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ABSTRACT 

 

 

The objective of the study on phased array patch antenna for 5G applications is to explain 

the concept of 5G and beam forming from the antenna point of view. It is not a fresh 

phenomenon that signals loss in Malaysia. As the total number of devices connecting to the 

internet are predicted to be increasing dramatically in the very near future, 4G cellular 

network can no longer support the congested network. In realizing 5G, study of phased array 

patch antenna must be carried out to meet the qualification and expectation of the new 

technology. As the outcome from this final year project, a suitable phased array antenna 

operating at 12 GHz is designed using CST software. Extensive optimization process for 

optimum antenna performance is generated besides analyzing the beam forming pattern of 

the antenna for 5G antenna using CST software. Several methods are used throughout the 

design procedure, such as theoretical calculation for parameters, optimization and parameter 

sweep, non-uniform excitation method, beamforming by changing the scanning angle, and 

also antenna evaluation with biological hand. Specifically, single element, 4x1 array, 8x1 

array, and phased array antennas are designed consecutively. As of now, the phased array 

antenna designed provides steerable beam capability with comparable high directivity of at 

least 16.5 dBi within the range of 16˚ scanning angle. Also, by simulating the antenna with 

biological hand model, the negative effect on the overall radiation pattern is observed. 

Hence, the proper location where the antenna is installed has to be planned appropriately in 

order to get the most out of the antenna performance. Will 5G just be an evolution of 4G? 

This question is something that worth thinking of. 5G technology is not about just improving 

the data rates. It is an entirely fresh concept that will be the basis of a reliable, sustainable, 

and efficient system that yield endless possibility on global digital life and the sky is no 

longer the limit, one’s imagination is.  
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CHAPTER 1  

 

 

INTRODUCTION 

 

 

1.1   GENERAL OVERVIEW  

 

 

What will the future be? How long will the current broadband mobile 

communication, 4G lasts? Internet of Things (IOT) is becoming popular and it is shaping 

the future. Soon enough, things connected to the internet will no longer limited to mobile 

phones and computers. In the very near future, the living things such as the pets, wild animals 

or even human ourselves are connecting to the internet. The possibilities are endless and 

limitless. With the help of fast internet, augmented reality with low latency can be made 

possible. Average 4G latency across all networks in Malaysia was 41.5 ms (Faizah & Azian, 

2015). This latency seems good enough for general usage. However, when it comes to 

critical applications such as far-distance surgery controlled by robotic arms, 41.5 ms is far 

too long to ensure a smooth surgical procedure without risking the life of patients. Hence, to 

guarantee a betterment of the future, 5G is needed.  

 

The research value on 5G is incredibly high. Nevertheless, besides knowing that 5G 

must have higher data rate, lower latency, improved spectrum efficiency, and improved 

coverage, what other design rule should be followed? In fact, there is no fixed standard for 

5G yet. Everything is still in research process. Most likely, spectrum above 6 GHz or 

millimeter-wave (mmWave) frequencies from 30GHz to 300 GHz will be utilized for 5G 

networks according to IEEE JSAC special issue on 5G wireless communication systems 

(Andrews et al. 2014). Hence, the patch antenna is designed to resonate at 12 GHz, which is 

in the range of mmWave, and most importantly, without exceeding the measurement 

limitation of available equipment in the university.  
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Based on the light weight characteristic and low fabrication cost advantage, 

microstrip patch array antenna technology is used to design for 5G applications. The 

matching networks can be fabricated all together with the structure which makes the 

workflow for the design of high gain array antenna easier.  

 

In order to ensure the array antenna can be used in telecommunication sector and 5G 

applications, beamforming technology is applied in this project which consequently enabling 

beam steering to change the radiated main lobe direction and thus expand the radiation 

coverage area and improve the antenna directivity. With the extensive optimization process 

and analysis performed on beam forming pattern, the design of phased array antenna 

operating at 12 GHz is proposed for 5G applications.  

 

 

1.2   PROBLEM STATEMENT  

 

 

Internet of things will be the future of mankind that provide higher quality of life. 

Things around us will be embedded with sensors, connecting to the internet, sharing 

information, and finally turning it into actions. To view this matter in a further extend, 4G 

cellular network can no longer support the congested network as the total number of devices 

connecting to the internet are predicted to be increasing dramatically in the very near future. 

Hence, a faster, better, and more reliable mobile network must be implemented with the 5G 

technology. In addition, the quality of experience has to be improved. In order to ensure that 

the always-on hyper connectivity and low latency data transfer such as high-resolution video 

streaming, and augmented reality are ready for the people, the next mobile generation must 

be implemented.  

 

In other word, 5G is the future and it has incredibly high value of research. 

Nevertheless, up to date, the international standard for 5G technology is not fixed yet. 

Therefore, there will be a lot of uncertainties when it comes to designing antenna for 5G 

applications, mainly because the antenna will only work if it is compatible to the actual 5G 
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technology and architecture implementation in the near future. Thus, by extensively 

researching and reviewing literatures, the concept of 5G and beam forming are learned and 

explained from the antenna point of view.  

 

By realizing 5G, new technology such as ultra-dense small cell deployment, massive 

MIMO, and new radio architecture must be implemented. The fundamental design principles 

of 5G technology has to be reconsidered. A complete 5G technology is made up of different 

layers of system which includes both hardware and software design. It is impossible for one 

man to build a complete 5G system as it requires expertise from different areas. Hence, in 

order to contribute to the development of 5G, study and design of the phased array patch 

antenna at 12 GHz is carried out to meet the qualification and expectation of the new 

technology.  

 

The antennas for mobile devices generally have low directivity due to the uncertainty 

of the incoming signal direction. Thus, the antenna is made omnidirectional and part of the 

power is wasted as it radiates in 360 degree. As the operating frequency of the future 

telecommunication protocol increases to support higher speed and usage demand, the 

wavelength of the signal becomes significantly shorter and thus affecting the radiation 

coverage area. A directional antenna is needed to cover longer ranges, with the drawback of 

decreasing the effective beam width.  In order to maintain the coverage area while providing 

long range radiation, the phased array antenna is steered electrically while the physical 

antenna can be maintained stationary. Not all types of antenna is suitable to design phased 

array antenna. Thus, extensive optimization process is performed to analyze the beam 

forming pattern of the antenna for 5G applications.  
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1.3   OBJECTIVES/AIMS OF STUDY 

 

 

There are three main objectives of this project work enlisted as follows: 

 

i. To explain on the concept of 5G and beam forming from the antenna point of view.  

 

ii. To design and fabricate suitable phased array patch antenna at 12 GHz using CST 

software. 

 

iii. To investigate the beam forming pattern of the phased array patch antenna for 5G 

applications using CST software through extensive optimization process.  

 

 

1.4   SCOPE OF PROJECT 

 

 

The scope of this project is to design suitable phased array antenna for 5G 

applications using CST software. The concept of 5G and beam forming are explained from 

the antenna point of view. The steps to design a single rectangular patch antenna is studied. 

To ease the development of initial design of patch antenna, a patch parameter calculator 

software is programmed by using MATLAB software and uploaded online so that other 

students or researcher can utilize the software too. Array antenna is designed based on the 

single patch antenna. It is important that the antenna has high gain to meet the 5G technology 

requirement. Extensive optimization process is generated for optimum antenna performance. 

Also, the beam forming pattern of the antenna for 5G applications is analyzed using CST 

software.  
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1.5   THESIS OUTLINE 

 

 

The development and design of phased array patch antenna for 5G applications is done in 

this project whereby the progress and the results obtained throughout the eight months effort 

is documented in this thesis. The thesis is structured as follows: 

 

 

Chapter I: Introduction 

This chapter presents the brief idea of 5G implementation and its importance in securing the 

future of humankind. Problem statement is done based on the prediction on 4G limitation in 

the near future. In addition, objectives and problem statement of this project is discussed as 

well as to give a brief and essential idea on this project.  

 

Chapter II: Literature Review 

This chapter includes the similar work done by other people that is related to 5G and patch 

antenna designs. With the ultimate purpose of gaining ample knowledge and reference in 

designing the best phased array patch antenna for 5G applications, different journals and 

articles are reviewed. It is noted that there is no specific standard set for 5G at this moment, 

thus, the literature available is rare compared to other research.  

 

Chapter III: Methodology 

This chapter presents the method used in designing suitable phased array patch antenna for 

5G applications with step-by-step explanation which includes all the parameters selection 

and designs of the antenna. Total of four major steps are discussed, which includes initial 

design generation, optimization using an EM solver, comparison and analysis of different 

antenna designs, and lastly the measurement and testing of the antenna prototype.  

 

Chapter IV: Results and Discussion 

This chapter presents the results obtained from both simulation and practical testing. The 

best antenna is fabricated and the performance is tested using the available equipment and 
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facilities such as the vector network analyzer (VNA) and anechoic chamber. The effect of 

substrate height and power divider design on the antenna performance are tested and 

presented. Furthermore, the way to increase the bandwidth is tested and verified in this 

section. Phased array antenna is designed whereby the beam forming pattern is analyzed 

through extensive optimization process.  

 

Chapter V: Conclusion 

This chapter presents the conclusion of the previous four chapters and summarized the 

results and functionality of the entire project. Additional research is done in order to provide 

guideline and recommendation for further improvement if there is future candidates that 

would like to continue the research and development of phased array patch antenna for 5G 

applications.  
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CHAPTER 2  

 

 

LITERATURE REVIEW 

 

 

2.1   GENERAL OVERVIEW 

 

 

This chapter demonstrates about the journals and research papers related to the 

design workflow of phased array antenna for 5G applications. There are variety of study and 

research done on 5G communication system but until today, the clear-cut rule or an 

international standard for 5G does not exists. Each of the journal has their own distinct 

research value. Different methods and workflows are used to design the antenna for 5G 

applications. An idea is nothing more or less than a different mixture of old fundamentals. 

The journals assist the student to view the project in a whole new perspective which 

generally beyond the university academic syllabus. Through literature review, latest news 

and development of technology related to 5G telecommunication sector will be reviewed 

while the new design rules and solutions are learned and applied to solve specific problem 

for this investigation. Sources to obtain the journals are extensively available from the 

internet and online platform such as IEEE, IET Digital Library, and ScienceDirect.  

 

 

2.2   LITERATURE REVIEW  

 

 

In this chapter, the literature review is divided into five sub-chapter which are 5G 

mobile communication standard, microstrip patch antenna, array configuration and power 

divider, beamforming and phased array antenna, as well as non-uniform excitation methods. 

All of the sub-chapters are supported with several journals and articles reviewed for better 

understanding of phased array microstrip antenna for 5G applications. 
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2.2.1   5G MOBILE COMMUNICATION STANDARD 

 

 

What will 5G be? According to the article written by Andrews and his team members 

(2014), 5G will not purely be the improvement of 4G. Besides having very high carrier 

frequency with wide bandwidth, exceptional number of antennas with high density of 5G 

base stations, and high data rate coverage, the spectrum regulation and the whole design 

concept need to be rethought and enhanced.  

 

Data outburst is expected to occur near 2020 as the amount of devices connecting to 

the internet will grow exponentially as stated by Kumar et al. (2015). The snowballing 

demand should be supported by a better, faster, and more efficient 5G mobile 

communication network. As Hossain and Hasan (2015) both point out, 5G network is 

expecting to have approximately 1000 times of throughput enhancement over 4G and 

estimation of  10 Gbps data rate is to be achieved. In order to support highly time-critical 

applications, the latency should be reduced to 2 to 5 ms. As part of the research done by 

Faizah and Azian (2015) on current 4G features in Malaysia, the average download speed is 

around 10 Mbps with mean latency of 41.5 ms. Thus, 5G technology will accelerates the 

pace towards a better connected world and its positive impact is unquestionable.  

 

Moreover, energy and cost issue need to be reflected in 5G network design. The 

operator infrastructure may evolved in the sense that extensive range of bands which may 

possibly be licensed and administered are utilized. Since higher operating frequency will 

have relatively shorter wavelength, small cells have better power efficiency than macro cells 

as the coverage area for each cell will be smaller, thus achieving ultra-dense network is 

possible (Demestichas et al. 2015). Due to the current availability of spectrum, utilization of 

spectrum above 6 GHz such as mmWave in 5G networks is often thought to be inevitable. 

When frequency reuse algorithm is taken into action with mmWave, interference between 

adjacent cells can be minimized (Waterhouse and Novak 2015). In the perspective of cost, 

mmWave spectrum will be cheaper than the 3G and 4G spectrum below 3 GHz by 10 to 100 

times (Andrews et al. 2014).  
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Nevertheless, things are not as simple as it seems to be. In an article titled “5G 

Spectrum: Is China Ready?” written by Wang et al. (2015), the prerequisite for spectrum in 

terms of overall quantity, possible band, and problem for spectrum utilization approaches 

and administration are discussed. Even though mmWave is the candidate band for 5G 

applications, but it has existing allocations and are already in use. Based on the spectrum 

allocations chart in Malaysia (Refer to APPENDIX 1), applications such as fixed services, 

Earth exploration satellite, and space research are distributed along the frequency band from 

30 GHz to 300 GHz. It is not easy to coexist with the other applications as interference might 

happens. It is impractical to repurpose the frequency bands for 5G since it will takes a lot of 

effort and extremely time consuming. Applicable alternative is needed to establish 5G 

system. Therefore, Wang and his team members presented a controlled spectrum sharing 

method which reuse the spectrum systematically in both licensed and unlicensed spectrum.  

 

 The 5G network capacity will be enhanced along with the increment of transmission 

power at the base station. This statement is valid based on the Shannon’s theorem as stated 

in Equation (2.1).  

 

Equation (2.1): 

C = B log2(1 + SNR) 

 

The channel capacity C is closely related to the bandwidth B and SNR. Bandwidth 

can be increased if more available channel is detected and SNR will be improved when the 

energy level at the transceivers of 5G enabled device increases. Thus, energy saving became 

an important factor in designing the 5G networks. Li et al. (2015) has proposed an integrated 

energy and spectrum harvesting method for 5G wireless communication. While the cognitive 

radio (CR) technology is used to detect the vacant communication channels intelligently to 

increase file transfer rate, it can be equipped with receiver that harvest energy from ambient 

radio signals with realistic efficiency over short ranges. The integrated energy harvesting 

CR will be the ideal solution to design energy saving 5G-enabled device.  
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2.2.2   MICROSTRIP PATCH ANTENNA  

 

 

Microstrip patch antenna is extremely popular in the world of telecommunication. In 

high-performance aircraft, spacecraft, and satellite communications, several design 

consideration such as the size, cost, and installation process are essential. Patch antenna is 

one of the low-profile antenna that meet these requirement and therefore widely used in 

communication field. This also explains the phenomenon that research on patch antenna still 

goes on although it is no longer a new technology (Balanis 2005).  

 

As stated by Balanis (2005), there are many different patch shapes on variety of 

substrate types depending on the applications. The most commonly designed antenna is the 

rectangular patch antenna. It is the fringing field that enable the patch antenna to radiate, 

indicated as radiating slot in Figure 2.1(a) and (b). The patch’s dimension and substrate’s 

height determine the amount of fringing which has direct influence on the radiation pattern. 

In order to design the antenna to resonate at specific frequencies, the shape and dimension 

of the patch has to be designed correctly since slight changes on the patch’s length will alter 

the resonant frequency and other parameters.  

 

 

Figure 2.1 Patch antenna with: (a) microstrip line feed; (b) side view with fringing field; (c) probe feed 

[Adapted from Balanis 2015] 
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Kashwan et al. (2011) has demonstrated numerous feeding methods for patch 

antenna whereby the two most popular approaches are microstrip line (edge feed) and 

coaxial probe (pin feed) as illustrated in Figure 2.1(a) and (c) respectively. The pin feed 

location can be at any spot on the patch as long as the input impedance is matched. However, 

the substrate will be drilled so that the coaxial connector can pass through the substrate and 

connect to the patch as shown in Figure 2.1(c). Edge feed method, on the other hand, save 

all the hassle of drilling the substrate. The coaxial connecter will be directly soldered on the 

microstrip feed at the edge.  

 

Nawaz et al. (2013) has introduced several bandwidth enhancement techniques in 

their research. Although the bandwidth can be improved by increasing the substrate’s height 

or even add another layer of substrate to the existing one, the radiation efficiency will be 

greatly reduced due to the lossy characteristic of substrates. The better way of improving the 

bandwidth is to make sure the impedance matched well. It is essential to ensure maximum 

power transfer or minimum signal reflection from the antenna. Negative capacitor and 

inductor can used to form the active element matching network. As the result, bandwidth is 

improved without compromising the radiation efficiency.  

 

In addition, Matin and Sayeed (2010) has proposed a design rule for inset-fed 

rectangular microstrip patch antenna. Instead of using the conventional way of simple 

guesses on the inset-feed dimension, the formula suggested will kick-start the antenna design 

procedure. As supported by the design example demonstrated in the research, the formula 

works well with maximum deviation of 0.2% from the simulation and successfully improve 

the return loss by enhancing the impedance matching.  

 

The most important feature of patch antenna is its light weight and compact 

properties. The cost of fabrication is low compared to other types of antenna. The feedlines 

and matching networks can be fabricated simultaneously on the substrate itself which in turn 

saving the cost. Nonetheless, the power handling capability is lower since it conduct through 

a thin layer of copper. To achieve higher gain, complex feed structure has to be designed for 

array configuration (Balanis 2005).  
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2.2.3   ARRAY CONFIGURATION AND POWER DIVIDER 

 

 

In general, there are two types of array configurations, namely series-fed and 

corporate-feed array as shown in Figure 2.2(a) and (b) respectively. It consists of two or 

more patch elements on a single substrate with the purpose of achieving better performance 

over the antenna with single patch element.  

   

 

Figure 2.2 Rectangular patch antenna with (a) series-feed and (b) corporate-feed array configuration. 

[Adapted from Amitec Electronics Ltd. 2015] 

 

Series feed is known for its design simplicity. Since the number of feed lines is lesser 

as compared to corporate feed network, the overall array efficiency is maximized. However, 

due to its series configuration, the insertion phase shift of the patch has causes the inherent 

beam shift with frequencies. On the other hand, the power is divided equally at the junction 

of corporate feed lines. However, different power divider ratios can be customized by 

altering the corporate feed length (Garg et al. 2001). This method offers more control on 

each radiating elements which is ideal for scanning phased arrays (Balanis 2005).  

 

Singh and Gupta (2013) has performed a series of analysis on array with different 

number of patch elements, specifically 2x1, 2x2, 8x1, and 4x4 arrays. From their research, 

the number of patch elements has direct effect on the antenna gain. Better return loss, 

improved bandwidth, enhanced radiated power, and higher gain are achieved by 4x4 arrays 

operating at 5.8 GHz.  Additionally, this statement is confirmed in Khraisat’s research (2012) 

whereby 2x1 and 4x1 antenna arrays are designed and compared in term of performance.  
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When array antenna is employed, the impedance matching between the input and 

each of the elements needs to be taken care of. The power divider section plays an important 

role in ensuring the antenna performance is up to expectation. Pozar (2012) has presented 

the usefulness of quarter-wave (λ/4) transformer to match the load and line impedance. The 

circuit representation of λ/4 transformer is illustrated in Figure 2.3(a) and the matching 

impedance, Z1 can be calculated using Equation (2.2). Subbulakshmi and Rajkumar (2013) 

has employed the λ/4 transformer in their array antenna design that operates at 8.475 GHz 

as shown in Figure 2.3(b).  

 

 

Figure 2.3 Quarter-wave transformer: (a) circuit representation [Adapted from Pozar 2012]; and (b) 

application in microstrip line. [Adapted from Subbulakshmi and Rajkumar 2013] 

 

Equation (2.2):  

Z1 = √ZoZL 

 

 λ/4 transformer is extremely useful in microstrip patch antenna design due to its 

relatively simple calculation and the characteristic impedance can be altered simply by 

changing the width of the microstrip lines. Furthermore, it can be fabricated simultaneously 

on the substrate itself which in turn saving the cost. Sometimes, multiple sections of λ/4 

transformer is needed for the matching that are less sensitive to frequency variation. In any 

case, Equation (2.2) still valid as long as the transformer’s length remains at one quarter of 

the operating wavelength.  
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2.2.4   BEAMFORMING AND PHASED ARRAY ANTENNA 

 

 

In term of antenna design, beamforming is a technique to steer the radiation beams 

for directional signal transmission and reception through signal processing.  The signal will 

be focused and aim unswervingly to the targeted object, rather than broadcasting the signal 

in all directions. Consequently, the network’s range and bandwidth utilization can be 

improved for higher quality transmission. However, Zhou et al. (2008) has utilized the beam 

steering technique for different application whereby the laser beam is steered instead of 

electromagnetic wave by using fast steering mirror. This implies that beamforming 

technology has endless possibilities and is not limited only to radio wave steering.  

 

As supported by Cao et al. (2016), the development of beam steering techniques is 

undeniably stimulated by the emerging 5G wireless network design. The overall energy 

consumption for data transmission can be resourcefully minimized by spatially directing the 

electromagnetic wave to an identified path. Phased array antennas is one of the best antenna 

structure to deliver such function by tuning each of the phase shifters of antenna elements. 

The details on beamforming modalities and architectures are discussed in the Phased Array 

Antenna Handbook written by Mailloux (2005). Based on the requirement of the system, the 

array antennas can be controlled using several methods including analog, digital, and optical 

as illustrated in Figure 2.4.  

 

Analog control is the simplest method to control the beamforming among the 

methods. However, this basic analog system that consists of circulator, power divider, and 

phase control devices contributes to the overall losses significantly. Thus, active components 

such as solid-state module is used to circulate the signal between two channels as illustrated 

in Figure 2.4(b). The rudimentary optical network is demonstrated in Figure 2.4(c) where 

the optical signal is modulated by an RF signal and time delayed by the switched fiber. 

Amplification of the optical signal is needed as the optical network system efficiency is 

lower compared to other type of systems. Digital beamforming is one of the leading edge 

techniques that is capable of providing additional competency to the antenna transmission 
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and reception. Digital channels can have entirely adaptive control by means of any selected 

algorithm without the need of changing the network configuration. Signal processing 

computer will preprocess the digital signal to enhance the antenna performance as shown in 

Figure 2.4(d).  

 

 

Figure 2.4 Array control techniques: (a) analog control by passive components; (b) analog control by 

active components; (c) optical control; as well as (d) digital control.  (Mailloux, 2005) 

 

In IEEE Communications Magazine, Han et al. (2015) point out that hybrid of digital 

and analog beamforming strategy can accomplish multi-user channel capacity. On top of the 

existing analog beamforming network, digital beamforming system with phase shift is added 

to maximize the main lobe’s directivity and gain as illustrated in Figure 2.5(a). As compared 

to the conventional analog beamforming system, much improved angle of departure can be 

realized by using hybrid beamforming technique as illustrated in Figure 2.5(b) and (c).   
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Figure 2.5 Hybrid Beamforming structure: (a) with digital and analog beamforming; (b) resultant beam 

with hybrid beamforming on different subcarriers; (c) resultant beam with analog beamforming (Han 

et al. 2015) 

 

Beamforming is not restricted to the future 5G communication system. Cheng and 

Chen (2014) has proposed a novel 3D beamforming scheme for LTE-Advanced system. 

Legacy beamforming technique can only be applied on the 2D channel model. In this 

research, the network’s elevation degree of freedom is fully harnessed by fine-tuning the 

antenna elements in the horizontal direction in cooperation with altering the antenna weights 

of vertical antenna ports by using active antenna system (AAS) technology. The proposed 

algorithm is based on direction of arrival and Eigen structure method which successfully 

obtain 20 dB gain in mean SINR and 25 dB gain in cell edge SINR in 500 meter of inter-site 

distance. As a matter of fact, Huawei Technologies submitted the proposal of actions for 

AAS at the 9th meeting of APT Wireless Forum on September 2010. With the dynamic 3D 

beamforming, both downlink and uplink coverage and capacity can be expanded while users 
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at different vertical and horizontal position can be served concurrently. (Wurong, et al., 

2012)  

 

Unfortunately, this method fail to provide good quality of transmission to fast 

moving terminal, for instance connected busses or train. Certainly, the channel 

approximation is outdated due to the vehicle’s movement throughout the delay between 

channel estimation and data transmission. Phan-Huy and her team (2015) has proposed 

several methods to make 5G adaptive antennas work for very fast moving vehicles. The 

polynomial interpolation method proposed is robust for speed up to 300 km/h. Instead of just 

placing one transceiver antenna on the vehicle, multiple predictor antennas which has 

separated transmit and receive function, are positioned on the vehicle’s body. Through 

multiple sensed positions from multiple predictor antennas, more samples are collected for 

channel estimation. Thus, the base station can beamform to the exact location of the receive 

antenna.   

 

Beamforming is closely related to phased array antenna that composed of multiple 

stationary radiating elements which are fed coherently and connected to phase shifter. The 

concept of beamforming by phased array antenna is based on the constructive and destructive 

interference occurred between each of the radiating source which eventually lead the beam 

to a specific angle in space. Peng et al. (2015) demonstrated the application of continuous 

beam steering phased array antenna that operates at 24 GHz for indoor smart radar. This 

array consists of six horizontally arranged antenna elements which are then series-fed to 

another five patch elements with different sizes as illustrated in Figure 2.6. Instead of using 

phase shifter, the vector control array is the essence of the design that adjust the phase and 

amplitude of the corresponding radiating elements. Two variable attenuators made up by 

PIN diodes are used in one vector controller for phase shifting by altering the DC bias current 

after the incoming signal is separated into in-phase and quadrature signal by the quadrature 

power divider. In the effort to minimize the noise figure and counterbalance for the loss 

occurred at the vector control array, low noise amplifiers (LNAs) are added to the array 

antenna.  
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Figure 2.6 Proposed phased array antenna: (a) schematic representation; (b) actual hardware. 

[Adapted from Peng et al. 2015] 

 

In addition, multi-layer 5G mobile phone phased array dipole antenna is presented 

by Ojaroudiparchin and his team members (2015). The antenna is designed on four layers of 

Rogers RT5880 substrates with dielectric constant of 2.20 and resonate at 28 GHz. Low gain 

and narrow bandwidth can be overcome by using multiple layer substrates. The steerable 

radiation beams with scan angle of 0˚, 30˚, and 60˚ are illustrated in Figure 2.7(a), (b), and 

(c) respectively. With more than 11 dBi directivity, the proposed antenna has a good beam 

steering characteristic which provide wide range of beam coverage.  

 

Figure 2.7 3D radiation beam for the scan angle of: (a) 0˚; (b) 30˚; and (c) 60˚. [Adapted from 

Ojaroudiparchin et al. 2015] 
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2.2.5   NON-UNIFORM EXCITATION METHODS 

 

 

Side lobes are not favorable in antenna design. Generally, uniform excitation pattern 

is applied simultaneously to all the elements of a particular antenna. In order to have lower 

sidelobe level (SLL), the antenna elements are excited using non-uniform amplitude 

distributions such as Chebyshev and Taylor excitation pattern.  

 

Soumyo et al. (2012) has demonstrated SLL reduction of linear array using 

Chebyshev polynomial. Aside from the geometrical configuration and the distance between 

patch elements, excitation amplitude of each elements contribute significantly to the 

antenna’s overall radiation pattern. By using Chebyshev polynomial, the other important 

parameters such as half power beamwidth (HPBW), first-null beamwidth (FNBW) and 

directivity are affected. The narrowest possible beamwidth for a given SSL is achieved by 

compromising between these parameters. Chebyshev function is used to obtain optimum 

radiation pattern for a particular array antenna. In Soumyo’s research, the SSL and inter-

element spacing is fixed to -20 dB and λ/2 respectively. The result of the optimization is 

illustrated in Figure 2.8 where the radiation pattern for conventional broadside array, 

Chebyshev array and Optimized array are compared.  

 

 

Figure 2.8 Comparison of radiation pattern for conventional broadside array, Chebyshev array, and 

Optimized array with 12 elements (Soumyo et al., 2012) 
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The utilizing of Chebyshev polynomials was initially introduced by Dolph (1946). 

The array factor with symmetric excitation amplitude is equivalent to the summation of N 

cosine terms. The array factor can be conveyed as in Equation (2.3) where N represents the 

element number, an is the amplitude of excitation for the nth element, k symbolizes the wave 

number, d denotes the element spacing, and 𝜃 is the angular separation.  

 

Equation (2.3): 

AF =  2∑ancos [
(2n − 1)

2
kdcosθ]

M

n=1

 

 

The array size and configuration determine not only the radiation pattern, but the 

directivity and beamwidth too. Soumyo et al. (2012) has shown that the directivity of the 

antenna in term of dB is proportional to the array size whereby the excitation amplitudes to 

each elements is optimized and non-uniform. However, as the number of elements increases, 

both FNBW and HPBW decrease. Thus, it is concluded that tradeoff between the parameters 

of interest is necessary to reduce the SLL of linear array using Chebyshev excitation 

distribution as observed in Table 2.1. In addition, Li et al. (2004) has demonstrated the 

application of Chebyshev beam shaping method to control both main lobe and side lobe level 

in satellite communication.  

 

Table 2.1 Comparison between important parameters for different array size using Chebyshev 

polynomial. [Adapted from Soumyo et al. 2012] 

Array Size 4 12 

SLL (dB) -20 dB -20 dB 

Excitation 

Amplitudes 6.3447, 3.6553 

2.0981, 1.9854, 1.7735,  

1.4876, 1.1602, 1.4953 

Directivity (dB) 5.7173 dB 10.6339 dB 

FNBW 76.8 degrees 22.4 degrees 

HPBW 30.0812 degrees 9.2012 degrees 

 

Another classic design that closely related to Chebyshev excitation distribution is 

Taylor design that reduce the SSL whereby the first few side lobes near the main lobe are 

retained at an equal level while the remaining lobes decay monotonically. (Balanis, 2005) 
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As has been proven, the radiation characteristics with SSL lower than -40dB has been 

achieved by using Taylor excitation distribution. (Cai and You 2004) 

 

 Analysis of different tapering techniques for efficient radiation pattern was 

performed by Khasim et al. (2013). Binomial array, Dolph-Tchebyscheff array, and Taylor-

Line Source array are compared in term of sidelobe variation, directivity, and beamwidth. 

Even though both excitation methods reduce the SSL by applying non-uniform amplitudes 

to the radiating element, the resultant directivity and beamwidth are slightly different.  

 

 The scaling factor by which the beamwidth of the Taylor design is greater than that 

of the Chebyshev design is given by Equation (2.4) where n represents number of elements, 

and A is the constant related to the maximum desired SSL. (Balanis, 2005) 

 

Equation (2.4)  

Scaling Factor, σ =  
n

√A2 + (n − 0.5)2
 

 

 In general, the Taylor array has wider beamwidth but it leads to the cost of directivity 

of the main lobe. Thus, it is a matter of choice to design an antenna with wider beamwidth 

or greater directivity, depending on the system requirement and application.   

 

 

2.3   SUMMARY 

 

 

5G mobile communication system is definitely a world changing technology. Based 

on the literature reviewed, beamforming phased array patch antenna with operating 

frequency above 6 GHz or work within mmWave bands is one of the satisfactory approach 

for 5G applications. With appropriate impedance matching network and the use of non-

uniform excitation method, the overall antenna performance in term of bandwidth and 

radiation pattern will be enhanced.  
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CHAPTER 3  

 

 

METHODOLOGY 

 

 

3.1   GENERAL OVERVIEW 

 

 

 The methodology and development process of phased array antenna for 5G 

applications can be summarized and illustrated in the following flow chart (Figure 3.1).  

 

 

Figure 3.1 Flow chart of project implementation 
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3.2   PRELIMINARY CALCULATION 

 

 

Before starting the design stage, it is important to identify the available resources in 

the university so that the antenna can be designed based on an actual substrate. Rogers 

Corporation sponsors RO3000 high frequency substrates that are suitable to be used for 5G 

applications. There are three types of substrate available, namely RO3003, RO3006 and 

RO3210 with dielectric permittivity of 3.0, 6.15, and 10.2 respectively. As supported by 

Choudhury (2014), the substrate with lowest dielectric permittivity, which is RO3003 should 

be chosen to achieve wider antenna bandwidth. However, RO3003 has three different 

substrate height. In order to obtain the best antenna performance, all the substrates with 

height of 0.51 mm, 0.76 mm, and 1.52 mm are used in the design and simulation. The 

description of RO3003 high frequency material is attached as Figure 3.2.  

 

 

Figure 3.2 Description of RO3003 high frequency material with height of 0.76 mm 

 

Besides knowing the substrate to be used, the resonant frequency where the antenna 

radiates has to be determined before designing the antenna. Current 3G and 4G mobile 

networks are operating below 3 GHz. The next generation must operate at higher frequencies 

to compensate the increasing demand of data rates. It is however, that there is no fixed 

standard for 5G yet. Hence, for the research purpose in this final year project, 12 GHz is set 
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as the resonant frequency. The rationale behind this decision is that 12 GHz is in the 

frequency range of above 6 GHz spectrum which is generally agreed to be the 5G frequency 

range (Waterhouse and Novak 2015) in most of the journal and articles related to 5G. In 

addition, 12 GHz can be designed and fabricated using the existing facilities in the university 

without requiring any equipment related to micro- or Nano-technology since the size of the 

antenna will become extremely small if it is designed for higher frequencies.  

 

When it comes to designing the rectangular patch antenna as in Figure 3.3(a) and (b), 

variety of equations are needed. To achieve specific resonant frequency, the width of the 

patch is calculated using Equation (3.1) while the patch length is calculated using Equation 

(3.2) to Equation (3.4) (Balanis 2005).  

 

 

  

Figure 3.3 Microstrip-line feed: (a) Top-view; and (b) 3D-view. [Adapted from Balanis 2005] 

 

 

Equation (3.1):  

W = 
1

2fr√µ0ɛ0
 √

2

ɛr + 1
 

Equation (3.2): 

ɛreff = 
ɛr + 1

2
+ 
ɛr − 1

2
[1 + 12 

h

W
]−1/2 

Equation (3.3): 

∆L = 0.412h 
(ɛreff + 0.3)(

W
h
+ 0.264)

(ɛreff − 0.258)(
W
h
+ 0.8)
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Equation (3.4): 

L =  
λ

2
−  2∆L 

 

The impedance of the patch element need to match with the input impedance which 

is generally 50Ω. There are several impedance matching methods such as inset feed, quarter-

wavelength transmission line feed, and probe feed. In term of design simplicity, inset feed 

is the preferred feeding method because its length can be calculated using Equation (3.5) to 

Equation (3.11) (Balanis 2005) while the gap of the inset feed can be calculated using 

Equation (3.12) (Martin and Sayeed 2010).  

 

Equation (3.5): 

β =  
2π

λ
 

Equation (3.6): 

X =  βW 

Equation (3.7): 

I1 = −2 + cos(X) + XSi(X) + 
sin(X)

X
 

Equation (3.8): 

G1 = 
I1

120π2
 

Equation (3.9): 

G12 = 
1

120π2
∫ [

sin (
βW
2 cosθ)

cosθ
]

2

J0(βLsinθ)sin
3θ dθ

π

0

 

Equation (3.10): 

Rin = 
1

2(G1  ± G12)
 

Equation (3.11): 

y0 = 
L

π
cos−1(√

Z0
Rin 

) 
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Equation (3.12):  

g =  
c (4.65 × 10−12)

fr √2 × ɛreff
 

 

 According to the Pozar (2012), the line impedance can be varied with the width of 

the microstrip line, W0. In order to obtain the desired line impedance, Equation (3.13) is used.  

 

Equation (3.13): 

𝑊0

ℎ
=  

{
 

 
8eA

e2A − 2
2

π
[B − 1 − ln(2B − 1) +

ɛr − 1

2ɛr
{ln(B − 1) + 0.39 −

0.61

ɛr
}]

𝑓𝑜𝑟 
𝑊0

ℎ
< 2 

𝑓𝑜𝑟 
𝑊0

ℎ
> 2

 

where  

A = 
Z0
60
√
ɛr + 1

2
+
ɛr − 1

ɛr + 1
(0.23 + 

0.11

ɛr
) 

B =  
377π

2Z0√ɛr
 

 

The calculated dimension of the patch, as well as the inset feed length and gap can 

be substitute into the design structure as shown in Figure 3.3(a). 

 

Although the equations are available, but the calculation steps are complicated and 

time consuming. Not to forget three of the RO3003 substrates are to be examined. Thus, it 

is more practical if the parameters are calculated using online calculator such as emtalk.com 

instead of manual calculation to avoid any possible calculation error. However, there are too 

many version of online calculator designed for different parameter. The users need to open 

separate browser for different parameter calculation and this process complicates the design 

process. Therefore, the formulas are collected and a new software named Microstrip Patch 

Antenna Parameter Calculator is created using MATLAB GUI building tools as illustrated 

in Figure 3.4(a) and (b). By just entering the four important parameters, which are the 

dielectric constant, substrate height, desired resonant frequency, as well as the input 

impedance, all the design parameter such as patch width and length, inset feed length and 
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gap, feed width, minimum feed length, and minimum ground plate dimension are calculated 

automatically. This software will definitely come into handy for antenna designers. The 

MATLAB code is attached as APPENDIX 2.  

 

 

Figure 3.4 Microstrip Patch Antenna Calculator: (a) loading page; and (b) user interface. 

 

The calculated dimensions for substrates with height of 0.51 mm, 0.76 mm, and 1.52 

mm are tabulated in Table 3.1. The dielectric constant, resonant frequency, and input 

impedance is set to 3, 12 GHz, and 50 Ω respectively for all cases. It is observed that the 

calculated patch width remain the same for all the substrates because Equation (3.1) is not a 

function of substrate height. Therefore, varying the substrate height will not change the 

resultant width of patch.  

 

Table 3.1 Calculated dimension of the proposed antenna for h = 0.51mm, 0.76mm, and 1.52 mm. 

Substrate Height, h (mm) 0.5100 0.7600 1.5200 

Patch Width, W (mm) 8.8388 8.8388 8.8388 

Patch Length, L (mm) 7.0139 6.8690 6.3667 

Inset Feed Length, y0 

(mm) 

2.5066 2.4483 2.2486 

Inset Feed Gap, g (mm) 0.0494 0.0500 0.0513 

Feed Width, W0 (mm) 1.2704 1.8931 3.7862 
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3.3   SIMULATION 

 

 

After all the necessary dimensions are calculated, simulation software is used to 

design and simulate the microstrip patch antenna for 5G applications. There are several 

powerful and handy EM simulation software available in the market, such as ADS, CST, 

and FEKO.  

 

In this final year project, CST Studio Suite 2015 is used for the reason that it is 

comparatively user-friendly. The software consists of several modules which are aimed to 

design different segments of components as shown in Figure 3.5. In order to perform fast 

and accurate 3D EM simulation of high frequency applications, CST Microwave Studio is 

selected. It provides shorter development cycles and enable virtual prototyping before 

physical trials.  

 

 

Figure 3.5 Software modules available in CST Studio Suite 2015 

 

The setup of the CST workspace is relatively simple. Six major settings need to be 

configured, namely Template, Workflow, Solver, Units, Settings, and Summary. MW & RF 

& Optical | Antennas, Planar (Patch, Slot, etc.), and Time Domain (for wideband or 

multiband antennas) are chosen for Template, Workflow, and Solver respectively as 

illustrated from Figure 3.6(a) to (c). As seen in Figure 3.6(d), the default units are selected. 

In the settings, minimum frequency and maximum frequency is set to 11 GHz and 13 GHz 

correspondingly, while E-field, H-field, and Farfield are monitored at 11, 12, and 13 GHz as 

shown in Figure 3.6(e). Lastly, the template is given a name before clicking “Finish” to 

create the template as in Figure 3.6(f).  
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Figure 3.6 Setup of CST Workspace: (a) Template; (b) Workflow; (c) Solver; (d) Units; (e) Settings; 

and (f) Summary. 

(a) (b) 

(c) (d) 

(e) (f) 
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3.3.1   SINGLE ELEMENT ANTENNA DESIGN 

 

 

The ultimate objective of these designs is to evaluate the antenna performance in 

term of gain, bandwidth, return loss, and the possible frequency shift. Based on Table 3.1, 

the calculated parameters are extracted and inserted into the parameter list as displayed in 

Figure 3.7. The length of the feed line is denoted as Lf and set to 15 mm so that adequate 

space is provided to solder the SMA coaxial port connector. The copper layer thickness, t is 

constant which can be obtained from material description in Figure 3.2.  

 

 

Figure 3.7 Parameter list for antenna design 

 

 The expected antenna structure for one element is illustrated in Figure 3.8. In order 

to construct the antenna structure, brick function from the Modeling tab as shown in Figure 

3.9 is selected. The structure is built part-by-part by defining the dimension variables, 

starting from the main patch till the ground plane as demonstrated from Figure 3.10(a) to (f).  

 

 

            Figure 3.8 Expected antenna structure              Figure 3.9 Brick function from CST 
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Figure 3.10 Brick dimension for: (a) Main patch; (b) feed line; (c) left inset feed; (d) right inset feed;   

(e) substrate; and (f) ground plane.  

(a) (b) 

(c) (d) 

(e) (f) 
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 Note that all the dimensions are defined in variables, which will be used for 

optimization in the later section. Initially, the constructed bricks are not in one piece. The 

top copper layer which consists of the main patch, left and right inset feed, and feeding line, 

are to be added together by using Boolean addition function under the Modeling tab as shown 

in Figure 3.11 so that the fringing effect due to the electric field will not be affected by the 

separation of the conductive layer.   

 

 

Figure 3.11 Boolean addition is selected to combine the top conductive layer. 

 

 The SMA coaxial connector can be simulated in CST Microwave Studio as 

Waveguide port as shown in Figure 3.12. Before defining the dimension of the virtual port, 

the port location at the edge of the feed line is selected by using Pick Face function under 

Simulation tab or simply press the shortcut key “F”. Upon the selection of port location, the 

waveguide port is setup by clicking the Waveguide Port function under the Simulation tab 

as seen in Figure 3.12(a). The position of the waveguide port is configured as in Figure 

3.12(c) where the port width is twice the width of feed line, and the entire port covered from 

the ground plane up to six times of the substrate height. The final structure of the virtual 

waveguide port is illustrated in Figure 3.12(b). Ultimately, the antenna is simulated by 

clicking the Start Simulation button under Home tab or simply press CTRL + F5.  
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Figure 3.12 Waveguide port: (a) button; (b) final port structure; and (c) port dimension configured.  

 

The steps are identical to simulate the substrates with height of 0.51 mm, 0.76 mm, 

and 1.52 mm. The results are analyzed and compared in the aspect of resonant frequency, 

impedance matching in term of S11, bandwidth, gain, radiation pattern, and radiation 

efficiency. Subsequently, the most suitable substrate will be chosen to be used as the 

experimental material for the rest of the investigation and development of phased array 

antenna.  
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3.3.2   PARAMETER SWEEP AND OPTIMIZER 

 

 

Based on the performance of single element antenna, the most suitable substrate is 

chosen based on its capability and performance in order to obtain optimum result. However, 

the calculated inset feed gap is all less than 0.1 mm. Even though Martin and Sayeed (2010) 

has verified the validity of the formula proposed, it might not suitable to be used in this final 

year project due to equipment limitation for fabrication. Hence, the inset feed gap is retained 

at the minimum possible fabricated width of 1 mm by compromising and optimizing the 

other parameter such as the inset feed length in order to obtain desired result on antenna 

performance. In addition, the resultant resonant frequency is not located exactly at 12 GHz. 

Thus, optimization will be performed to find the optimal parameter settings for 12 GHz.  

 

There are two powerful tools available in CST Microwave studio, namely Parameter 

Sweep and Optimizer. Both of the tools are used for optimization and work under the same 

principle, which is perform multiple tests to obtain the best result.  

 

It is noted that even with the smallest changes in the patch dimension will results in 

noticeable and significant outcome. In the case of finding the relationship between the length 

of the patch and resonant frequency, parameter sweep can be configured as shown in Figure 

3.13(a), where the patch length will be swept from 7.0 to 8.0 mm with 11 interval samples. 

In a more advance scenario where more parameters are to be examined, the parameter sweep 

can be configured as in Figure 3.13(b) where the L, y0 are examined first, followed by 

parameter sweep for W. Since there are two variables for Sequence 1, the total test number 

will be the multiplication of the number of interval samples, which is 11 multiply by 21 in 

this example. Therefore, total of 231 simulations are performed for Sequence 1, and 11 

simulations for Sequence 2. The process is very time-consuming especially when it reaches 

hundreds of tests. For that reason, the processing computer and CST software will not be 

interrupted during the simulation is running.  
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        (a)                                                                     (b) 

Figure 3.13 Parameter Sweep: (a) single parameter configuration; (b) overview 

 

After the simulations have completed, the results will be stored and can be plotted in 

relation to their parameters as shown in Figure 3.14. From the graph plotted, the best 

dimension for each parameter can be discovered.  In the case where only certain parameter 

combinations are required to examine, ASCII file can be imported to the parameter sweep. 

Undefined parameters from the imported file will be disregarded. Thus, it is a very efficient 

way to perform numerous simulations with different structure parameter values.  

 

 

Figure 3.14 Sample S11result for parameter sweep in parametric plot 

 

 Subsequently, optimizer can be used to figure out the optimal parameter settings for 

a modeled structure. Unlike the parameter sweep, the results from optimizer will not be 

stored. Only the finalized optimal result will be shown thus shorten the simulation time. In 

this final year project, optimizer is used to move the resonant frequency to 12 GHz precisely. 

As illustrated in Figure 3.15(a), the goal of the optimizer is to move the minimum point of 
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s1,1 parameter to targeted 12 GHz. The patch length should be varied to alter the resonant 

frequency because it is directly corresponding to the wavelength based on Equation (3.4). 

Hence, the parameter L is selected as optimizing variable as shown in Figure 3.15(b). Upon 

completion, the optimal L value to achieve resonant frequency of 12 GHz is obtained.  

 

 
        (a)                                                                     (b) 

Figure 3.15 Optimizer: (a) goal; and (b) variable selection. 

 

In addition, slots can be added with the aim of making the structure more compact 

and enhancing the matching which in turn improving the bandwidth. The optimum 

dimension of the slot can be obtained through parameter sweep. Worth to be mentioned, the 

resonant frequency will be shifted when the slot position is not correctly placed. Hence, 

every little small things contributed to the final results. Some of the designs do not even 

produce the expected results. As the saying goes, the only real mistake is the one from which 

we learn nothing. With the continuous testing and simulating, the proper way of designing 

is studied and learned. 
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3.3.3   FOUR ELEMENTS ANTENNA DESIGN 

 

 

In order to increase the antenna gain and overall performance, the patch elements are 

duplicated and multiplied. In this final year project, four elements antenna is designed based 

on the single element antenna designed previously. The array configuration is more 

complicated as it involves other parameters such as spacing between patches, length of 

feeding and matching lines, and dimension of quarter-wavelength (λ/4) transformer as 

illustrated in Figure 3.16. However, the thickness of the substrates remained as 0.76 mm. All 

feed and matching lines are designed to have impedance of 50 Ω, which is equivalent to 

microstrip line width of 1.89 mm. λ/4 transformer is used for impedance matching. Based 

on Equation (2.2), the transformer impedance can be calculated as follows: 

 

Ztransformer = √ZoZL = √(50)(25) = 35.4 Ω 

 

By using Equation (3.13), the width of the λ/4 transformer is calculated to be 3.15 

mm while the length is 6.25 mm which is equivalent to quarter of wavelength. The spacing 

between patch elements are normally kept as 0.8 λ (Ravi et al. 2014), which in this case is 

20 mm. The other parameters are optimized based on the single element design and all the 

design parameter values are tabulated in Table 3.2.  

 

Figure 3.16 4x1 array configuration. 
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Table 3.2 Parameters for 4x1 array configuration. 

Parameters Description Measurement (mm) 

X Substrate's Width 78.800 

Y Substrate's Length 40.296 

W Patch's Width 8.833 

L Patch's Length 6.864 

y0 Inset feed Length 1.753 

g Inset feed gap 1.000 

S Separation between patches 20.00 

Wt λ/4 transformer's width 3.150 

Lt λ/4 transformer's length 6.250 

Lf Feed line length 5.185 

Lm1 Matching Line 1 Length 15.000 

Lm2 Matching Line 2 Length 10.000 

 

 

 For antenna drawing in CST, the structure can be created using additional method 

such as translate, scale, rotate, and mirror as shown in Figure 3.17 to speed up the modeling 

process. In this design, Mirror function under Modeling tab and Transform icon is selected 

and used to duplicate the patch elements as illustrated in Figure 3.17(b). This method is time-

saving as the patch elements do not need to be modelled one-by-one.   

 

 

Figure 3.17 Additional method in modeling: (a) transform function; and (b) configuration. 
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3.3.4   EIGHT ELEMENTS ANTENNA DESIGN 

 

 

The 3D modeling procedure is the same for eight elements antenna. In this design, 

slots are added in the attempt of improving the antenna performance as shown in Figure 

3.18(a) and (b). The patch elements are mirrored and each of them have different dimensions 

that obtained through optimization. All the parameters are tabulated in Table 3.3.  

 
Figure 3.18 8x1 array configuration: (a) full view; and (b) dimensions for Patch x.  

 

Table 3.3 Parameters for 8x1 array configuration. 

Parameters Description 

Measurement 

(mm) Parameters Description 

Measurement 

(mm) 

X Substrate's Width 159.730 W2 Patch 2's Width 9.800 

Y Substrate's Length 55.296 L2 Patch 2's Length 6.864 

h Substrate's Height 0.760 W3 Patch 3's Width 8.800 

y0 Inset feed Length 1.753 L3 Patch 3's Length 6.864 

g Inset feed gap 1.000 W4 Patch 4's Width 9.800 

S Patch Spacing 19.990 L4 Patch 4's Length 6.864 

Wt 

λ/4 transformer's 

width 3.150 WS1 Slot 1's Width 1.000 

Lt 

λ/4 transformer's 

length 6.250 LS1 Slot 1's Length 1.500 

Lf Feed line length 5.185 WS2 Slot 2's Width 2.000 

Lm0 

Matching Line 0 

Length 20.000 LS2 Slot 2's Length 1.500 

Lm1 

Matching Line 1 

Length 10.000 WS3 Slot 3's Width 2.000 

Lm2 

Matching Line 2 

Length 10.000 LS3 Slot 3's Length 2.000 

W1 Patch 1's Width 8.800 WS4 Slot 4's Width 2.000 

L1 Patch 1's Length 6.864 LS4 Slot 4's Length 2.000 
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3.4   ANTENNA FABRICATION 

 

 

Upon the selection of best 12 GHz antenna design for single element as well as array 

with 4x1 and 8x1 configuration, all of the three antennas are fabricated in UCSI University 

laboratory. RO3003 substrate has single layer of copper on both top and bottom side. Proper 

steps are performed in order to remove the unwanted portion of copper layer while keeping 

the radiating patch elements.  

 

The conventional methods to apply the patch pattern onto the copper such as photo 

paper and photo-sensitive emulsion will not provide a satisfying result in this final year 

project. This is because the patch elements are small in size. Any small deviations on the 

patch dimension will alter the final result and therefore, the antenna is to be fabricated with 

high precision etching method where a layer of adhesive sticker has to be laser-cut based on 

the exact shape of the antenna design before attaching it on the copper layer. Firstly, the 

antenna designed in CST has to be converted to Adobe Illustrator file format by using a third 

party software called CorelDraw. Then, the converted file is sent to a customize sticker 

printing shop to cut the sticker in a highly precise manner as shown in Figure 3.19(a) where 

the cutting plotter machine is operating. The unwanted portion of the sticker is peeled off as 

in Figure 3.19(b) before transferring it onto the RO3003 substrate.  

 

 

Figure 3.19 Adhesive sticker for fabrication: (a) cutting in process; and (b) required sticker portion.  

Sticker Laser Plotter 
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On the other hand, the RO3003 with thickness of 0.76 mm is known for its 

bendability and softness which makes it suitable to place on curve objects. This spectacular 

characteristic ease the cutting process whereby the substrate can be cut with just a pocket 

knife as illustrated in Figure 3.20(a). The sticker prepared earlier is then transferred to the 

substrate as shown in Figure 3.20(b). Moreover, the bottom layer of copper which functioned 

as the antenna ground is colored with permanent marker ink that act as protection layer to 

prevent direct contact with the etchant. Alternatively, the bottom copper layer can be covered 

entirely with the adhesive sticker to avoid any unnecessary exposure to the chemical. In this 

final year project, both methods are used simultaneously as seen in Figure 3.20(c) and (d). 

Hence, any undesired removal of the ground copper layer can be totally eliminated in 

addition to achieve antenna performance closer to simulation result.  

 

 

Figure 3.20 Material preparation: (a) cutting of substrate; and (b) place sticker on proper position; (c) 

cover the ground plane with permanent marker ink; and (d) cover the ground plane with sticker. 
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 Next, the well-prepared substrate is placed into the etching tank as in Figure 3.21(a). 

The etching tank contains ferric chloride as the etchant that will react and remove the 

exposed copper on the substrate. Glove is used when placing the board into the etching tank 

because ferric chloride is corrosive to certain extent and its stain can hardly be removed. The 

etching tank is equipped with timer and thus, proper configuration is required.  

 

After waiting for approximately 10 minutes, the etching process is stopped and the 

etched board is washed with running tap water until it is clean from the chemical. As seen 

in Figure 3.21(b), the unwanted copper is removed, exposing the clear white colored 

substrate. The sticker is peeled to reveal the patch elements for more efficient radiation. Not 

to forget about the other side of the substrate, the sticker is peeled off while the permanent 

marker ink is removed by using thinner solution. Lastly, the SMA coaxial port is soldered 

carefully on the edge of the microstrip feed line as shown in Figure 3.21(c).  

 

 

Figure 3.21 Antenna fabrication: (a) etching tank; (b) unwanted sticker disposal; (c) port soldering. 

The substrate is 

placed inside the 

tank 

Etching 

Tank 
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3.5   ANTENNA MEASUREMENT AND TESTING 

 

 

When it comes to antenna measurement and evaluation, there are three main criteria 

that must be taken into consideration, which include return loss, radiation pattern, and gain 

of the antenna. Each of these characteristics are measured at the microwave laboratory of 

Technical University of Malaysia Malacca (UTEM). 

 

 

3.5.1   RETURN LOSS MEASUREMENT 

 

 

S-parameters describe the relationship between input and output ports. Since there is 

only one port in the designs, the only s-parameter available to investigate is S11 which its 

magnitude is plotted against frequency in the VNA as shown in Figure 3.22(a). It is essential 

to calibrate the device with an electronic calibration module as seen in Figure 3.22(b) in 

order to guarantee the measurement accuracy. After setting the frequency range and 

connecting the AUT to the VNA via a suitable low loss and phase stable cable as illustrated 

in Figure 3.22(c), the measurement can be initiated and the results are captured. Throughout 

the process, the measurement is conducted in an open area with little reflection and the cable 

is not moved to obtain the best possible measurement result.  

 

 

Figure 3.22 Return loss measurement: (a) using Agilent Technologies N5242A PNA-X Network 

analyzer (10MHz – 26.5 GHz); (b) electronic calibration module; and (c) setup  
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3.5.2   FAR-FIELD MEASUREMENT 

 

 

For far-field measurement, the AUT is placed in the middle of anechoic chamber 

whereby the walls, ceilings, and floor are fully covered with EM wave absorbent which 

simulate the far-field conditions. The microwave source is connected to the horn antenna in 

Figure 3.23(a) which act as the transmitting antenna while the AUT is the receiving antenna 

and fixed at the rotatable stand controlled by stepper motor as illustrated in Figure 3.23(b). 

Only the antenna will be placed inside the room while the other equipment is located outside 

so that the results obtained is acceptable with minimum interference as illustrated in Figure 

3.23(c). During the measurement, the AUT is rotated 360˚ with step size of 1˚ while the 

frequency of the microwave source is swept from 11 GHz to 13 GHz with increment of 0.01 

GHz for each test. CCTV is installed to observe the condition of AUT during measurement. 

The results are captured and exported into Excel file.  

 

 

Figure 3.23 Far-field measurement: (a) horn antenna as transmitter; (b) AUT as receiver; and (c) 

measurement equipment located outside of anechoic chamber. 
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3.5.3   ANTENNA GAIN MEASUREMENT 

 

 

As shown in Figure 3.24(a), the antenna gain can be determined by mimicking the 

geometrical orientation of transmitting and receiving antennas separated by distance R for 

Friis transmission equation (Pozar 2012) as stated in Equation (3.14) where Pt and Gt is the 

power transmitted and gain of transmitting antenna, while Pr and Gr is the power received 

and gain of receiving antenna.  

 

Equation (3.14): 

Pr = GtGr(
λ

4πR
)2Pt 

 

 Firstly, the analog signal generator is configured to produce signal with 0 dBm power 

at the resonant frequency of AUT. It is then connected directly to the spectrum analyzer 

through a coaxial cable to measure the cable loss. The cable is disconnected before 

connecting the horn antenna to the analog signal generator and AUT to the spectrum analyzer 

as shown in Figure 3.24(b). The distance between the horn antenna and AUT is measured 

and kept at one meter. By using the spectrum analyzer, power received by the AUT is 

measured and recorded. The gain for horn antenna is obtained from its datasheet (refer to 

APPENDIX 3) while the gain for AUT is calculated using Equation (3.14).  

 

 

Figure 3.24 Antenna gain measurement: (a) setup of equipment; and (b) AUT is connected to the 

Agilent Technologies MXA signal analyzer N9020A (10 Hz – 13.6 GHz) 
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3.6   PHASED ARRAY ANTENNA DESIGN 

 

 

Based on both excellent results from simulation and experiment, 4x1 array antenna 

is chosen to develop the phased array antenna that composed of multiple stationary radiating 

elements which are fed coherently. The concept of beamforming by phased array antenna is 

based on the constructive and destructive interference occurred between each of the radiating 

source which eventually lead the beam to a specific angle in space.  

 

CST 2015 provides a brilliant platform for phased array antenna development. 

Instead of the default 3D view, schematic view is selected in CST workspace. Phased Array 

Antenna function, which is under Home tab and Simulation Project button is clicked as 

demonstrated in Figure 3.25.  

 

 

Figure 3.25 Creating phased array antenna simulation project. 

 

 The properties of phased array antenna in term of the shape, spacing, and grid angle 

are configured as shown in Figure 3.26(a). Five array elements will be arranged in a row 

with minimum spacing between them. Upon clicking “OK”, a phased array antenna sub-

workspace will be created where the excitation pattern and element type can be configured. 

In the case where large array system is involved, some elements may be set to passive or 

empty state to simulate the effect of defected antenna element. In this final year project, all 

elements are active. As shown in Figure 3.26(b), the excitation pattern is configured to 
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Chebyshev with –30 dB relative sidelobe level in order to suppress the undesired sidelobe. 

Other excitation patterns such as Taylor and uniform pattern are used in simulation as well. 

The effect of using different excitation pattern is investigated, compared, and summarized.  

 

 Once the excitation pattern is selected, the user can choose to create unit cell or full 

array simulation project. Unit cell boundary condition virtually repeats the modeled structure 

periodically in two directions up to infinity. Even though unit cell simulation is 

comparatively more efficient, but it is not suitable to simulate this design as the edge-fed 

waveguide ports are overlapping with the unit cell boundaries. In this final year project, full 

array simulation is performed because the actual element number and spacing between the 

elements can be configured manually to create a full array geometry. After clicking “Create 

Full Array Simulation Project” button under the Phased Array toolbar, the solver type is set 

to Transient as shown in Figure 3.26(c).  

 

 

Figure 3.26 Phased array antenna design workflow: (a) setup; (b) excitation pattern configuration; (c) 

create new simulation project. 

 

After all the required settings are configured, the full array geometry will be created 

automatically by CST as illustrated in Figure 3.27. Total of five individual ports are 

generated where the microwave sources with different phase shift are inputted. The average 

power and amplitude of the source at each port depends on the excitation pattern configured.  
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Figure 3.27 Generated phased array antenna 

 

Spherical coordinate system is used to represent the direction of radiation pattern. 

Initially, the main beam will have theta and phi angle of 0˚. In order to change the scan angle, 

PAA_FA_SCANTHETA and PAA_FA_SCANPHI as shown in Figure 3.28 is varied. These 

two parameters will be affecting the beamforming pattern, gain, and other antenna 

performance directly. Thus, different theta and phi angle is tested to investigate the 

directivity and maximum scan angle for this phased array antenna.  

 

 

Figure 3.28 Parameter for phased array antenna 
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3.7   SUMMARY 

 

 

Overall, the design and investigation of the phased array antenna can be summarized 

with Table 3.4. The final year project consists of two parts and completed in eight months.  

 

Table 3.4 Gantt chart for Final Year Project 

 

 

 

 

Month 

Task 

FYP A FYP B 

1 2 3 4 5 6 7 8 

1 Literature Review         

2 Components Survey         

3 Design single element antenna 

using CST Software 

        

4 Design four elements array 

antenna using CST Software           

        

 

5 Design eight elements array 

antenna using CST Software 

        

6 FYP A Presentation         

7 Fabricate 1 element, 4x1, and 8x1 

array antenna 

        

8 Antenna measurement and 

evaluation 

        

9 Design phased array antenna         

10 FYP Progress Logbook         

11 FYP Research Paper         

12 FYP Report         

13 FYP B Presentation         
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CHAPTER 4  

 

 

RESULTS AND DISCUSSION 

 

 

4.1   GENERAL OVERVIEW 

 

 

This chapter is divided into four subchapters which includes simulation results for 

single element and array antenna, experimental results, phased array antenna design, and 

antenna evaluation with biological hand, summarizing all the impactful results for the design 

of phased array antenna as well as the evaluation and investigation performed. The fabricated 

antennas are illustrated as per attached in APPENDIX 4.  

 

 

4.2   SIMULATION RESULT 

 

 

The simulation results are divided into three sub-chapters which demonstrate the 

result and analysis obtained through the design of single element antenna, four elements and 

eight elements array antenna by using CST software.  

 

 

4.2.1   SINGLE ELEMENT ANTENNA 

 
 

Initially, there are three different heights of RO3003 substrate to be evaluated so that 

the best substrate can be picked for the development of phased array antenna. Based on Table 

3.1, single element antennas are modelled and simulated for RO3003 substrates with height 

of 0.51 mm. 0.76 mm, and 1.52 mm respectively. The graph of S11 magnitude over frequency 

and far-field pattern for all the substrates tested is illustrated in Figure 4.1. 
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(a)  

 
(b) 

 
(c) 

Figure 4.1 Graph of S11 magnitude over frequency and far-field pattern for substrate with height of: 

(a) 0.51 mm; (b) 0.76 mm; and (c) 1.52 mm 

 

From the graph of S11 magnitude over frequency obtained for each simulation, the 

minimum frequency, fmin and maximum frequency, fmax can be extracted where the S11 

dropped below -10 dB and used in bandwidth calculation. As the S11 dipped to the bottom, 

it is the point that indicates the antenna’s resonant frequency where most of the power is 

radiated.  The results for each substrates are tabulated in Table 4.1. 

 

Table 4.1 Results comparison for substrate with height of 0.51 mm. 0.76 mm, and 1.52 mm 

Substrate 

Height 

(mm) 

Resonant 

Frequency 

(GHz) 

Minimum 

Frequency 

(GHz) 

Maximum 

Frequency 

(GHz) 

Bandwidth 

(MHz) 

Minimum 

S11 (dB) 

Gain 

(dB) 

0.51 11.97 11.84 12.10 260 -22.55 6.33 

0.76 11.88 11.71 12.05 340 -16.56 6.52 

1.52 12.08 11.87 12.30 430 -11.14 7.24 
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 From the results, the resonant frequency for the substrates are within the range of 

11.88 GHz to 12.08 GHz. These slight deviations are common in antenna design as the 

formulas used in the previous chapter is simply a kick-start for the design procedure. In order 

to ensure the antenna resonates at 12 GHz, optimization is needed.  

 

 In term of bandwidth, thickest substrate has the widest bandwidth. This is because a 

thicker antenna is electrically larger which in turn producing better fringing effect. Fractional 

bandwidth is normally used as an indicator for narrowband antennas. Based on Equation 

(4.1), let’s take the highest bandwidth as example, 430 MHz bandwidth for 12.08 GHz 

resonant frequency is equivalent to merely 3.6 % fractional bandwidth. This is acceptable 

since one of the drawback of using microstrip patch antenna is its relatively low bandwidth 

characteristic (Balanis 2005). However, it can be definitely be enhanced by improving the 

overall design and impedance matching which will be demonstrated later.  

 

Equation (4.1): 

FBW =
(f𝑚𝑎𝑥 − f𝑚𝑖𝑛)

f𝑐
× 100  

 

Gain is another valuable measure that describe the antenna performance. Based on 

the IEEE Standard Definitions of Terms for Antennas (IEEE Standards Board 2004), gain is 

defined as the ratio of radiation intensity, in a given direction, to the radiation intensity that 

would be obtained if the power accepted by the antenna were radiated isotropically. The 

terms gain and directivity are often used interchangeably. However, the magnitude of 

antenna gain is corresponding to the amount of efficiency and directional abilities while 

directivity takes only the directional properties into account. Therefore, gain is equivalent to 

directivity if only if the antenna efficiency is 100 % which is practically impossible. In this 

final year project, gain is one of the main concerns to design antenna for 5G applications 

whereby minimum gain of 12 dB is to be achieved. From the results, the highest gain 

obtained is 7.24 dB, which is far below the requirement. Thus, arrays are to be configured 

in order to achieve 12 dB gain. In addition, it is observed that the thickest substrate with 
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height of 1.52 mm has the highest gain value as compared to the other substrates which 

indicates that its radiation can reach out longer distance from the radiating source.  

 

Based on all the results obtained, RO3003 substrate with height of 1.52 mm is 

noticeably a better choice for further development. However, things are not as simple as it 

seems to be. According to the Microwave Rules of Thumb, the height of a microstrip board 

should never exceed 1/10 of a wavelength at the maximum frequency of its usage (P-N 

Designs, Inc. and IEEE 2016). This rule is applicable for this design as there is warning 

message for the simulation of 1.52 mm substrate as shown in Figure 4.2 even after the upper 

frequency limit is decreased. To support this statement, the radiation pattern as illustrated in 

Figure 4.1(c) is clearly distorted into undesirable shape.  

 

 

Figure 4.2 Warning message for 1.52 mm substrate simulation 

 

 Hence, systematic calculation is performed to prove that the 1.52 mm exceeds the 

recommended height for microstrip board. The wavelength for microstrip antennas can be 

calculated by using Equation (4.2) where the effective dielectric constant,  ɛreff is defined in 

Equation (3.2). Based on 12 GHz calculation, the results obtained are tabulated in Table 4.2.  

 

Equation (4.2): 

λ =
c

f√ɛreff
 

 

Table 4.2 Wavelength calculation for different substrates 

Substrate  Height, h 

(mm) 

Effective Dielectric 

Constant, ɛreff  

Wavelength, 

λ (mm) 

λ/10 

(mm) 

Is h < λ/10? 

A 0.51 2.76 9.06 0.906 YES 

B 0.76 2.70 9.26 0.926 YES 

C 1.52 2.57 9.72 0.972 NO 
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 Therefore, after weighing the pros and cons, 0.76 mm RO3003 substrate is selected 

for the development of phased array antenna.  

 

 

4.2.1.1   OPTIMIZATION AND PARAMETER SWEEP 

 

 

With the selection of most suitable substrate, parameter sweep is used to find out the 

best inset gap size and patch dimensions. One of the significant parameter sweeps is done to 

investigate the effect of the inset gap size to the impedance matching. By using Equation 

(3.12), the gap size calculated for high frequency microstrip patch antenna is often less than 

1 mm which is difficult to be fabricated by conventional etching method.  

 

As seen in Figure 4.3, the simulation is completed by varying the gap size from 0.2 

mm to 1.5 mm. Each of the gap size produces different S11 result. When the gap size is set 

to 1 mm, the S11 is at acceptable level of –17 dB and resonates at 12 GHz as highlighted in 

red in Figure 4.3. Undesired shifting on resonant frequency happened even though some of 

the smaller gap sizes are giving better impedance matching effect. Any further increase of 

gap width will only downgrade the antenna performance. It is learned that the gap size will 

affect both impedance matching and resonant frequency since it changes the overall structure 

of the patch elements. Thus, the gap size is kept at 1 mm for the rest of the simulation.  

 

Figure 4.3 Parameter sweep to investigate the effect of inset feed gap size 



55 

 

 In addition, the variation of the patch length reflects the resonant frequency directly. 

The parameter sweep is performed by alter the patch length from 6.3 mm to 7.0 mm as shown 

in Figure 4.4. It is clearly shown that the resonant frequency decreases as the patch length 

increases. Therefore, it is not a strange story when extremely high frequency antenna has 

tiny physical size. From the result, 6.8 mm patch length antenna will resonates at 12 GHz 

and it will be used as the reference patch length throughout the development.  

 

 

Figure 4.4 Parameter sweep to investigate the effect of length of patch elements 

 

 In order to achieve better result, several parameters have to be optimized 

simultaneously because changing the value of one parameter will affect the other parameters 

indirectly. Different from parameter sweep, optimizer can effectively optimizes multiple 

parameters by setting the desired goal. As the result of optimization, the resonant frequency 

is shifted from 12.15 GHz to 12 GHz as illustrated in Figure 4.5(a) and (b). In all conscience, 

the single element patch antenna is just performing averagely with 330 MHz bandwidth and 

minimum S11 of –13.33 dB at 12 GHz.  

 

 

Figure 4.5 Graph of S11 over frequency with (a) calculated parameters; and (b) optimized parameters 
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 From Figure 4.6(a), the optimized result has slight improvement over the previous 

design as the gain has increased from 6.52 dB to 6.54 dB. Total efficiency of the antenna 

radiation is –0.8671 dB which is equivalent to 82%. The antenna has SSL of –17.6 dB and 

angular width of 74.6˚ as seen in Figure 4.6(b), which is considerably decent result for 

antenna with single patch element.  

 

 

Figure 4.6 Radiation Pattern: (a) in 3D; and (b) polar plot 

 

Let’s take the length of the patch element as example, the exact optimized value is 

6.8640921946957 mm which its precision exceeds the fabrication capability. Hence, the 

optimized values are rounded off to three decimal places, tabulated in Table 4.3 and will be 

used to design the array antennas with four elements and eight elements. 

 

Table 4.3 Optimized parameter for single element antenna. 

Parameters Description Measurement (mm) 

W Patch's Width 8.833 

L Patch's Length 6.864 

y0 Inset feed Length 1.753 

g Inset feed gap 1.000 
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4.2.2   FOUR ELEMENTS ARRAY ANTENNA  

 

 

Although the antenna gain is affected by various factor, but its fundamental 

relationship with the number of patch elements will be always valid. Increment of patch 

elements will increase the antenna gain correspondingly. As mentioned by Leung (2015), 

gain of 12 dB is targeted for 5G mobile devices and it should not come at the expense of 

coverage, thus beam steered arrays is the ideal solution. So, how many patch elements are 

required to hit 12 dB gain target?  

 

From the previous simulation, optimized single element antenna achieves gain of 

6.54 dB which is equivalent to 4.42 times of isotropic antenna gain while 12 dB gain is 

corresponding to 15.85 times of isotropic antenna gain. The ratio of targeted 12 dB gain to 

the single element 6.54 dB gain can be calculated as 
15.85

4.42
 which is equal to 3.59. In other 

words, at least 3.59 (≈ 4) patch elements are required to achieve the targeted 12 dB gain.  

 

Based on Table (3.2), the antenna is simulated. Even though the parameters are 

optimized, the resonant frequency still shifted to 12.14 GHz with –37 dB S11. This result has 

proven that the antenna performance does not solely depends on one parameter. With the 

insertion of λ/4 transformer and power divider at the junction, the return loss and impedance 

matching between the patch elements and input impedance changes. However, at 12 GHz, 

the S11 achieved is –23 dB which is considerably good. So, the result is acceptable.  

 

 

Figure 4.7 Graph of S11 over frequency for 4x1 array antenna 
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  Based on Figure 4.7, the antenna has 11.79 GHz and 12.36 GHz as its minimum 

frequency and maximum frequency respectively, thus providing 570 MHz or 4.8% 

bandwidth. This result is a huge leap since the single element antenna has only 330 MHz 

bandwidth. This is again proven that the impedance is well matched by the λ/4 transformer 

and thus the power is divided equally at the junctions.  

 

 In term of radiation pattern, it is clearly a directive radiation. Specifically, this type 

of radiation is the distinct characteristic of a fan beam antenna where it produces a main 

beam with a large ratio of major to minor dimension at any transverse cross section as shown 

in Figure 4.8(c). One of the 5G antenna requirement is achieved since it produces directional 

beam. What is left is just to ensure the beam is steerable which will be demonstrated later.  

 

 The top view and side view of the radiation can be studied in Figure 4.8(a) and (b) 

respectively. The main beam has angular width of 16.6˚ which has been greatly reduced as 

compared to single element antenna with 74.6˚ angular width. This is expected since higher 

number of patches will produce higher antenna directivity which eventually yield narrower 

beam. Worth to be mentioned, the antenna gain is increased to 12.25 dB with -0.4928 dB 

(89.3%) of total efficiency. Thus, this result is accepted and will be tested experimentally.  

 

 

Figure 4.8 Radiation pattern for 4x1 array: (a) top polar view; (b) side polar view; and (c) 3D view 
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4.2.3   EIGHT ELEMENTS ARRAY ANTENNA 

 

 

As the saying goes, only those who risk going too far can possibly find out how far 

they can go. Even though 4x1 array antenna already achieves the design requirement, it is 

always the student’s passion that leads to more exploration in the field of interest. Eight 

elements array antenna is designed based on Table 3.3 in order to investigate the effect of 

adding the slots and varying the patch width.  

 

By adding slots into the design, it is supposed to enhance the antenna performance 

and making the design more compact. However, when it involves multiple patches, the 

collective effect of slots is unpredictable which shifted the resonant frequency in this case. 

All the parameters, which include the patch width and slot dimension are auto-generated by 

the optimizer in CST software. The goal of this optimization is configured to achieve better 

return loss and locate it at 12 GHz. However, the optimization does not work as expected. 

The magnitude of S11 over frequency is plotted as in Figure 4.9 where the resonant frequency 

is at 11.72 GHz with minimum S11 of –31 dB. The useful band less than –10 dB return loss 

starts from 11.60 GHz to 12.04 GHz which yield 440 MHz (3.75%) bandwidth. Worth to be 

point out, there is another small portion of band near 12.8 GHz which is under -10 dB S11 as 

well.  However, it is not useful since the overall bandwidth and S11 magnitude is not up to 

scratch. As the inference drawn from the result obtained, optimizer does not performs up to 

expectation when it involves a lot of parameters and larger array size.  

 

 

Figure 4.9 Graph of S11 over frequency for 8x1 array antenna 
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 On the other hand, the antenna gain is increased to 14.89 dB with total efficiency of 

–0.8530 dB which equivalent to 82.2% as shown in Figure 4.10(c). The radiation pattern is 

still the same where the beam is directional. However, the angular width of the main beam 

is now 8.4˚ as shown in Figure 4.10(a), which is relatively smaller than the 16.6˚ main 

beam’s angular width for 4x1 array antenna. The side view of the radiation pattern can be 

observed in Figure 4.10(b).  

 

 

Figure 4.10 Radiation pattern for 8x1 array: (a) top polar view; (b) side polar view; and (c) 3D view 

 

Therefore, besides having the improved gain, other performance is downgraded. 

Again, it is proven that optimizer is just an additional function to assist the design procedure. 

Misusing this function will produce unwanted results. Proper steps are needed to design 

larger size array as the structure become more complicated. Nevertheless, this design is not 

totally worthless. At least, it has proven few important statements. Firstly, the antenna gain 

is directly corresponding to the total number of patch, which is validated in this design. 

Secondly, the angular width of main beam will become narrower, parallel to the increment 

of patch elements. Lastly, slots are not obligatory in antenna design. Inappropriate slot 

insertion will only leads to frequency shifting and deformation of radiation pattern. At the 

end of the day, 4x1 array antenna will be used in the development of phased array antenna 

since all the results are excellent and up to expectation.   
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4.3   EXPERIMENTAL RESULTS 

 

 

To judge the performance of an antenna, the return loss, far-field pattern, and gain 

are the key considerations in both simulation and experiment.  

 

 

4.3.1   RETURN LOSS MEASUREMENT 

 

 

By using the PNA-X Network Analyzer, return loss for 4x1 and 8x1 array antenna 

are measured. As observed in Figure 4.11, the minimum measured return loss (S11) is –39 

dB, located exactly at 12 GHz.  As compared to the simulation result of –37 dB S11 at 12.14 

GHz, it show a reasonably good agreement due to proper impedance matching designed for 

the antenna. The difference between the results is possibly due to the layout parasitic effect 

that were not being considered in the simulation. Further, the bandwidth would be 

approximate 550 MHz, with 11.80 GHz the low end and 12.35 GHz the high end of the 

frequency band. Overall, the result is satisfying.  

 

 

Figure 4.11 Graph of experimental and simulated S11Magnitude vs frequency for 4x1 array antenna. 
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The experimental and simulation S11 result for 8x1 array antenna also agree fairly 

well with measured return loss of –36 dB at 11.57 GHz and simulated return loss of –31 dB 

at 11.72 GHz as shown in Figure 4.12. Worth to be mentioned, both 4x1 and 8x1 array 

antenna experiencing frequency shifting of 140 MHz and 150 MHz respectively. This is not 

happened by chance. In fact, it is caused by the layout parasitic effect as both of the arrays 

are using the same substrate.  

 

Figure 4.12 Graph of experimental and simulated S11Magnitude vs frequency for 8x1 array antenna.  

 

 Of course, other types of errors might as well contribute to the dissimilarity of 

measured and simulation results. Systematic errors which relate to the non-ideal 

measurement device may cause impedance mismatch between VNA and AUT. Although the 

calibration is done beforehand, signal leakage within the system itself is difficult to detect. 

Moreover, the cable loss and internal noise of the instrument are categorized as unpredictable 

random errors. Taking into cognizance the layout parasitic effect and possible errors 

discussed, the measured return loss results are totally acceptable. As the matter of fact, the 

drifting of frequency and dissimilarity of return loss values are expected even before the 

measurement is performed. Even if the simulation result is perfect, the actual performance 

might varied during the testing.  In the case of 4x1 array antenna, the measured value is even 

better than the simulated return loss.  
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4.3.2   FAR-FIELD MEASUREMENT 

 

 

The far-field measurement is performed in the anechoic chamber. The simulated 

radiation pattern for 4x1 array and 8x1 array antenna are ideally illustrated in Figure 4.8(a) 

and Figure 4.10(a) respectively. Nevertheless, there are a lot of factors affecting the end 

result in reality. The far-field pattern is measured on x-z plane for both 4x1 array and 8x1 

array antenna are shown in Figure 4.13(a) and (b) respectively. These results are predicted 

even though it is not as perfect as the simulation result due to the noise observed. .  

 

 
         (a)                                                                                  (b) 

Figure 4.13 Far-field measurement for: (a) 4x1 array antenna; and (b) 8x1 array antenna. 

 

 The far-field data measured in the anechoic chamber is stored in term of power 

received by the AUT when the horn antenna is transmitting the microwave signal. Generally, 

amplifier is used to improve the SNR and to accommodate the potential cable loss as the 

AUT is connected quite a distance from the far-field measurement system. Unfortunately, 

the available amplifier can only support up to 8 GHz. Hence, the measurements are taken 

with relatively lower SNR and under the influence of high cable loss. Despite of these 

disadvantages, the main beams still can be identified as it has comparatively higher received 

power. Also, the 8x1 array antenna indicates higher power received than of 4x1 array 

antenna which is in line with the simulated results.  
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4.3.3   ANTENNA GAIN MEASUREMENT 

 

 

The experiment to measure antenna gain is setup as in Figure 3.24. Instead of 

calculating the antenna gain directly, the spectrum analyzer measures and records the power 

received by the AUT. In other words, the power received by AUT is directly corresponding 

to the magnitude of antenna gain. The simulated gain and measured power received is plotted 

against frequency as shown in Figure 4.14 and Figure 4.15 for 4x1 array and 8x1 array 

antenna respectively. As evidenced from the graph, the power received and antenna gain is 

well related to each other where the values are achieving high points near the resonant 

frequency.  

 

 

Figure 4.14 Graph of simulated gain and power received over frequency for 4x1 array antenna. 

 

Theoretically, Equation (3.14) can be used to reverse calculate the antenna gain. As 

the saying goes, in theory there is no difference between theory and practice. In practice 

there is. The equation does not include any other possible loss other than the free-space loss 

factor denoted by(
λ

4πR
)2. It has to be stressed that the use of coaxial cable exposes the system 

to significant amount of cable loss. In the industry, cable loss is often counterbalanced by 

adding appropriate amplifying circuit. However, because there is no suitable amplifier 
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available to be used at the moment of measurement to compensate the losses, cable loss must 

be taken into account in the calculation for antenna gain. 

 

 

Figure 4.15 Graph of simulated gain and power received over frequency for 8x1 array antenna. 

 

 Therefore, Equation (3.14) is rearranged and modified to fit into this experiment 

where the cable loss is denoted as Lc as in Equation (4.3). The frequency-dependent cable 

loss is measured at the respective resonant frequency for both 4x1 and 8x1 array antenna.   

 

Equation (4.3): 

Gr =
PrLc

GtPt
(
4πR

λ
)
2

 

 

 The transmitter gain is depending on the frequency as well and its value can be 

obtained from the datasheet as attached in APPENDIX 3. Regrettably, the datasheet only 

provides the transmitter gain value at specific frequencies with 0.5 GHz sampling interval 

such as 11.0 GHz, 11.5 GHz, and 12.0 GHz. Therefore, the nearest possible value at 11.50 

GHz is used as the transmitter gain for 8x1 array antenna measurement. Importantly, 

Equation (4.3) is only applicable when the calculation is performed with SI unit. Hence, 

conversion is needed to transform the parameters from dB to SI unit.  
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Table 4.4 Parameters obtained from experiment 

Antenna Type 4x1 Array 8x1 Array 

Transmitted Power, Pt 0 dBm 0 dBm 

Transmitter Gain, Gt 

13.8 dBi (Gain Factor of 

24.16) @ 12.00 GHz 

13.6 dBi (Gain Factor of 

23.13) @ 11.50 GHz 

Distance between 

transmitter and AUT, R 1 meter 1 meter 

Cable Loss, Lc 4.37 dB @ 12.00 GHz 3.63 dB @ 11.57 GHz 

Received Power, Pr -32.1185 dB @ 12.00 GHz -28.8364 dB @ 11.6 G0Hz 

 

In order to ensure the accuracy and efficiency in antenna gain calculation, MATLAB 

code for Friis transmission equation is programmed as shown in Figure 4.16. From the result, 

antenna gain calculated is 12.45 dB and 14.88 dB as compared to the simulated gain of 12.25 

dB and 14.89 dB for 4x1 and 8x1 array antenna respectively. The measured and simulated 

result are matched considerably well and the insignificant difference can be disregarded. 

 

 

Figure 4.16 MATLAB code to calculate antenna gain 
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4.4   PHASED ARRAY ANTENNA 

 

 

The phased array antenna was designed based on the chosen 4x1 array antenna with 

excellent performance in both simulation and experiment. The generated phased array 

antenna with its radiation pattern is illustrated in Figure 4.17. Worth to be mentioned, the 

gain is improved to 18.29 dB since total of 20 patch elements are radiating in the design. 

Unlike the previous simulation, the phased array antenna has five separated ports to excite 

the antenna. This is the essence of phased array antenna where the phase shift for each of the 

ports are being controlled in order to achieve beam steering based on the concept of 

constructive and destructive interference between the radiating waves. As observed, the 

antenna is very directive with narrow main beam formed at the center of antenna. The polar 

view of the radiation pattern together with the possible beam steering will be discussed in 

the next sub-chapter. 

 

 

Figure 4.17 Phased array antenna with radiation pattern shown 

 

 The effect of the increment of port numbers on the s-parameter is illustrated in Figure 

4.18. Since the 4x1 array antenna is duplicated and multiplied without establishing any 
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physical connection between the antennas, the ports work individually and thus only five s-

parameters are available to be analyzed in this case, namely S11, S22, S33, S44, and S55. For 

the same reason, the multiplication of ports does not alter the antenna return loss. The 

resonant frequency of the antenna remain the same as the previous result, which its minimum 

return loss occurred at 12.14 GHz with upper frequency of 12.36 GHz and lower frequency 

of 11.8 GHz which yield overall bandwidth of 560 MHz.  

 

 

Figure 4.18 Graph of S-parameter magnitude over frequency for each of the ports. 

 

Once again, to prove that the antennas work individually, electric filed is simulated 

as shown in Figure 4.19. Clearly, the electric field for each of the antennas is non-uniformly 

radiated due to the phase shift of excitation source inputted at each ports, which ultimately 

controlling the direction of main beam and served the purpose of designing phased array 

antenna.  

  

 

Figure 4.19 Electric field simulated for phased array antenna 
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4.4.1   NON-UNIFORM EXCITATION PATTERN 

 

 

The gain and directivity of the antenna in term of dB is proportional to the array size. 

As the number of elements increases to achieve certain requirement, both FNBW and HPBW 

decrease. Tradeoff between the parameters of interest is necessary to reduce the SLL of 

linear array using non-uniform excitation distribution such as Chebyshev and Taylor 

excitation distribution whereby the excitation amplitudes to each elements is optimized and 

non-uniform.  

 

By default, the excitation amplitudes to each elements are constant at 1 V with 

average power of 0.5 W as shown in Figure 4.20(a). Each of the elements are colored 

corresponding to the excitation amplitudes.  With the selection and application of Chebyshev 

and Taylor excitation pattern, the average power and excitation amplitude to each elements 

are adjusted based on the type of polynomial chosen as illustrated in Figure 4.20(b) and (c). 

Ultimately, the SLL is reduced with the aim of improving the antenna performance.  

 

  

(a) 

  

(b) 

 

(c) 

Figure 4.20 Excitation Pattern, average power and amplitude for each ports using: (a) uniform; (b) 

Chebyshev; and (c) Taylor polynomial.  
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In the context of demonstrating the difference between excitation patterns, phased 

array antenna is simulated for beam steering of 5˚ polar angle (theta) based on the spherical 

coordinate system imposed on the antenna design. The simulation results that use uniform, 

Chebyshev, and Taylor excitation pattern are displayed in Figure 4.21(a), (b) and (c) 

respectively. As observed in Figure 4.21(d), the SLL is reduced quite extensively by using 

the non-uniform excitation patterns.  

 

 
Figure 4.21 Polar view of radiation pattern excited by: (a) uniform; (b) Chebyshev; (c) Taylor 

polynomial; and (d) comparison between the results. 
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Based on the summarised result tabulated in Table 4.5, by using uniform excitation 

pattern where all the elements are excited with the same power and amplitude, the main lobe 

magnitude is the highest with relatively narrower angular width and higher SLL. Side lobes 

are undesirable and it is a common practice to suppress the SLL with the implementation of 

non-uniform excitation pattern. As evidenced from the simulation, the SLL is successfully 

reduced from –11.3 dB to –13.3 dB in this experiment.  

 

Table 4.5 Properties of main beam and SLL simulated for beam steering of 5˚ around broadside. 

Excitation Pattern Uniform Chebyshev Taylor 

Main Lobe Magnitude (dBi) 18.7 18 17.8 

Main Lobe Direction (deg.) 5 5 5 

Angular Width (deg.) 3.1 4 4.1 

Side Lobe Level (dB) -11.3 -13.3 -13.3 

 

 

The relationship between the Taylor and Chebyshev non-uniform excitation pattern 

can be proven by the scaling factor as in Equation (2.4) where it is the factor by which the 

beamwidth of the Taylor design is greater than that of the Chebyshev design. Based on 

Equation (2.4), n represents number of elements, and A is the constant related to the 

maximum desired SSL 

 

In this final year project, the desired SSL for both non-uniform polynomial is set to 

–30 dB. According to Balanis (2005), the calculation can be performed as follow:  

 

[1] Calculation of Voltage Ratio, R0 

–Maximum SSL = 20 log R0 = 30 dB 

R0 = 1030/20 =31.62 

 

[2] Calculation of constant related to the maximum desired SSL, A 

cosh (πA) = R0 

A = 
1

𝜋
 cosh-1 (R0) = 

1

𝜋
 cosh-1 (31.62) = 1.3199 
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[3] Calculation of scaling factor, σ 

σ =  
n

√A2+(n−0.5)2
=  

20

√1.31992+(20−0.5)2
 = 1.0233 

 

If angular width is equal to 4˚ for Chebyshev excited antenna, the angular width for 

Taylor polynomial would be 4˚ multiplied with the scaling factor of 1.0233, which yield 

4.0932˚ (≈4.1˚). This is proven by the simulated result shown in Figure 4.21(b) and (c).  

 

In general, the Taylor array has wider beamwidth but it leads to the cost of directivity 

of the main lobe. Thus, it is a matter of choice to design an antenna with wider beamwidth 

or greater directivity, depending on the system requirement and application. In this final year 

project, main lobe magnitude is given higher priority in order to achieve higher directivity 

and antenna gain. Thus, Chebyshev excitation pattern will be utilized throughout the 

remaining of the phased array antenna development.  

 

 

4.4.2   BEAMFORMING OF PHASED ARRAY ANTENNA 

 

 

The radiation pattern as in Figure 4.17 can be viewed in polar perspective as 

illustrated in Figure 4.22(a) and (b). In this section, the main beam direction will be shifted 

to left and right with total angle deviation of 16˚.  

  
                                    (a)                                                                    (b) 

Figure 4.22 Polar view of radiation pattern: (a) top view; and (b) side view.  
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PART 1: Shifting of theta angle with constant phi =0.  

(a) Beam steering with scan angle of 

theta = 1˚, phi = 0˚.  

(b) Beam steering with scan angle of 

theta = 2˚, phi = 0˚.  

(c) Beam steering with scan angle of 

theta = 3˚, phi = 0˚.  
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(d) Beam steering with scan angle of 

theta = 4˚, phi = 0˚.  

(e) Beam steering with scan angle of 

theta = 5˚, phi = 0˚.  

(f) Beam steering with scan angle of 

theta = 6˚, phi = 0˚.  
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Figure 4.23 Beam steering with constant scan angle of phi = 0˚ and vary theta angle of: (a) 1˚; (b) 2˚; 

(c) 3˚; (d) 4˚; (e) 5˚; (f) 6˚; (g) 7˚; and (h) 8˚.  

 

Based on Figure 4.23(a) to (h), the properties of the radiation pattern such as the main 

lobe magnitude, and SLL changes together with the beam steering. In Part 1, the beam is 

steered to the left towards with phi angle of 0˚. In the case of steering the main beam to the 

right, the phi angle is changed to 180˚ while varying the theta scan angle as illustrated in 

Figure 4.24(a) to (h).  

  

 

(g) Beam steering with scan angle of 

theta = 7˚, phi = 0˚.  

(h) Beam steering with scan angle of 

theta = 8˚, phi = 0˚.  
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PART 2: Shifting of theta angle with constant phi =180.  

 

 

(a) Beam steering with scan angle of 

theta = 1˚, phi = 180˚.  

(b) Beam steering with scan angle of 

theta = 2˚, phi = 180˚.  

(c) Beam steering with scan angle of 

theta = 3˚, phi = 180˚.  
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(d) Beam steering with scan angle of 

theta = 4˚, phi = 180˚.  

(e) Beam steering with scan angle of 

theta = 5˚, phi = 180˚.  

(f) Beam steering with scan angle of 

theta = 6˚, phi = 180˚.  
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Figure 4.24 Beam steering with constant scan angle of phi = 180˚ and vary theta angle of: (a) 1˚; (b) 2˚; 

(c) 3˚; (d) 4˚; (e) 5˚; (f) 6˚; (g) 7˚; and (h) 8˚. 

 

 Based on all the beam steering results, total of 16˚ of scan angle is demonstrated. 

One of the objectives in designing the phased array antenna is to make the main beam 

steerable, and ensure the beam points to the targeted location. As evidenced from the results, 

this objective is fulfilled. In order to cover all the angles, multiple phased array antennas can 

be used together to achieve all rounded transmission and reception capability. The summary 

of the results are tabulated in Table 4.6.  

 

(g) Beam steering with scan angle of 

theta = 7˚, phi = 180˚.  

(h) Beam steering with scan angle of 

theta = 8˚, phi = 180˚.  
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Table 4.6 Summary of beamforming results 

Theta 

(deg.) 

Phi 

(deg.) 

Main Lobe 

Magnitude 

(dBi) 

Main Lobe 

Direction 

(deg.) 

Angular 

Width (deg.) 

Side Lobe 

Level (dB) 

0 0 18.9 0.0 4.0 -14.8 

1 0 18.8 1.0 4.0 -14.2 

2 0 18.7 2.0 4.0 -11.8 

3 0 18.5 3.0 4.0 -9.8 

4 0 18.3 4.0 4.0 -8.0 

5 0 18.0 5.0 4.0 -6.3 

6 0 17.6 6.0 4.0 -4.7 

7 0 17.1 7.0 4.0 -3.2 

8 0 16.5 8.0 4.0 -1.6 

1 180 18.8 1.0 4.0 -14.2 

2 180 18.7 2.0 4.0 -11.8 

3 180 18.5 3.0 4.0 -9.8 

4 180 18.3 4.0 4.0 -8.0 

5 180 18.0 5.0 4.0 -6.3 

6 180 17.6 6.0 4.0 -4.7 

7 180 17.1 7.0 4.0 -3.2 

8 180 16.5 8.0 4.0 -1.6 

 

 The results shown is the typical radiation pattern of phased array antennas with 

grating lobes whose inter-element spacing is greater than half a wavelength. As the main 

beam is steered away from the original direction, the main lobe magnitude decreases while 

the SLL increases. Even though the SLL already been lessened by using the non-uniform 

excitation pattern, but the grating lobe cannot be suppressed using the same method.  

 

According to Balanis (2005), the inter-element spacing should be at least λ/2 to avoid 

fading so that the signal received from different antenna elements are independent in a 

uniform scattering environment. However, referring to Nyquist rate, the spacing between 

elements should be less than or equal to λ/2 to avoid aliasing. On top of that, Ravi et al. 2014 

mentioned that the spacing between patch elements are normally kept as 0.8 λ which in this 

case is 20 mm. In this final year project, the inter-element spacing is finalized at 0.8 λ as the 
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optimum distance to overcome the effect of mutual coupling between the elements while 

keeping the antenna performance up to expectation.  

 

 However, by keeping the inter-element spacing more than λ/2, grating lobes are 

unavoidable. Minimizing the spacing between elements does not help in this design because 

of the complicated matching network. Thus, when the beams are steered into certain extend, 

the grating lobes become dominant in the radiation pattern. Any beam steering more than 8˚ 

in both directions will become inefficient in delivering the result as the SLL elevated. Of 

course, there are ways to increase the antenna scanning angle and reduce the grating lobes. 

However, it is beyond the current fabrication limitation for patches with very small size as 

it involves another type of feeding method which will be disclosed in the future work sub-

chapter.  

 

 As of now, while the amplitudes of these grating lobes has limit the scanning 

capability of the array, the beam is still steerable with comparable high directivity of at least 

16.5 dBi within the range of 16˚ scanning angle. Overall, this design is considered a good 

design with high gain, high directivity, and well matched impedance to provide nice return 

loss and antenna efficiency.  

 

 So, the working mechanism of phased array antenna is the essence of the design. 

Physical phase shifter is not in the scope of this final year project. Therefore, CST software 

is used to simulate the phase shifting by inserting the desired scanning angle of theta and phi 

as in Figure 3.28. Subsequently, CST software will use the information provided to shift the 

phase of microwave source to each of the ports. As the result, each of the elements will 

radiate differently where the radiating wave will interfere either constructively or 

destructively so that the radiation pattern will be reinforced in the desired directions while 

suppressing the radiation in undesired directions.  
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4.5   ANTENNA EVALUATION WITH BIO MODELS 

 

 

To analyze the antenna extensively, the standard hand model from CTIA – The 

Wireless Association is imported into the CST workspace to investigate the effect of hand 

to the antenna performance as shown in Figure 4.25(a) where the and model is placed on top 

of the patch antenna. Consequently, the radiation pattern is horribly distorted and the 

directivity is biased as illustrated in Figure 4.25(b). 

 

Upon addition of hand model, the meshcells increased from 316,506 to 18,526,224, 

which is approximately 60 times of the original number of meshcells. This has complicated 

the design and consume approximately two and half hours to run the simulation with 100% 

of CPU and 5 GB system memory utilized.  

 

 

Figure 4.25 Antenna analysis with (a) biological hand; and (b) radiation pattern distorted 

 

 As the output from this analysis, the antenna efficiency has dropped to –4.879 dB 

which is equivalent to 32.5%. Even though the directivity is still considerably less affected 

with the reading of 8.661 dBi, the antenna gain has unbearably dropped to 3.944 dB. Hence, 

the proper location where the antenna is installed has to be planned appropriately in order to 

get the most out of the antenna performance.  
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4.6   SUMMARY 

 

 

Total of four antennas are designed which includes 1 element, 4x1 array, 8x1 array, 

and phased array antenna with 20 elements. Only 4x1 array and 8x1 array antenna are 

measured experimentally. All the important findings are summarized in Table 4.7.  

 

Table 4.7 Summary of the results for all antennas designed 

Antenna Parameters Simulated 

Result 

Measured 

Result 

After Adding 

Hand Model 

1 element Return Loss, S11 (dB) -13.33  

 

N.A. 

 

 

N.A. 

Resonant Frequency (GHz) 12 

Bandwidth (MHz) 330 

Gain (dB) 6.54 

Efficiency (%) 82 

4 elements Return Loss, S11 (dB) -37 -39  

N.A. Resonant Frequency (GHz) 12.14 12 

Bandwidth (MHz) 570 550 

Gain (dB) 12.25 12.45 3.94 

Efficiency (%) 89.3 N.A. 32.5 

8 elements Return Loss, S11 (dB) -31 -36  

 

N.A. 

Resonant Frequency (GHz) 11.72 11.57 

Bandwidth (MHz) 440 200 

Gain (dB) 14.89 14.88 

Efficiency (%) 82.2 N.A. 

Phased 

Array 

Return Loss, S11 (dB) -40  

 

N.A. 

 

 

N.A. 

Resonant Frequency (GHz) 12.14 

Bandwidth (MHz) 570 

Gain (dB) 18.29 

Efficiency (%) 87.6 
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CHAPTER 5  

 

 

CONCLUSION 

 

 

5.1   GENERAL OVERVIEW  

 

 

At the end of the day, a well-matched, high gain, and beam steerable 12 GHz phased 

array patch antenna is designed using CST software and proposed as the solution for 5G 

applications. Several methods are used throughout the design procedure, such as theoretical 

calculation for parameters, optimization and parameter sweep, non-uniform excitation 

method, beamforming by changing the scanning angle, and also antenna evaluation with 

biological hand. Specifically, single element, 4x1 array, 8x1 array, and phased array 

antennas are designed consecutively. 4x1 array antenna is chosen for the development of 

phased array antenna not just because the simulation result is good, but also due to the very 

promising actual measurement result with -39 dB return loss at 12 GHz, bandwidth of 550 

MHz, and gain of 12.45 dB. The simulated phased array antenna will have -40 dB return 

loss at 12.14 GHz, bandwidth of 570 MHz, gain of 18.29 dB, and efficiency of 87%.  

 

The concepts of 5G and beamforming are well-explained from the antenna point of 

view. 5G technology is not about just improving the data rates. It is an entirely fresh concept 

that will be the basis of a reliable, sustainable, and efficient system that yield endless 

possibility on global digital life and the sky is no longer the limit, one’s imagination is. The 

properties and characteristic of the phased array designed are based on proper research and 

literature reviewed. The beamforming pattern for 5G antenna is analyzed. As of now, while 

the amplitudes of the grating lobes has limit the scanning capability of the array, the beam 

is still steerable with comparable high directivity of at least 16.5 dBi within the range of 16˚ 

scanning angle. Overall, this design is a good design with high gain, high directivity, and 

well matched impedance. To conclude this final year project in two words – “a success”.  
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5.2   APPLICATIONS 

 

 

The phased array antenna designed is specifically a solution proposed for 5G 

applications. All the characteristics fit into the requirement. Although there is not a fixed 

standard for 5G yet, but the design is based on the proper researches and studies on the 

recommended 5G design specification. With directive, high gain, and beam steerable 

antenna, the design is successful and may be used in mobile devices for 5G applications. Of 

course, 5G system does not only rely on the antenna. It involves a lot of hardware, algorithm, 

and telecommunication architecture. The antenna will only work, if the system itself is 

operating at 12 GHz and using the same communication protocol. Therefore, not until the 

actual implementation of 5G technology, the antenna designed is just a proposal.  

 

 

5.3   FUTURE WORK 

 

 

As mentioned earlier, 5G system consists of a lot of design considerations. Antenna 

is just a small part that will make the big things happen. The word “TEAM” – Together 

Everyone Achieves More can best describe this final year project. In order to design a more 

complete 5G system with phased array antenna, it shall involves the design of phase shifter 

to control the beam steering, and artificial intelligent algorithm for efficient target tracking. 

If only if there is a group of students working together in completing different parts of 5G 

system, the outcome would be imaginably exceptional. Other than that, in the case that 

higher precision fabrication method is made available, the patches can be pin-fed instead of 

edge-fed because the reduction of complicated matching lines can help in improving the 

antenna performance as the mutual coupling effect is lessen. Also, when the matching lines 

are removed, there will be lesser restriction in arranging the patches and thus easier to 

determine the inter-element spacing. Consequently, grating lobes might be reduced and 

wider scanning angle for phased array antenna can be produced.  
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APPENDICES 

 

 

APPENDIX 1 

 

 

SPECTRUM ALLOCATION IN MALAYSIA 
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APPENDIX 2 

 

 

MATLAB CODE FOR PATCH CALCULATOR 

 

 

function varargout = PatchCalculator(varargin) 
gui_Singleton = 1; 
gui_State = struct('gui_Name',       mfilename, ... 
                   'gui_Singleton',  gui_Singleton, ... 
                   'gui_OpeningFcn', @PatchCalculator_OpeningFcn, ... 
                   'gui_OutputFcn',  @PatchCalculator_OutputFcn, ... 
                   'gui_LayoutFcn',  [] , ... 
                   'gui_Callback',   []); 
if nargin && ischar(varargin{1}) 
    gui_State.gui_Callback = str2func(varargin{1}); 
end 

  
if nargout 
    [varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:}); 
else 
    gui_mainfcn(gui_State, varargin{:}); 
end 
% End initialization code - DO NOT EDIT 

  
% --- Executes just before PatchCalculator is made visible. 
function PatchCalculator_OpeningFcn(hObject, eventdata, handles, 

varargin) 
handles.output = hObject; 

  
% Update handles structure 
guidata(hObject, handles); 

  
initialize_gui(hObject, handles, false); %%Just ADDED 

  
% --- Outputs from this function are returned to the command line. 
function varargout = PatchCalculator_OutputFcn(hObject, eventdata, 

handles)  
varargout{1} = handles.output; 

  
function in1_CreateFcn(hObject, eventdata, handles) 
if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 

  
function in1_Callback(hObject, eventdata, handles) 
e_r = str2double(get(hObject, 'String')); 
if isnan(e_r) 
    set(hObject, 'String', 0); 
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    errordlg('Input must be a number','Error'); 
end 

  
handles.metricdata.e_r = e_r; 
guidata(hObject,handles) 

  
function in2_CreateFcn(hObject, eventdata, handles) 
if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 

  
function in2_Callback(hObject, eventdata, handles) 
h = str2double(get(hObject, 'String')); 
h = h/1000; %convert inserted value(mm) to standard meter 
if isnan(h) 
    set(hObject, 'String', 0); 
    errordlg('Input must be a number','Error'); 
end 

  
handles.metricdata.h = h; 
guidata(hObject,handles) 

  
function in3_CreateFcn(hObject, eventdata, handles) 
if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 

  
function in3_Callback(hObject, eventdata, handles) 
fc = str2double(get(hObject, 'String')); 
fc = fc*10^9; %convert inserted value to GHz 
if isnan(fc) 
    set(hObject, 'String', 0); 
    errordlg('Input must be a number','Error'); 
end 

  
handles.metricdata.fc = fc; 
guidata(hObject,handles) 

  
function in4_CreateFcn(hObject, eventdata, handles) 
if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 

  
function in4_Callback(hObject, eventdata, handles) 
Z0 = str2double(get(hObject,'String')); 
if isnan(Z0) 
    set(hObject, 'String', 0); 
    errordlg('Input must be a number','Error'); 
end 

  
handles.metricdata.Z0 = Z0; 
guidata(hObject,handles) 
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function solve_Callback(hObject, eventdata, handles) 
e_r = handles.metricdata.e_r; 
h = handles.metricdata.h; 
fc = handles.metricdata.fc; 
Z0 = handles.metricdata.Z0; 

  
% Constants 
c = physconst('LightSpeed');   % Speed of Light 

  
% Calculated Constants 
lambda = c/fc;           % Wavelength in Free Space 
k0 = 2*pi*fc/c;          % Free Space Propagation Constant 

  
% Antenna Dimensions 
W = lambda/2*sqrt(2/(e_r+1));   % Width of Patch 
e_eff = (e_r+1)/2 + (e_r-1)/2*(sqrt(1 + 12*h/W))^(-1); % Effective 

Dielectric Constant 
dL = 0.412*h*(e_eff+0.3)/(e_eff-0.258)*(W/h+0.264)/(W/h+0.8); % Extension 

Length 
L = c/2/fc/sqrt(e_eff) - 2*dL;   % Length of Patch 

  
% Conductance  
if(W<lambda) 
x = 2*pi/lambda*W; 

  
%To perform Si(x) since it can't compile to .exe 
dtt = x/36000; %divide more to get accurate data 
theta = dtt:dtt:x; 
%Si = 0; 
%for tt=theta     
%   Si = Si + (sin(tt))/(tt)*dtt; 
%end 
%instead of doing for loop, saving memory use sum function 
Si = sum(sin(theta)./theta)*dtt; %./ is pointwise divide, just incase the 

value is not scalar, in this case is ok. 

  
I_1 = -2+cos(x)+(x*Si)+(sin(x)/x); 
G_1 = I_1/(120*(pi^2)); 
else 
G_1 = W/120/lambda*(1 - 1/24*(k0*h)^2); 
end 

  
% Mutual Conductance Calculation 
dtt = pi/3600; %divide more to get accurate data 
theta = 0:dtt:pi; 
G_12 = 0; 
for tt=theta     
    G_12 = G_12 + 

(sin(k0*W/2*cos(tt))/cos(tt))^2*besselj(0,k0*L*sin(tt))*(sin(tt)^3)*dtt; 
end 

  
G_12 = G_12/120/(pi^2); 
Rin_0 = 0.5/(G_12 + G_1); % Resonant Input Impedance at Edge of Patch 
y_0 = acos(sqrt(Z0/Rin_0))*L/pi; %Fi in meter (Inset Length) 
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B = 60*pi*pi/(Z0*sqrt(e_r)); 
m = log(2*B-1); 
n = log(B-1); 
Wf = (2*h/pi)*(B-1-m+(((e_r-1)/(2*e_r))*(n+(0.39*0.61)/e_r))); %in meter 

  
gap = (c*4.65e-12)/(sqrt(2*e_eff)*fc*10^-9); %in meter 

  
set(handles.out1,'String',num2str(W*1000,'%.4f')); %4f means make 

everything in 4 decimal places 
set(handles.out2,'String',num2str(L*1000,'%.4f')); 
set(handles.out3,'String',num2str(y_0*1000,'%.4f')); 
set(handles.out4,'String',num2str(gap*1000,'%.4f')); 
set(handles.out5,'String',num2str(Wf*1000,'%.4f')); 
set(handles.out6,'String',num2str(y_1*1000,'%.4f')); 
set(handles.out7,'String',num2str(Wg_min*1000,'%.4f')); 
set(handles.out8,'String',num2str(Lg_min*1000,'%.4f')); 

  
function reset_Callback(hObject, eventdata, handles) 
initialize_gui(gcbf, handles, true); 

  
% -------------------------------------------------------------------- 
function initialize_gui(fig_handle, handles, isreset) 
% If the metricdata field is present and the reset flag is false, it 

means 
% we are we are just re-initializing a GUI by calling it from the cmd 

line 
% while it is up. So, bail out as we dont want to reset the data. 
if isfield(handles, 'metricdata') && ~isreset 
    return; 
end 

  
handles.metricdata.e_r = 0; 
handles.metricdata.h = 0; 
handles.metricdata.fc = 0; 
handles.metricdata.Z0 = 0; 

  
set(handles.in1, 'String', handles.metricdata.e_r); 
set(handles.in2, 'String', handles.metricdata.h); 
set(handles.in3, 'String', handles.metricdata.fc); 
set(handles.in4, 'String', handles.metricdata.Z0); 

  
set(handles.out1, 'String', 0); 
set(handles.out2, 'String', 0); 
set(handles.out3, 'String', 0); 
set(handles.out4, 'String', 0); 
set(handles.out5, 'String', 0); 

  
% Update handles structure 
guidata(handles.figure1, handles); 
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APPENDIX 3 

 

 

HORN ANTENNA SPECIFICATION 
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APPENDIX 4 

 

 

FABRICATED MICROSTRIP PATCH ANTENNAS 

 

    

            Single element patch antenna                                4x1 array patch antenna 

 

8x1 array patch antenna 

 


