in Figure 3.12. The distances 

between monopole elements in this MIMO systems are listed in Table 3.2. 

 

 

 
 

(a) 

Figure 3.12.   4x4 5G MIMO system: (a) simulation setup and (b) placement on vehicle’s 
roof. 
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(b) 

Figure 3.12.   Continued. 

 

 

Table 3.2. Distances Between Antennas in a 4x4 5G MIMO System Structure 
 

 
Parameter 

 

 
Value 

 
 

Ant1-Ant2 
 

 
77 

 
Ant1-Ant3 

 
141 

 
Ant1-Ant4 

 
180 

 
Ant2-Ant3 

 
100 

 
Ant2-Ant4 

 
118 

 
Ant3-Ant4 70 
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The simulated reflection coefficient in dB for each element in this configuration is 

shown in Figure 3.13. The four elements from Ant1 to Ant4 show good matching 

characteristics across the whole 5G bands with a reflection coefficient of less than -5.2dB 

and a reasonable GNSS band rejection. There is also a good agreement between the 1-

meter GND simulated and measured reflection coefficient response in each of the four 

cases. 

The isolation in dB between each pair of antennas within this 4x4 MIMO system 

is shown in Figure 3.14. In general, the shorter the distance between the antennas, the 

worse the isolation is. However, the antenna placement and orientation also contribute to 

the overall isolation performance. For instance, placing antennas’ arms that carry high 

frequency band currents facing each other typically results in better isolation performance 

than placing arms carrying low frequency band currents facing each other. All the six 

possible scenarios are reported in Figure 3.14 with worse value of 10dB of isolation 

between Ant1-Ant2 and Ant2-Ant4 can be observed from the GND measurements on the 

617MHz- 960MHz band. 

Using similar approach for combining individual antennas radiation patterns as in 

subsections 3.3.1 and 3.3.2, the combined radiation patterns at 80 degrees of theta for the 

four elements are shown is Figure 3.15. As expected by increasing number of elements in 

a MIMO system, higher average gain values are observed from the combined vehicle 

radiation patterns measurements compared to the other 2x2 configurations. The realized 

average vertical gain is found to be: -0.88dBi, 4.64dBi, 3.14dBi, and 3.74dBi at 

frequencies 617MHz, 1900MHz, 3600MHz, and 5000MHz, respectively. 
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(a) 

 
 

(b) 

Figure 3.13.   4x4 5G MIMO system simulated and measured reflection coefficient in dB 
for: (a) Ant1, (b) Ant2, (c) Ant3, and (d) Ant4. 
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(a) 

 
 

(b) 

Figure 3.13.   Continued. 
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(a) 

 
 

(b) 

Figure 3.14.   4x4 5G MIMO system simulated and measured Isolation in dB 
between: (a) Ant1- Ant2, (b) Ant1- Ant3, (c) Ant1- Ant4, (d) Ant2- Ant3, (e) Ant- Ant4 

and (d) Ant3- Ant4. 
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(c) 

 
 

(d) 

Figure 3.14.   Continued. 
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(e) 

 
 

(f) 

Figure 3.14.   Continued. 
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Figure 3.15.   4x4 5G MIMO system combined radiation pattern of simulation, GND 
measurement, and vehicle measurement in (dBi) at θ = 80 deg. for frequencies: (a) 617 

MHz, (b) 1900 MHz, (c) 3900 MHz, (d) 5000 MHz. 
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The on GND and on car roof measured efficiencies are reported in Figure 3.16, 

Figure 3.17, Figure 3.18, and Figure 3.19 for the four antenna elements in this MIMO 

system. It can be noticed that the GND measurement has an average total efficiency 

higher than 72.5% for all the four elements across the whole 5G frequency bands whereas 

the vehicle measurement has a reduced average total efficiency of slightly higher than 

65% for all elements. The ECC and DG were also calculated in this MIMO configuration 

with the help of equations (3.1) and (3.2) using Octave script. As Figure 3.20 suggests, 

the ECC is well kept below 0.5 in all the 6 correlation cases with corresponding DG 

values of higher than 8.9dB. The worst value of ECC (0.45) and DG exists at low 

frequency bands, and it is the same case where worst passive isolation occurs namely 

between Ant3 and Ant4. 

Detailed literature review comparison of MIMO antennas systems used in 

automotive industry is attached in Table A.2 in the APPENDIX. The table also compares 

works in terms type of type of antennas, bandwidth of operations, systems volume, and 

method of ECC calculation in use.  

Chapter 3 conclusion is discussed next, and it summarize all the work done 

throughout this chapter.  
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(a) 

 
 

(b) 

Figure 3.16.   Ant1 efficiency for 4x4 5G MIMO system measured on GND and on 
vehicle roof for frequency ranges (a) 617MHz- 960MHz, (b) 1710MHz- 2690MHz, and 

(c) 3400MHz- 5000MHz. 
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(c) 

Figure 3.16.   Continued. 
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(a) 

 
 

(b) 

Figure 3.17.   Ant2 efficiency for 4x4 5G MIMO system measured on GND and on 
vehicle roof for frequency ranges (a) 617MHz- 960MHz, (b) 1710MHz- 2690MHz, and 

(c) 3400MHz- 5000MHz. 
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(c) 

Figure 3.17.   Continued. 
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(a) 

 
 

(b) 

Figure 3.18.   Ant3 efficiency for 4x4 5G MIMO system measured on GND and on 
vehicle roof for frequency ranges (a) 617MHz- 960MHz, (b) 1710MHz- 2690MHz, and 

(c) 3400MHz- 5000MHz. 
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(c) 

Figure 3.18.   Continued. 
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(a) 

 
 

(b) 

Figure 3.19.   Ant4 efficiency for 4x4 5G MIMO system measured on GND and on 
vehicle roof for frequency ranges (a) 617MHz- 960MHz, (b) 1710MHz- 2690MHz, and 

(c) 3400MHz- 5000MHz. 
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(c) 

Figure 3.19.   Continued. 
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(a) 

 
 

(b) 

Figure 3.20.   4x4 5G MIMO system measured on GND and on vehicle ECC and DG 
between (a) Ant1-Ant2, (b) Ant1-Ant3, (c) Ant1-Ant4, 

(d) Ant2-Ant3, (e) Ant2-Ant4, and (f) Ant3-Ant4. 
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(c) 

 
 

(d) 

Figure 3.20.   Continued. 
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(c) 

 
 

(d) 

Figure 3.20.   Continued. 
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3.4  Conclusions 
 

Three MIMO systems based on a novel branched Monopole structure that 

operates in cellular 5G bands (617MHz-5GHz) and can easily be in integrated inside a 

Shark-fin package on a car roof have been presented in this chapter. The ECC and DG 

derived from the radiation patterns of each antenna element were calculated for each of 

the three MIMO configurations. The configuration I MIMO system in Figure 3.1 

represents a 2x2 MIMO systems with antennas separated by a 135mm distance integrated 

on a Shark-fin module on a car roof and it allows for a passive isolation better than 12dB, 

total average efficiencies higher than 71% on vehicle across all bands, ECC lower than 

0.13, and DG higher than 9.9dB. The configuration II MIMO system in Figure 3.7 

represents a 2x2 MIMO systems with antennas separated by a 125mm distance integrated 

on a Shark-fin module on a car roof and it provides a passive isolation better than 15dB, 

total average efficiencies higher than 71.7% on vehicle across all bands, ECC lower than 

0.02, and DG of 10dB. Finally, a 4x4 MIMO antenna system constructed of four 

monopole elements as in Figure 3.12 was designed. It achieves passive isolation better 

than 10dB, total average efficiencies higher than 65% on vehicle across all bands, ECC 

lower than 0.46, and DG higher than 8.9dB. In general, each MIMO configuration has a 

satisfactory performance and can be used easily in the vehicular application depending on 

the desired requirement and dimensions. 
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CHAPTER FOUR 

V2X CAVITY-BACKED SLOT ANTENNA 
 
 
 

4.1  Introduction 
 

There are two implementable schemes for V2X: Dedicated Short-Range 

Communication (DSRC) and 5G network. Both schemes can operate with each other to 

result in a complete solution for V2X communication. The 5G cellular communication 

can be considered as a backup to the DSRC while supporting high data rates that can 

lengthen the communication path beyond the short range of the DSRC technology [53]. 

Vehicular V2X antennas are required to communicate with vehicles, infrastructure, 

network, and pedestrians that are located at various elevations with respect to the 

vehicle’s antenna. Thus, good coverage in Theta angles range 75deg < θ < 95deg is 

important to make sure that good reception performance is achieved for electromagnetic 

waves originating from antennas mounted in high locations like base station towers as 

well as to cover waves incident from below-horizon angles [52]. 

Since V2X antenna works at a relatively high frequency (5.85GHz- 5.925GHz), 

the size of the antenna is typically small. With such small size, the antenna is exposed to 

EM waves blockage from other antenna packaged within the same Shark-fin. Moreover, 

V2X antenna needs to cover some below horizon angles for proper operation which 

makes mounting the antenna on car’s roof inappropriate. For the previous reasons and in 

addition to styling purposes, a cavity-backed slot V2X antenna was developed to be 

mounted on vehicle’s windshield or attached to the rear-view mirror. The antenna layout, 

design goals, simulation, and measurements results are discussed in this chapter. 
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4.2  Cavity-Backed Slot V2X Antenna Design Layout 
 

The cavity-backed slot antenna is constructed of metal sheet with volume of 

(40.5mm height X 38.7mm length X 16.8mm width). A coaxial cable is used to feed the 

antenna where its center pin used as a monopole to excite the cavity-backed slot antenna. 

Figure 4.1 and Figure 4.2 show the proposed antenna with geometrical dimensions 

highlighted. The feeding monopole is made of two parts, the lower part which is coaxial 

cable center pin with a length (LFL) of 1.74mm and diameter of 0.2mm whereas the top 

part has a length (FL) of 10.97mm and a wider diameter (FD) of 1.7mm to help in having 

wider overall bandwidth for the monopole. 

 

 

 
 

Figure 4.1.   Cavity-backed slot antenna dimension. 
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Figure 4.2.   Cavity-backed slot antenna dimensions with top side removed. 

 

 

The total length of the monopole is set to be 12.71mm which is a quarter-wavelength 

at 5.9GHz and can be calculated as in equation (4.1) below: 

                                                Monopole length =  
∗

                                                        (4.1) 

Where c is the speed of light (𝑐 = 𝜆𝑓 = 3 ∗ 10  𝑚/𝑠) and f = 5.9 GHz. The feeding 

monopole is located at approximately  FX =
𝛌

  from the back side (opposite to 

the slot side) of the cavity to allow for an in-phase reflection of energy from the back of 

the cavity to the slot side. It is assumed that the cavity is filled with air and experimental 

trials are used to determine the geometrical dimensions of the cavity with the assumption 

that TE  mode will be excited in the antenna. 
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Table 4.1 shows the values of various antenna parameters with their final values. 

The listed values were obtained after careful optimization of the antenna parameters. 

Table 4.2 lists the targeted design goals for the proposed V2X antenna in terms of 

polarization, reflection coefficient, efficiency, and LAG. The design goals are generated 

based on the anticipated coverage and performance of V2X antenna to allow for efficient 

operation of the V2X system. The antenna was simulated with HFSS then measured on-

foam and on-vehicle’s windshield inside anechoic chamber as depicted in Figure 4.3 and 

Figure 4.4. 

 

 

Table 4.1. Values of the Cavity-Backed Slot Antenna Geometrical Parameters  
 

 
Parameter 

 

 
Value (mm) 

 
 

H 
 

 
16.8 

 
L 
 

40.5 
 

W 
 

38.7 
 

SW 
 

22.5 
 

SL 
 

1.6 
 

FL 
 

11 
 

LFL 
 

1.74 
 

FD 
 

1.7 
 

FX 
 

13.5 
 

FY 19.35 
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Table 4.2. V2X Antenna Design Goals and Guidelines 
 

 
Parameter 

 

 
Value 

 
 

Polarization 
 

 
VLP 

 
Reflection Coefficient 

 
-10 dB (2:1 VSWR)  

 
Avg. Total Efficiency 

 
45% 

 
LAG for solid angle: 
-55deg < Φ < 55deg 
86deg < θ < 93deg 

 

2dB minimum 
 

 

 

 
 

Figure 4.3.   V2X cavity-backed slot antenna measured on foam inside anechoic chamber. 
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Figure 4.4.   V2X cavity-backed slot antenna mounted on vehicle’s windshield ready for 
chamber measurement. 
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4.3  V2X Antenna Simulation and Measurements Results 

4.3.1  V2X Antenna Matching and Surface Current Density 

The proposed antenna’s reflection coefficient is depicted in Figure 4.5. Similar 

matching characteristics between the simulation and measurements can be observed with 

mid-band return loss of 20dB and 22dB in simulation and measurements respectively. 

Keysight E5071C Network Analyzer was used to capture the V2X antenna reflection 

coefficient measured response while HFSS software was used for the simulated one. To 

further study the current path and behavior of the antenna, the surface current density is 

reported in Figure 4.6. The high values of surface current density at 5.9GHz near the 

cavity slot indicates that most of the energy radiated by the feeding monopole is exiting 

the cavity through the slot either directly or after it bounces from the back of the cavity. 

 

 

 
 

Figure 4.5.   Comparison of reflection coefficient in dB between V2X antenna simulation 
and measurement.  
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Figure 4.6.   Simulated surface current density in A/m at 5.9GHz. 

 

 

 

 

 



 94

4.3.2  V2X Antenna Radiation Pattern, LAG, and Efficiency 

To meet the V2X wide azimuth front beam (-55 < Φ < 55) and various elevation 

angles requirements, the cavity slot width and length must be carefully optimized. In 

Figure 4.7, 4.8, and 4.9, the antenna radiation patterns have been reported at different 

elevation angles and at sample frequencies across the V2X band. The elevation angles are 

selected in a way that will reflect various V2X communications scenarios. For example, 

vertical gain radiation pattern at Theta = 80deg will mimic electromagnetic waves 

incident from base station towers or traffic light signals whereas Theta =90deg and Theta 

=93deg will represents waves originating from other cars at or below the horizon 

respectively. The on-vehicle’s windshield average vertical gain in azimuth angles range -

55deg < Φ < 55deg at 5.9GHz was found to be 2dB, 2.8dB, and 2.2dB at Theta angles 

80deg, 90deg, and 93deg respectively. Since the proposed antenna does not sit on a GND 

by design, the antenna demonstrates a good performance below horizon and that can be 

seen by looking at average vertical realized gain at Theta = 93deg which was found to be 

2.4dB, 2dB, 2.3dB at 5.85GHz, 5.9GHz, and 5.925GHz respectively. It is noteworthy 

that, only the front beam is of interest in this since the back side can be covered by 

similar antenna on the rear screen of the car facing the opposite direction. 

A practical way to measure automotive V2X antenna performance is by 

calculating the LAG across theta angles from 86 to 93 degrees as in Table 4.2. These 

angles simulate EM waves exchanged between vehicles. As in equation (2.2) and for easy 

reference, LAG measured in dB for a frequency (f) and polarization (𝛾) is given by: 

                          𝐿𝐴𝐺 (𝑓, 𝛾) = 10𝑙𝑜𝑔
∑ ∑ ( ) , , ,

                     (4.2) 
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(a) 

 
 

(b) 

Figure 4.7.   Realized vertical gain at 5.85GHz for simulated, measured on-foam, and 
measured on vehicle’s windshield at: (a) θ = 80deg, (b) θ = 90deg, and (c) θ = 93deg. 
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(c) 

Figure 4.7.   Continued. 
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(a) 

 
 

(b) 

Figure 4.8.   Realized vertical gain at 5.9GHz for simulated, measured on-foam, and 
measured on vehicle’s windshield at: (a) θ = 80deg, (b) θ = 90deg, and (c) θ = 93deg. 
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(c) 

Figure 4.8.   Continued. 
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(a) 

 
 

(b) 

Figure 4.9.   Realized vertical gain at 5.925GHz for simulated, measured on-foam, and 
measured on vehicle’s windshield at: (a) θ = 80deg, (b) θ = 90deg, and (c) θ = 93deg. 
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(c) 

Figure 4.9.   Continued. 
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where, 𝜃  is the spherical coordinate theta angle in degrees referenced by the 

index 𝑖;  𝑀 is the total number of theta angles (8 angles for theta from 86 to 93 deg); 𝜑  

is the spherical coordinate phi angle in degrees referenced by the index 𝑗; 𝑁 is the total 

number of phi angles (360 angles for phi from 0 to 359 deg); and 𝐺 𝜃 , 𝜑  in the 

gain in linear units for a discrete point on the spherical surface for a given frequency (f) 

and polarization (𝛾). 

Figure 4.10 depicts the LAG against frequency for simulated, measured on foam, 

and measured on a vehicle’s windshield. In all three cases the LAG has stayed above 

2.5dBi across V2X frequencies satisfying the design goals listed in Table 4.2. Finally, the 

total efficiency of the antenna measured on-foam and on vehicle’s windshield is reported 

across V2X frequencies in Figure 4.11. The on-foam measurements show a 56% average 

total efficiency whereas the on-vehicle measurements exhibit reduced average efficiency 

of 45.5% indicating that antenna performance is compromised at other elevation and 

azimuth angles apart from the targeted ones due to reflections within the vehicle. 

Table A.3 in the APPENDIX compares the cavity-backed slot antenna to other 

V2X antennas in the literature. The proposed antenna demonstrates a good performance 

in terms of linear average gain and peak gain as well as below-horizon performance as it 

can be seen in Figures 4.7, 4.8, and 4.9. The proposed antenna with the demonstrated 

performance in terms of radiation pattern, reflection coefficient, LAG, and efficiency 

represent an ideal model for V2X antenna element that could be used to construct a 

complete V2X antenna solution for modern vehicle communication. 
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Figure 4.10.   V2X antenna LAG against frequency comparison between simulation, 
measured on-foam, and measured on vehicle’s windshield. 

 

 

 
 

Figure 4.11.   V2X antenna Efficiency against frequency comparison between measured 
on-foam and measured on vehicle’s windshield. 

0

0.5

1

1.5

2

2.5

3

3.5

4

5840 5860 5880 5900 5920 5940

Simulation
Measured No Vehcile
Vehicle Winshield

L
A

G
 (

dB
i)

Frequency (MHz)

0

20

40

60

80

100

5840 5860 5880 5900 5920 5940

Measured No Vehicle
Vehicle Windshield

E
ff

ic
ie

nc
y 

(%
)

Frequency (MHz)



 103

4.4  Conclusions 

In this chapter, a cavity-backed slot antenna was developed to work at V2X 

frequencies and to allow for below horizon communication by eliminating the need for 

GND commonly used by other automotive antennas for performance enhancement. The 

proposed antenna is small in size 40.5X38.7X16.8 𝑚𝑚  and can easily be integrated in a 

vehicle’s windshield or rear-view mirror without the need for protruding parts at the 

vehicles’ exterior. Good matching characteristics of better than 15dB return loss at V2X 

frequencies were observed. The realized vertical gain stayed almost above 0dBi for the 

azimuth beam -55deg < Φ < 55deg for all elevations between 75deg < θ < 95deg. The 

antenna demonstrated good performance for the solid angle -55deg < Φ < 55deg and 

86deg < θ < 93deg with above than 2.5dBi LAG across the V2X band with comparable 

results for simulation, on-foam and on-vehicle’s windshield measurements. Finally, an 

average total efficiency of 56% for on-foam measurements and of 45.5% for vehicle’s 

windshield measurements were reported for the proposed antenna. In general, the 

proposed antenna has a satisfactory performance and can easily be used for V2X 

automotive applications upon the desired requirement, styling, and dimension. 
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CHAPTER FIVE 

CONCLUSIONS AND FUTURE WORK 
 
 
 

5.1  Conclusions 
 

The research presented in this work addressed an area of great interest in the 

automotive industry. Modern automotive manufacturers started to shift to lay out the 

fundamentals of autonomous driving standards and requirements. In that pursuit, 5G 

cellular antennas, V2X antennas, high precision GNSS antennas, and 5G cellular MIMO 

systems play a dominant role. A novel multi-wideband branched monopole 5G cellular 

antenna that is easy to integrate inside an automotive Shark-fin was presented in Chapter 

2. By equipping the antenna with two arms, this antenna was able to cover low cellular 

band (617MHz- 960MHz), mid band (1710MHz- 2690MHz), and high band (3300MHz-

5000MHz) with decent rejection around GNSS bands (1160MHz- 1610MHz). This 

antenna element is of critical importance for OEMs because is Shark-fin compatible, 

leigh weighted, and cheap compared to what available in literature. In addition to that, the 

element has an inherited quality by design that enables it to filter out GNSS frequencies 

eliminating the need of extra filtering at the PCB level which reduces the cost further. 

The antenna has a VSWR of less than 3.2:1 (5.6dB return loss) and an average efficiency 

of 87% on a GND and 83% on the vehicle. The LAG performance was better than -1dBi 

across the entire frequency band for the elevation range from 3 degrees to 15 degrees 

above the horizon. The parametric study of different geometrical variables was analyzed 

and revealed that the antenna has a resilient design which makes it suitable for 

manufacturing with an acceptable tolerance of each parameter’s dimension. 
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To increase the system capacity and throughput, three 5G cellular MIMO system 

configurations built from the novel 5G branched monopole antenna were presented in 

Chapter 3. Configuration I of a 2x2 5G cellular MIMO system was built with two 

branched monopole elements separated by 135mm distance and placed in such a way that 

will result in an omnidirectional pattern. In this system minimum total average 

efficiencies, lowest passive isolation, highest ECC, and lowest DG were found to be 71%, 

12dB, 0.13, and 9.9dB respectively. Configuration II of a 2x2 5G cellular MIMO system 

was built with two branched monopole elements oriented in an opposite way to antennas 

in Configuration I and separated by 125mm distance and placed in such a way that will 

result in an omnidirectional pattern. In this system minimum total average efficiencies, 

lowest passive isolation, highest ECC, and lowest DG were found to be 71.7%, 15dB, 

0.02, and 10dB respectively. Finally, a 4x4 5G cellular MIMO system was realized as in 

Figure 3.12 and in this system minimum total average efficiencies, lowest passive 

isolation, highest ECC, and lowest DG were found to be 65%, 10dB, 0.46, and 8.9dB 

respectively. In general, each MIMO configuration has a satisfactory performance and 

can be used easily in the vehicular application depending on the desired requirement and 

dimensions. 

To minimize nulls in the radiation pattern and improve below-horizon gain of V2X 

antenna as well as to provide a modernized look of the vehicle. A cavity-backed slot 

antenna was developed and attached to the vehicle windshield. The antenna is GND 

independent, and it covers V2X frequency band with less than 2:1 VSWR. The peak 

realized gain was found to be 6.5dBi with almost above 0dBi for the azimuth beam -

55deg < Φ < 55deg for all elevations between 75deg < θ < 95deg. A LAG of more than 
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2.5dB was also realized for the solid angle -55deg < Φ < 55deg and 86deg < θ < 93deg. 

Finally, the average efficiency for on-foam measurement and on vehicle’s windshield 

was found to be 56% and 45.5% respectively. Based on the antenna performance, size, 

cost, and placement location, the antenna seems to be very attractive for automotive 

manufacturers and can be of great use upon the desired requirement, styling, and 

dimension. 

The research in this work presents real life examples of futuristic antennas that 

prepare the automotive infrastructure for autonomous vehicles era. The work takes into 

account not only antenna performance but also other important factors such as: antenna 

size, cost, weight, ease of manufacturability, coexistence with other inevitable 

technologies, and mounting location in the car. It is safe to say that the developed 

antennas presented throughout this work have undergone high performance scrutiny since 

they were first accurately simulated then measured on GND and finally measured on 

vehicle inside a state-of-the-art anechoic chamber. 

5.2  Future Work 
 
The work presented in this dissertation can be extended in future by targeting the 

following areas: 

 Investigate the 5G cellular antenna element to include the V2X band in the same 

antenna and try to use proper filtering at the board level to separate them. 

 Investigate the possibility of reducing the 5G cellular antenna height further. 

 Investigate the possibility of adding dielectric to the 5G cellular antenna to further 

reduce the antenna size and make MIMO systems out them. 
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 Investigate the possibility of reducing the MIMO structure ECC figures specially 

in the 4x4 MIMO system. 

 Investigate the possibility of making a complete MIMO system using the cavity-

backed slot V2X antenna to provide an omnidirectional coverage. 
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Table A.1. Comparison between 5G Cellular Antenna and Literature 
 

 
Ref 

 

 
Type 

 

 
Bandwidth 

 

 
Dimensions 
(LxWxH) 

(mm3) 
 

 
Gain/ Efficiency 

 

P
ro

po
se

d 
A

nt
en

na
 

 
Compact 
monopole 

 

 
617MHz-

5GHz 
 

 
38.5x15x60 

 

 
Average gain on vehicle 

-0.2 dBi @617MHz, 
2 dBi @1.9GHz, 

0.1dBi@3.9GHz and 
2.8dBi @5GHz. 

Average efficiency 
87% on GND, 

83% on Vehicle. 
 

14 
 

Flat Nefer 
Antenna 

 

698MHz-
6GHz 

 

80x60x30 
 

-3dB (High band gain is in 
driving direction) 
(70% 0.7-3.7GHz, 

63% 3.7-6GHz on GND) 
 

15 
 

Vivaldi 
Monopole 

 

698MHz-
6GHz 

 

69.1x0.86x73 
 

Simulated max gain is 
close to 6dB 

 

16 
 

Printed Yagi-
Uda 

 

2.9GHz-
4.1GHz 

 

60x1.6x55 
 

Peak gain more than 7dB 
 

17 
 

3D nefer 
antenna 

 

698MHz-
960MHz 
1.47GHz-
2.7GHz 

 

50x(2-40)x53 
 

Average gain on GND 
-1 dBi @850MHz, 
2 dBi @1700MHz, 

And 3dBi @2.4GHz 
(Average efficiency 74% 
between 698-960 MHz, 

85% between 1.47-
2.7GHz) 

 

18 
 

Printed 
monopole 

 

698MHz-
2690MHz 

 

25x1.53x76 
 

Measured gains are higher 
than 2 dB 

 

19 
 

Novel compact 
3D antenna 

 

790MHz-
2.69GHz 

 

50x50x30 
 

 
Simulated Max. gain 1-

2.5dB at low band, 6-8.5dB 
at higher bands. 
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Ref 

 

 
Type 

 

 
Bandwidth 

 

 
Dimensions 
(LxWxH) 

(mm3) 
 

 
Gain/ Efficiency 

 

 
20 

 

 
3D printed on 

plastic 
 

 
791MHz-
2.69GHz 

 

 
Not reported 

 

 
-2dB @0.8GHz, 
-3dB @ 1.8GHz, 
-6dB @2.6GHz. 

 

21 
 

T-Shape 
monopole 

 

698MHz-
960MHz 

1.427GHz-
2.7GHz 

 

33x10x55 
 

Max gain 
2.8dBi @ 900MHz 
5.2dBi @ 2.6 GHz. 

Average efficiency 70%. 
 

22 
 

Printed two-
branch 

monopole on 
FR4 

 

720MHz-
960MHz 
1.6GHz-

4GHz 
 

30x1.6x70 
 

Max gain 3.54dBi 
@900MHz/ 5.89dBi 
@2.4GHz/ 3.52dBi 

@3.5GHz 
 

23 
 

Top-loaded 
monopole 

 

700MHz-
3GHz 

 

80x80x28 
 

Average gain on GND 
-2 dBi @752MHz, 

-1.5 dBi @892MHz, 
-2dBi @1.755GHz and 

-1.5dBi @1.93GHz. 
(73.3% @752MHz, 76.4% 

@892MHz, 85% @ 
1.755GHz, 95.3% 

@1.93GHz) 
 

24 
 

5G and V2X 
PIFA 

 

617MHz-
6GHz 

 

55x50x28 
 

Average gain on Car 
-2.1 dBi 

@617MHz, 
-1 dBi 

@1900MHz, 
0 dBi 

@3.6GHz, 
0.9 dBi 
5GHz 

Average efficiency 
83% on GND, 

72% on Vehicle. 
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Table A.2 Automotive MIMO Systems Literature Review Summary 
 

 
Ref. 

 

 
Type 

 

 
BW 

 

 
Antenna 

Dimension 
(LxWxH) (mm3) 

 

 
ECC Method/ 

value 
 

 
25 

 

 
2x2 monopole 

 

 
700MHz-
900MHz 

 

 
Not reported 

 

 
S-param only / 

lower than 
0.02 

 

26 
 

2x2 PIFA 
 

775MHz-
925MHz 

 

59.5x12.4x21 
 

S-param only / 
lower than 0.5 

 

27 
 

2x2 PIFA 
 

790MHz-
2.69GHz 

 

50x50x28 
 

E field 
components / 
lower than 0.3 

 

28 
 

2x2 printed 
monopole 

 

790MHz-3GHz 
 

30x0.8x80 
 

S-param only / 
lower than 

0.05 
 

29 
 

2x2 printed planar 
monopoles 

 

698MHz-
2700MHz 

 

52x1.6x65 
 

S-param only/ 
lower than 0.5 

 

30 
 

2x2 PIFA 
 

690MHz-
2700MHz 

 

PIFA length is 
75.9mm /height 

25.5mm 
 

S-param only 
/lower than 0.5 

 

31 
 

2x2 monopole 
 

698MHz-
2.69GHz 

 

Monopole heights 
are 55 and 45mm 

 

S-param only / 
lower than 0.5 

 

32 
 

2x2 printed 
monopoles 

 

698MHz-
2690MHz 

 

25x2x55 
 

Not reported / 
lower than 0.3 

 

33 
 

2x2 printed 
monopole PIFA 

 

698MHz-3GHz 
 

PIFA 65x62x20 / 
Monopole height 

is 53. 
 

Not reported 
 

35 
 

2x2 Nefer Antenna 
 

700MHz-6GHz 
 

70x70x29 
 

 
S-param only / 

lower than 
0.16 
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Ref. 

 

 
Type 

 

 
BW 

 

 
Antenna 

Dimension 
(LxWxH) (mm3) 

 

 
ECC Method/ 

value 
 

 
36 

 

 
4x4 sleeve 
monopoles 

 

 
790MHz-5GHz 

 

 
Not reported 

 

 
Not reported / 

lower than 
0.12 

 

21 
 

2x2 printed Yagi 
 

2GHz-4.5GHz 
 

60x1.6x55 
 

Not reported/ 
lower than 0.5 

 

41 
 

2x2 loaded 
monopoles 

 

2.4GHz-11GHz 
 

24x2.2x29 
 

E-field 
components / 

lower than 
0.02 
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Table A.3 Comparison between Cavity-Backed Slot Antenna and Literature 
 

 
 
 
 
 
 
  

 
Ref. 

 

 
Type 

 

 
Antenna Dimension 

(LxWxH) (mm3) 
 

 
Avg./Peak Gain 

(dBi) 
 

 
Below 

Horizon 
Performance 

 

P
ro

po
se

d  
Cavity-Backed 

Slot 
 

 
40.5X38.7X16.8 

 

 
2.75/6.5 

 

 
Yes 

 

52 
 

Disc Shape 
 

𝜋𝑋80 𝑋20 
 

NA/8 
 

NA 
 

42 
 

Printed 
Monopoles 

 

14X0.8X28 
14X1.6X50 

 

-2.3/NA 
-2.9/NA 

 

NA 
 

43 
 

Tri-Polarized 
 

76X76X17 
 

2.4/2.88 
 

NA 
 

45 
 

V-Shaped Slot 
 

𝜋𝑋32 𝑋3 
 

NA 
 

NA 
 

46 
 

stacked 
microstrip 

monopolar Patch 
 

𝜋𝑋85 𝑋4 
 

<0/7.5 
 

NA 
 

47 
 

Patch Antenna 
 

𝜋𝑋42 𝑋1.6 
 

NA/0.97 
 

NA 
 

48 
 

Printed Flexible 
 

120X70X0.1 
 

0.043/4.6 
 

NA 
 

49 
 

3-port Multiband 
antenna 

 

60X87X1.6 
 

NA/-0.5 
 

NA 
 

50 
 

Combined LTE 
and V2X 
antenna 

 

290X40X7.6 
 

NA/2 
 

NA 
 

51 
 

Vivaldi Antenna 
 

190X187.5X187.3 
 

-4/NA 
 

NA 
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