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ABSTRACT 

Multi beam antenna system is one of the requirements at the base station for 

fifth-generation (5G) mobile communication. These days, the implementation of 

array antenna to produce multiple beams by using digital beamforming technology 

(DBF) is often seen at the base station pole in urban district. However, this 

technology comes with expensive cost and high complexity. Therefore, multi beam 

reflector antenna with fixed multi beam operation is chosen as the alternative cheaper 

configuration for 5G base station at 28 GHz. Multi beam reflector antenna is 

prominent in producing high gain for long distance communication remarkably in 

satellite communications as the satellite mount antennas to achieve the specific area 

illumination on the Earth. Among the types of reflector antennas like parabola, 

shaped and spherical reflector, the spherical reflector antenna is superior in 

producing the same radiation patterns for multi beam performances. Despite that, the 

reliable design method to analyze the spherical reflector by identifying the effective 

aperture area and the best feed positions for high antenna efficiency and good multi 

beam radiation characteristics was not made clear. In this research, analysis of the 

spherical reflector by ray tracing method was developed for various incoming rays’ 

direction. The algorithm of the focal region ray tracing equations of spherical 

reflector for horizontal and slant incident rays were developed and illustrated by 

MATLAB program to obtain the reflected rays at the focal region. From the focal 

region ray tracing results at slant incident rays, the effective reflector aperture area 

that contributed to the small focusing region were clarified. Subsequently, an offset 

spherical reflector antenna configuration was formed due the effective reflector area, 

and the feed positions for targeted multi beam in angular region 0 degree to 30 

degree were calculated. The multi beam performance of offset spherical reflector was 

then verified in the electromagnetic simulations of FEKO simulator. Good multi 

beam radiation patterns and high antenna efficiency which exceeded 70% were 

ensured at the angular region of 10 degree to 30 degree. In conclusion, it is shown 

that the offset spherical reflector can achieve high gain and good multi beam 

characteristic in a wide radiation angle region. The proposed design of this offset 

spherical reflector configuration is an excellent multi beam reflector antenna and it 

also provides the industry with a guide in manufacturing accurate reflectors for high 

gain performance. 
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ABSTRAK 

Sistem antena berbilang alur adalah salah satu keperluan di stesen pangkalan 

bagi komunikasi mudah alih generasi kelima (5G). Pada masa kini, penggunaan 

susunan antena untuk menghasilkan berbilang pancaran alur dengan menggunakan 

teknologi pembentuk pancaran digital (DBF) sering dilihat di tiang stesen pangkalan 

di dalam kawasan bandar. Walau bagaimanapun, teknologi ini mempunyai kos yang 

mahal dan begitu rumit. Oleh itu, antena pemantul berbilang alur dengan operasi 

berbilang alur yang tetap dipilih sebagai konfigurasi alternatif yang lebih murah 

untuk stesen pangkalan 5G pada 28 GHz. Antena pemantul berbilang pancaran alur 

terkenal dalam menghasilkan gandaan yang tinggi untuk komunikasi jarak jauh 

terutamanya bagi komunikasi satelit sebagai antena satelit untuk memastikan 

kawasan tertentu di bumi mendapat liputan. Antara jenis-jenis antena pemantul 

seperti parabola, pemantul berbentuk dan sfera, antena pemantul sfera adalah lebih 

unggul dalam menghasilkan sinaran yang sama untuk pencapaian berbilang pancaran 

alur. Walaupun begitu, kaedah reka bentuk yang terbaik untuk menganalisis 

pemantul sfera dengan mengenal pasti kawasan bukaan yang berkesan dan 

kedudukan antena suapan terbaik untuk gandaan antena tinggi dan ciri sinaran 

berbilang alur yang baik masih belum jelas. Dalam penyelidikan ini, analisis 

pemantul sfera dengan kaedah pengesanan sinar telah dibangunkan untuk pelbagai 

arah sinar masuk. Algoritma bagi persamaan pengesanan sinar kawasan fokus 

pemantul sfera untuk sinaran dalam kejadian mendatar dan serong telah dibangunkan 

dan digambarkan dengan program MATLAB untuk mendapatkan sinar pantulan di 

kawasan fokus. Daripada hasil pengesanan sinar di kawasan fokus pada sinar 

kejadian condong, kawasan bukaan pemantul yang menyumbang kepada kawasan 

pemfokusan yang kecil telah dapat dikenal pasti. Dengan ini, konfigurasi antena 

pemantul sfera secara offset telah terbentuk hasil daripada kawasan pemantul yang 

berkesan, dan kedudukan antena suapan untuk alur berbilang sasaran di rantau sudut 

0 darjah hingga 30 darjah dikira. Prestasi pelbagai alur bagi pemantul sfera secara 

offset kemudiannya disahkan dalam simulasi elektromagnet simulator FEKO. Corak 

sinaran berbilang alur yang baik dan kecekapan antena yang tinggi yang melebihi 

70% telah diperolehi pada kawasan sudut 10 darjah hingga 30 darjah. 

Kesimpulannya, pemantul sfera secara offset boleh mencapai gandaan yang tinggi 

dan ciri berbilang alur yang baik dalam kawasan sudut sinaran yang luas. Reka 

bentuk yang dicadangkan bagi pemantul sfera secara offset ini merupakan antena 

pemantul berbilang alur yang sangat baik dan ini memberi panduan kepada pihak 

industri dalam pembuatan antena pemantul yang tepat untuk prestasi gandaan yang 

tinggi.  
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CHAPTER 1  

 

 

INTRODUCTION 

1.1 Background of Research 

In recent years, reflector antenna has been extensively designed to meet 

desired configuration for multi beam characteristic. Most of the demands come from 

the application in satellite communication systems and remote sensing. Multi beam 

reflector antenna has been among the preferable solution to produce numerous spot-

beam coverages in geostationary communications satellites. Reflector antenna is 

known for its simple configuration to design multiple beam performance. Multi beam 

reflector antenna in satellite antenna systems consists of an array of feed elements in 

the focusing region as shown in Figure 1.1(a) [1]. Meanwhile, Figure 1.1(b) shows 

the constituent beam of shaped contour beam generated from the illumination of each 

feed element on the reflector by superposition principle. One important subject to be 

examined is the feed systems for its multi beam application in the context of the 

number and position of feed elements used to produce multiple or contour beams. 

           

(a)    (b) 

Figure 1.1 (a) Multi beam reflector antenna system. (b) Shaping of beams [1, 2]. 
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Among the popular shapes of reflector antenna, the parabolic reflector 

configuration is usually used because of the high gain beam achievement at the on-

focus feed condition. As for the other beams radiated from the off-focus feeds, the 

antenna gains, and beam shapes are distorted. Therefore, in order to achieve the same 

beam shape of multi beams over the reflector surface, the spherical reflector structure 

is proposed. Although good multi beam shapes can be achieved, the antenna gains 

are degraded by the phase aberration of the spherical reflector.  

Moving on, mobile telecommunications network has come a long way since 

the early days of the first generation (1G) until the fourth generation which sparked 

wireless evolution to everyone. By experiencing the technology of cellular 

communication, people felt the need for more which then led to the emergence of 

fifth generation (5G) these days and the successor, sixth generation (6G) that is still 

under development. The new 5G is not just an evolution from fourth generation (4G) 

system, but it uses a wide range of low, mid, and high spectrum bands for various 

standard of different use cases [3]. The main requirements for 5G and beyond mobile 

communication systems are the utilization of millimeter wave (mmWave), the 

deployment of small cells with a radius of 200 meters, and the use of a multi beam 

antenna for multiple input multiple output (MIMO) schemes [4, 5]. Though massive 

MIMO improves 5G performance significantly, it also increases the complexity of 

the antenna. Thus, multi beam antenna became a promising resolution for base 

station antenna in future networks mobile communication system as illustrated in 

Figure 1.2. There are few types of antennas that are commonly utilized at base 

station including array antennas, lens antennas, and reflector antennas.  

 

Figure 1.2 Multi beam base station antenna for cellular system.  



 

3 

By employing array antenna at base station, the beam steering is achieved by 

digital beamforming (DBF) technology [6, 7]. Array antenna is formed by more than 

100 patch radiators and each patch has both up and down converters with the beam 

steering function is systematized by computer programming. This configuration 

literally becomes expensive due to its complexity and is mostly used in urban areas. 

Hence, the alternative way for cheaper configuration is to mechanically steer by 

using a fixed multi beam antenna at base station. The same function of steering beam 

can be acquired by switching the multi beam. As for lens antenna, it is less 

convenient due to its bulky and heavy structure. Thus, a reflector antenna which is 

lightweight is more suitable and the multi beam operation can be done by having 

multiple feeds or rotating a single feed over the reflector aperture area [6].  

The alternative structure for good multi beam performance is by utilizing 

spherical structure. Spherical reflector has a symmetrical structure around the 

centerline axis. As its radius is rotating towards any direction, the focal point is also 

moving in which these beams in all directions have the same pattern. This implies 

that all the reflected rays from spherical reflector are not crossed at the same point. In 

short, spherical reflector does not have a single precise focus point but it is able to 

give similar radiation patterns for the feeds that moved off axis [7, 8]. Figure 1.3 

illustrates the multi beam spherical reflector configuration for 5G and future 

networks mobile base station. The spherical reflector is implemented, and multiple 

feed elements are placed in the focusing region to achieve multi beams. 

 

Figure 1.3 Multi beam spherical reflector antenna. 
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The conventional spherical reflector configuration and another efficient 

reflector sharing method for multi beam feed positions are shown in Figure 1.4(a) 

and 1.4(b) respectively. In the conventional case of Figure 1.4(a), multiple feeds for 

the spherical reflector are placed on the radial line of the sphere. The beam formed 

from each respective feed is coincident to the axis of the feed, which is the radial 

line. It is shown that the effective aperture area for each feed is separated. All the 

beams have similar gain and radiation patterns resulted from the symmetry of the 

surface. On the other hand, a more effective use of spherical reflector is by sharing 

the reflector area with all the feeds as shown in Figure 1.4(b). The location of feeds 

is positioned in a way the feed aperture is pointing towards the center of the reflector. 

The concept of beam steering is accomplished from this position. Some beams 

achieved good shapes and the other beam shapes are distorted [7].  

  
(a) (b) 

Figure 1.4 Conventional and alternative way of multi beam feed positions for (a) 

extended reflector aperture and (b) minimum reflector aperture [7]. 

While considering the reflector research at satellite communication and the 

installation convenience at base station pole, the reflector antenna becomes the 

promising candidate for 5G base station antenna. In regard to achieve good multi 

beam characteristics at base station, the spherical reflector shape is well suited. 

However, problem arose in order to achieve good multi beam and high gain 

performances simultaneously with the undefined accurate feed positions. Thus, this 

research is intended to study on spherical reflector antenna ability to produce an 

excellent multi beam performance with high antenna efficiency. 
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1.2 Problem Statement 

In the receiving mode ray tracing analysis, the incoming rays is incapable to 

concentrate at one point when it is reflected on a spherical reflector [8, 9]. It 

generates a focusing region instead of a focus point as the result of the distorted 

focus. The focusing area appears to be diverged to some distances due to spherical 

aberration. In order to determine the location of the feed for spherical reflector, this 

geometrical optics method also known as “focal region ray tracing” is effective to 

analyze the focusing condition of spherical reflector antenna.  

Previous works had carried out only the horizontal incident ray tracing for 

center beam condition on spherical reflector [8, 10]. In comparison with recent works 

by Rahman et al. in [11] and [12], the ray tracing was carried in few incoming angle 

directions to study the caustic region for multi beam feed positions of parabolic 

reflector. This comes in handy where the slant incident rays can be considered which 

corresponds to the incoming rays in another direction other than parallel with the 

reflector axis to analyze the multi beam condition of spherical reflector. If the caustic 

is found out at the focal region, the caustic area becomes the potential location for 

the feed elements. 

From the previous conventional configuration that locate the feed elements 

on the radial line of reflector as shown in Figure 1.4(b) [7], it has led to an oversize 

shape of spherical reflector. Moreover, as the spherical reflector is used partially, the 

antenna efficiency becomes very low. Thus, the alternative method by having a 

shared efficient aperture of spherical reflector becomes the expected good 

configuration for multi beam condition. However, this approach leads to coma 

aberration and cause beam degradation. Therefore, the determination of effective 

reflector area as the optimum configuration of spherical reflector and the multi beam 

feed positions become significant in this research. The efficient structure of offset 

spherical reflector can be found out through the analysis of focal region ray tracing 

for multi beam condition. And the feed positions ought to be determined from the 

selection of multi foci for the desired direction of radiation beam.  



6 

Subsequently, the calculation of multi beam radiation patterns by 

computational electromagnetic (CEM) simulator must be conducted to verify the 

proposed offset spherical reflector antenna configuration. CEM simulation will 

ensure the effectiveness of focal region ray tracing method to achieve high gain and 

good multi beam radiation patterns of spherical reflector. As the summary of above 

discussion, the problem statements are as follows: 

(1) The current work of focal region ray tracing method has not been developed 

for multi beam condition of spherical reflector antenna. 

(2) The effective reflector area of spherical reflector configuration for high gain 

and best multi beam feed positions have not been specified. 

(3) The evaluation of multi beam radiation characteristics for offset spherical 

reflector has not been carried out. 

1.3 Objectives 

The main objective of this research is to design a multi beam reflector 

antenna based on spherical structure at operating frequency of 28 GHz for base 

station in 5G mobile communication system. The followings are the specific 

objectives proposed for this study: 

(1) To analyze the focal region ray performance of spherical reflector. 

(2) To determine the effective reflector area such as offset reflector region based 

on focal region ray tracing. 

(3) To design the offset spherical reflector and validate the multi beam radiation 

characteristics by using an electromagnetic simulator. 
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1.4 Scope of the Research 

The speedy escalation of mobile communication system into 5G era which 

demands higher data traffic and data rates has acted as the catalyst in developing new 

base station antenna to achieve those requirements. Spherical reflector antenna 

design must also be examined appropriately to ensure the efficient conduct of multi 

beam application. 

This research presents the design methodology of multi beam reflector 

antenna by using spherical configuration to produce multiple beams and operate at 

28 GHz. The significant scope of this research is to find out the most optimal 

position to locate the feed elements in the focusing region of spherical reflector. The 

focal region ray tracing is developed to identify the off-axis focusing region. The 

incoming rays are incident at horizontal state and also is slanted at certain angles 

from 0° to 30°. This is equivalent to beam scanning angle in angular region from 0 

degree to 30 degree to produce acceptable caustic region. Thus, the number of 

targeted multi beams can be varied at any step angle but the step angle is selected at 

10° in this research. The reflected rays of slant incident rays then exhibit the focal 

region occurrence, thus feed positions for multiple beam directions are explored from 

this condition. Moreover, the effective reflector aperture as the optimum 

configuration of spherical reflector antenna can be discovered from focal region ray 

tracing analysis. 

As for the multi beam application, the complete structure of offset spherical 

reflector antenna with the feed elements are simulated and optimized to obtain the 

desired radiation characteristics using FEKO, a computational electromagnetics 

software. Prior to that, a horn antenna as the feed element of the system is designed 

with the matched radiation pattern to the reflector and gave about -10 dB edge 

illumination on the spherical reflector. The radiation patterns and the antenna gain of 

multi beam spherical reflector antenna are then observed from the obtained feed 

positions for certain beam scanning angle. Near field measurement on the amplitude 

and phase distributions of the reflector aperture are also computed in FEKO. 
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1.5 Significance of the Research 

The development of 5G and 6G has essentially intensified the quality of 

wireless communications. Antenna plays a significant role and crucial element for 

mobile wireless communications systems through cellular tower. This research will 

develop the new reflector antenna design method to achieve good multi beam and 

high antenna gain simultaneously. Hence, the utilization of spherical reflector 

antenna at base station will empower the antenna performance for multi beam 

application by capitalizing its symmetrical geometrical configuration perfectly. 

Moreover, the developed focal region ray tracing results can provide the important 

technical information for antenna designers. The development of focal region ray 

tracing on spherical reflector will improve the reflector design method, present the 

mechanism of selecting discrete feed position to produce radiation beams in 

particular directions, and generally contribute to analytical understanding of antenna 

performance. From the industrial viewpoint, 5G base station antenna technology and 

satellite multi beam antenna technology can be improved.  

1.6 Structure of Thesis 

This thesis consists of six chapters. Chapter 1 depicts the whole frame of the 

research where the research background, problem statement, objectives, scope, and 

significance of the research are elaborated. In Chapter 2, the literature review 

emphasizes on the multi beam antenna application and multi beam base station 

antennas in brief. Regardless, the fundamental of the discussion focuses on the 

principle of reflector antenna and the analysis on spherical reflector antenna. Chapter 

3 explains the research methodology in designing the multi beam spherical reflector 

antenna. On top of that, MATLAB program and electromagnetic software FEKO are 

used as the simulation tools to obtain the results for further explanation. As for the 

results by both simulation tools, it was presented in Chapter 4 and 5 respectively 

including its theoretical calculation. Lastly, Chapter 6 concludes the thesis as it 

summarizes the overall studies of spherical reflector antenna. This chapter also 

explains the suggestion for continuation of future works.  
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