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Abstract 

As communication technology evolves, the focus shifts to 5G. The discussion of 5G 

cannot be separated from a discussion of related antenna systems. Chapter 1 is a 

brief introduction to our work, which is an antenna array for a 5G communication 

system operating in the band 3.4 to 3.8 GHz. This is a common band for 5G in 

Europe. Background and theory are presented in Chapters 2 and 3. In Chapter 4, the 

design has been simulated with the software CST Studio Suite. We study an antenna 

group that consists of four linear arrays that together cover all directions. The gain 

eventually reaches 12dB in each of the main directions after optimization. Based on 

simulation, this gain could be implemented as described in Chapter 5. The 

specification requires that the antenna should have four main directions with high 

directivity and a reasonable performance elsewhere. The realized gain is 11 dB for 

the four main directions. Our data shows that the arrays have two different work 

modes depending on feeding: one as a directive antenna with 11 dB gain, the other 

as an omnidirectional antenna with 7.5 dB gain. High directivity is very important 

for 5G communication. A summary with conclusions is given in Chapter 6 where 

also some improvements are suggested. 
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1 Introduction 

In the 21st century, we have already witnessed the transformation of mobile 
communication from 1G to 4G. Even though the key technologies of 

communication are changing, the pursuit of efficiency in terms of power and 

bandwidth has never ceased. The 5G antenna is an indispensable component for the 
next leap forward. 

Array signal processing has been widely used in fields such as radar, sonar and 

communication and is thus well studied [1]. One of the main research topics in array 
signal processing is to extract the signal of interest from some known/unknown 

directions and suppress possible interference signals. This is the task of 

beamforming, which is used for both transmission and reception [1],[2]. The 
antenna beam forming consists of combining signals from all antenna elements to 

produce receiving beams, or conversely, transmit signals from all elements in the 

array to generate transmitting beams [3]. The beam forming network involves 
matching, feedback and amplification. A transmission network generally refers to a 

transmission line, such as a coaxial cable. Matching networks can reduce reflections 

on transmission lines. There are two types of amplifier networks: centralized and 

distributed with their pros and cons.  

Digital circuits can be based on software. It has a digital-to-analog converter (DAC) 

at the signal transmitter and an analog-to-digital converter (ADC) at the receiver. 
This allows beam forming by means of software rather than by analog circuits [3]. 

In the 4G era, digital beam forming technology had a typical architecture [4]. 

However, because of the many antenna elements in 5G systems, digital beam 
circuits will be bulky and complex, and the power consumption will increase. 

Therefore, analog circuits is the first choice for beamforming in 5G systems. 

The design involves bandwidth, directivity and beam width. This experiment is 
based on the design of a 5G antenna system in the frequency range of 3.4 GHz to 

3.8 GHz, which is the general frequency band for 5G in Europe. In our design, we 

propose an interesting scheme: an antenna group that consists of four linear arrays, 
which are located on planes in four directions. Four arrays working at the same time 

constitutes an almost omnidirectional antenna since there is one array for each 

direction. The design of the antenna relies on the theory of linear arrays and feed 
networks, and the simulation is carried out with the CST simulation software with 

powerful functions. The finished product does, in spite of some inevitable losses in 

transmission lines, meet the requirements. 

2 Background 

2.1 The S parameters 
The S, or scattering, parameters are important in signal transmission. Through the S 

parameters, we can get almost all the characteristics of the transmission channel. 

The reflection, crosstalk and loss of a signal can be extracted from the S parameters. 
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For N-port networks, the S parameters (Smn) are the reflection and transmission 

coefficients relating the output port m and the input port n, which can be expressed 

as [3], 

𝑆𝑛𝑚 =
𝑉𝑛

−

𝑉𝑚
+|

𝑉𝑝
+=0  𝑓𝑜𝑟 𝑝≠𝑚

                                      (2.1) 

The reflected voltage at port n is,  

𝑉𝑛
− = ∑ 𝑆𝑛𝑚

𝑁
𝑚=1 𝑉𝑚

+                                          (2.2) 

Take the two port network as an example. If port 1 is the input port and port 2 is the 

output port for the signal, then S11 is the reflection coefficient, that is, how much 

power that is reflected with a matched load. The smaller the value, the better the 

result. 

2.2 Computer Simulation Technology (CST) simulation  
The CST simulation software is a very comprehensive software for three-

dimensional electromagnetics, circuit theory and other functions. The software 

covers the whole electromagnetic frequency band and provides complete time-

domain and frequency-domain full wave electromagnetic algorithms and high-

frequency algorithms. High frequency (HF) equipment such as antennas can be 

analyzed quickly and accurately. It is also very flexible in application and can solve 

electromagnetic problems for any structural material [5]. 

2.3 The dipole antenna 
The dipole antenna is the antenna with the earliest use, the simplest structure, the 

most extensive application and the lowest cost. It is composed of a pair of 

symmetrically placed conductors with the two ends close to each other and each end 

connected to the feed. When used as a transmitting antenna, the electric signal is fed 

into the conductor from the antenna center; when used as a receiving antenna, the 

received signal is obtained from the antenna center. Because the current on the 

dipole has the form of a standing wave, the length in relation to the wavelength 

matters. The most common dipole antenna is the half wavelength dipole. This is 

because its radiation resistance is about 73 Ω, which is close to the impedance of a 

typical transmission line and this makes matching easy [6]. 

 

3 Theory 

3.1 The antenna array 
For 5G applications, directivity is important but the simple method of increasing the 

size of the antenna is not practical. There is also the need for beam steering and this 

leads to the use of array antennas. Starting with two or more antenna elements, they 

could be arranged in space so as to form an antenna array. The elements are fed with 

the same frequency. Antennas can be classified according to structure: linear, planar 

or circular [6],[7]. 
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3.1.1 Directivity of the antenna array 

If the power density of the antenna array is known to be S (θ,φ,R), where the 𝜃 and 

φ are the direction angles, at the point whose distance from the origin is R, then the 

array directivity is [7]: 

D(θ, φ) =
𝑅2𝑆(𝜃,φ,R)

𝑃𝑟𝑎𝑑/(4𝜋)
                                               (3.1) 

If not specified, directivity generally refers to the maximum directivity, 

𝐷0 = max [𝐷(𝜃, φ)]                                             (3.2) 

The directivity is the most basic and important property of an antenna array. 

3.1.2 The linear Array 

A linear array has elements arranged in a row and the simplest case 

has only two elements. 

3.1.2.1 Two-element array 

The two element array illustrates the principle and the results are easily extended to 

larger linear arrays [6]. 

Consider a small array of small vertical dipoles along the z-axis. The total field is 

then [6]: 

𝐸𝑡 = 𝐸1 + 𝐸2 = �̂�𝑗𝜂
𝑘𝐼0𝑙

4𝜋
{
𝑒

−𝑗[𝑘𝑟1−
𝛽
2
]

𝑟1
𝑐𝑜𝑠𝜃1 +

𝑒
−𝑗[𝑘𝑟2+

𝛽
2
]

𝑟2
𝑐𝑜𝑠𝜃2}          (3.3) 

where �̂� is the spherical unit vector corresponding to θ, β is the phase shift between 

the elements，I0 is the feed current, 𝑙 is the length of the short dipole, 𝜃1,2 is the 

angle between the z axis and the direction from the element to the observation point. 

 

Figure 3.1 Observing a two element-array from a point. 
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Assuming that the observation point is far from the array, the array factor for the 

array can be simplified to [6], 

AF = 2cos [
1

2
kd(cosθ + β)]                                   (3.4) 

where β is the phase shift between the elements, and d is the separation between the 

two elements. By controlling β and d, the array factor and the field intensity 

characteristics of the array can be controlled. This can be extended to arrays with 

any number of identical elements [6],[7]: 

E(total) = E(single element) × AF                     (3.5) 

For linear arrays with the same element, the array factor is only related to the phase 

and distance between elements. Therefore, if the position of the origin is determined, 

the array factor can be determined [6]. When the characteristics of the element itself 

are known, the total field strength of the array is given by Eq. 3.5. 

3.1.2.2 N-element linear array 

Assuming that the elements in the array are the same, and that the phase difference 

and spacing for the elements are the same, the array is called a uniform array and 

the total field can be written [6], 

E(total) = E(single) × ∑ 𝑒𝑗(𝑛−1)(𝑘𝑑𝑐𝑜𝑠𝜃+𝛽)𝑁
𝑛=1                       (3.6) 

By controlling the spacing and phase difference between elements, the total field of 

the array can be changed. For non-uniform arrays, the spacing and phase of 

elements determine the field from the array [6],[7]. 

3.1.2.3 Directivity 

Directivity is a crucial property of an antenna. By using the uniformity of the array 

it is straightforward to derive the normalized array factor [6][7]: 

AF =
1

𝑁

sin (
𝑁𝑘𝑑𝑐𝑜𝑠𝜃

2
)

sin (
𝑘𝑑𝑐𝑜𝑠𝜃

2
)

                                         (3.7) 

where d is the separation between the elements and k is the wave number (k=2π/λ).  

For a small spacing between the elements, i.e. kd<<1, the array factor can be 

approximated by, 

AF ≈
sin (

𝑁𝑘𝑑𝑐𝑜𝑠𝜃

2
)

𝑁𝑘𝑑𝑐𝑜𝑠𝜃

2

                                               (3.9) 

If the radiation from the element is assumed to be uniform, the radiation intensity is,

U(θ) = 𝐴𝐹2 = [
sin (

𝑁𝑘𝑑𝑐𝑜𝑠𝜃

2
)

𝑁𝑘𝑑𝑐𝑜𝑠𝜃

2

]2                                  (3.10) 

In general, the directivity of the antenna array needs to be integrated, and some 

simple antenna arrays can be integrated analytically [6],[7]. 

For broadside arrays, the directivity is given by,  
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𝐷0 =
𝑈𝑚𝑎𝑥

𝑈0
                                                   (3.11) 

and the maximum value (Umax) of (3.10) is equal to 1, which occurs at 𝜃 = 90º. The 

average value is, 

𝑈0 =
𝑃𝑟𝑎𝑑

4𝜋
=

1

2
∫ [

sin (
𝑁𝑘𝑑𝑐𝑜𝑠𝜃

2
)

𝑁𝑘𝑑𝑐𝑜𝑠𝜃

2

]2𝑠𝑖𝑛𝜃𝑑𝜃
𝜋

0
                     (3.12) 

With the new variable Z the integral becomes, 

𝑈0 =
1

𝑁𝑘𝑑
∫ [

𝑠𝑖𝑛𝑍

𝑍
]2𝑑𝑍

𝑁𝑘𝑑/2

−𝑁𝑘𝑑/2
                                 (3.13) 

and the directivity can be approximated by, 

𝐷0 =
𝑈𝑚𝑎𝑥

𝑈0
≅

𝑁𝑘𝑑

𝜋
= 2𝑁(

𝑑

𝜆
)                                 (3.14) 

3.1.3 Phase steering 

The main lobe can be steered by changing β. If the maximum radiation angle of the 

array is oriented at the angle θ0, the phase excitation between the elements must be 

adjusted, 

𝑘𝑑𝑐𝑜𝑠𝜃0 + 𝛽 = 0 →  𝛽 = −𝑘𝑑𝑐𝑜𝑠𝜃0                               (3.15) 

Therefore, by controlling the phase difference between the elements, the steering of 

the main lobe to a required direction can be carried out. This is the basic principle of 

a phased array. Because the scanning of phased array is continuous, the progressive 

phase between elements should be able to change continuously, which can be 

realized with a phase shifter [6].  

 

3.2 Feed network 
In the antenna system, the signal source generates the signal, and the array 

elements receive the signal through a feed network. Generally speaking, the feeder 

network consists of power dividers and transmission lines. 

 

Figure 3.2 Analogous farmland irrigation network. 



 

6(51) 

 

3.2.1 Power splitter/divider and transmission power 

Power dividers are used in many high performance microwave and millimeter 

wave devices such as multiplexers, couplers and antenna feed structures. It 

distributes the input power to two or more equal or unequal outputs. The same 

circuit can also concentrate the power to one output and is then called a combiner. 

For dividers we can use a vivid analogy: a farmer has two Chinese cabbage fields 

in the same area, as in Fig 3.2. When it was his turn to water, he divided the water 

flow in two, flowing to the vegetable fields on both sides. When power passes 

through a power divider, it is divided into two (or more) flows. The purpose of the 

power divider is to fairly and systematically distribute the power to the loads. A 

power divider rule can be derived, which is similar to the current and voltage rule 

[8],[9],[10],[11],[12],[13]. 

                           

 

3.2.1.1 Commonly used power dividers 

 

Two commonly used power dividers are the resistive (Fig. 3.4a) and the Wilkinson 

type (Fig. 3.4b).  

 

Figure 3.4a Resistance power divider. 

The resistance divider is small and broadband, but it has resistive power loss, and 

the ports are not isolated.  

 

Figure 3.4b Wilkinson power splitter. 

The Wilkinson splitter splits the input signal into two parts and it could serve as a 

power combiner at the same time since this device is reciprocal. When all output 

ports match, it is lossless. The Wilkinson splitter can have several output ports [3]. 
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3.2.2 PCB transmission line 

In addition to the power splitter there is the transmission line, often a microstrip 

line. Impedance matching is needed. The characteristic impedance of most devices 

and transmission lines is 50 Ω and so is the input impedance of most antennas. The 

microstrip line is lightweight, compact and easily combined with other components 

[3]. 

The electric field around the microstrip exists in both the air and the substrate, so 

its effective dielectric constant can be expressed as [3], 

휀𝑒𝑓𝑓 = 𝑟+1

2
+ 𝑟−1

2

1

√1+12ℎ/𝑊
                                    (3.16) 

where h is the substrate thickness, W is the width of the microstrip line and εr is the 

relative dielectric constant of the substrate. 

The characteristic impedance of a microstrip line (5 % accuracy) is [3], 

𝑍𝑐 =
87

√ 𝑟+1.41
ln ( 

5.98ℎ

0.8𝑊+𝑔
 )                                           (3.17) 

where g is the thickness of the microstrip line. The delay per centimeter is, 

𝑇𝑑 = 3.3√휀𝑒𝑓𝑓      ns/cm                                            (3.18) 

 
 

3.2.3 Transmission line loss 
 

In microwave circuits the loss in transmission lines is often ignored. Although the loss is 
very small, it still has an impact on the wave propagation. There are two main aspects 
of transmission line loss to be considered: dielectric loss and conduction loss [14]. In 
the following simulation and experiment the transmission loss, although small, is still 
the dominant loss. 

3.2.3.1 Dielectric loss 
Dielectric loss can be analyzed by introducing the loss tangent angle. In a dielectric, 
polarization occurs due to the action of an electric field [14], 

�⃗⃗� = 휀0�⃗� + 𝑃𝑒⃗⃗  ⃗                                                              (3.19) 
where Pe is the electric polarization, which is related to the applied electric field, 

𝑃𝑒⃗⃗  ⃗ = 휀0𝜒𝑒�⃗�                                                                (3.20) 
𝜒e is the electric susceptibility, so the electric displacement can be rewritten, 

�⃗⃗� = 휀0(1 + 𝜒𝑒)�⃗� = ε�⃗�                                                    (3.21) 
In dielectric materials, the electric susceptibility is usually complex. Due to the 
influence of material loss, the dielectric constant is often a complex number [14], 

ε = 휀0(1 + 𝜒𝑒) = 휀′ − 𝑗휀′′                                            (3.22) 
According to Ohm's law, the relationship between conduction current density and 
electric field is [14], 

𝐽 = 𝜎�⃗�                                                             (3.23) 

whereσis the conductivity of the material. Through Ampere-Maxwell's law, the loss is 
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related to the conductivity and the imaginary part of the complex dielectric constant. 
The loss angle can be defined with the ratio [14], 

tanδ =
𝜎+𝜔 ′′

𝜔 ′                                                         (3.24) 

The smaller the angle, the lower the material loss. 
 

3.2.3.2 Conduction  loss 
The propagation constant of a low loss medium can be expressed as, 

γ = α + jβ = jω√𝜇(휀′ − 𝑗
𝜎+𝜔 ′′

𝜔
)                                    (3.25) 

For a low loss conductor, the conduction current in the conductor is dominant, i.e., 

σ > >|ω ε’ |, |ω ε’’ |, (3.25) can be approximated by [14], 

γ = jω√𝜇(−𝑗
𝜎

𝜔
) =

1+𝑗

𝛿𝑝
                                               (3.26) 

𝛿𝑝 = √
2

𝜇𝜎𝜔
                                                         (3.27) 

Then the attenuation constant and the phase constant are both, 

α = β =
1

𝛿𝑝
                                                          (3.28) 

If the attenuation of the electric field is expressed as, 

𝑒−𝛼𝑧 = 𝑒
−

𝑧

𝛿𝑝                                                         (3.29) 
where z is the normal coordinate, then δp is the attenuation distance. If a plane wave in 
vacuum strikes the conductor material at normal incidence, the wave inside the 
conductor will decay exponentially from the surface. Thus, δp is called the depth of 
penetration. The penetration depth decreases with the square root of conductivity and 
frequency. In a transmission line that carries AC current, the current will concentrate on 
the conductor surface as the frequency increases. This phenomenon is called the skin 
effect. The skin effect will reduce the effective cross-sectional area of the conductor 
and increase the AC resistance of the conductor [14].  
 

3.2.3.3 Return loss 
The voltage reflection coefficient is a very important parameter in a microwave circuit 
and it is given by, 

Γ =
𝑍𝐿−𝑍0

𝑍𝐿+𝑍0
                                                                 (3.30) 

where ZL is the load impedance and Z0 is the characteristic impedance of the line. We 
want the reflection coefficient to be as small as possible since it corresponds to the 
power that is not absorbed in the load. One may introduce the logarithmic entity 
return loss (defined in dB) [15], 

RL =  −20 log |Γ |                                                         (3.31) 
The return loss is caused by the reflection of the signal caused by the impedance 
mismatch at the load. The reflected signal will be transmitted back and forth on the 
transmission line, and eventually the energy of the signal will be lost. For open or 
shorted line all the energy is reflected, which is not the normal case [15].  
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4 Design and Simulation 

 

This chapter introduces the design process and simulation results for the antenna 

array. The design requirements are: in the directional operation mode, the gain is not 

less than 11 dB; in the omnidirectional operation mode, the gain is not less than 7 

dB. 

4.1 Antenna design 

4.1.1 Dipole Antenna 

The frequency band of the antenna is from 3.4 to 3.8 GHz. To obtain an antenna 

array with high gain, the first step is to design a suitable antenna element. After a 

comprehensive study of the directivity, bandwidth and practicality, a dipole with a 

reflector has been chosen and it is shown in Figure 4.1.1.1. Usually, the length (LA) 

of the dipole antenna is half the wavelength, but it is influenced by the width of the 

antenna and the distance (d) between antenna and reflector due to coupling. 

According to the research and experience, d= 6 mm is a suitable width to meet the 

design criteria. By using the electromagnetic simulation software CST STUDIO 

SUITE, the S11 parameter of different combinations of the length LA and the 

distance d has been shown in Figure 4.1.1.2.   

 

 

Figure 4.1.1.1. General view.        
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Figure 4.1.1.2. CST simulation result for different combinations of the length of the antenna (15 to 17 

mm) and the distance between the antenna and the reflector (14 to 16 mm). 

 

According to research regarding a suitable S parameter, the length of the antenna 

should be 17 mm and the distance between antenna and reflector should be 16 mm 

as well. The design details are shown in Figures 4.1.1.3 and 4.1.1.4 with the 

following result in Figures 4.1.1.5 to 4.1.1.8. The S11 parameter is -11.897 dB, -

38.512 dB and -13.354 dB for 3.4, 3.6 and 3.8 GHz, respectively. In the radiation 

patterns, ϕ=0 means that we only consider the XZ plane. 

 

 

Figure 4.1.1.3. Dimensions in the XY-plane. 



 

11(51) 

 

 

Figure 4.1.1.4. Dimensions in the YZ-plane. 

 

 

Figure 4.1.1.5. S11 parameter of the dipole with reflectors. 

 

 

Figure 4.1.1.6. Efficiency of the dipole with reflectors. 
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Figure 4.1.1.7. Radiation pattern of directivity for 3.6 GHz (ϕ=0). 

 

 

Figure 4.1.1.8. Realized gain at 3.6 GHz (ϕ=0). 

 

As a result, the S11 parameter in the band from 3.4 to 3.8 GHz is under -10 dB while 

the loss is over -0.6 dB. For a central frequency of 3.6 GHz, the realized gain 

reaches 8.04 dB with a 64.8° half-power beam-width. 

The directivity is the ideal performance while the realized gain is the real 

performance with losses included. According to Figures 4.1.1.7 to 4.1.1.8, the 

difference between them is not significant, and we will have more interest in the 

realized gain. 
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4.1.2 Antenna Array 

Since the antenna element has been decided, and we choose to use an array with 

four elements, the next step is to consider the structure of the antenna array. After 

comparing some different separations, half the wavelength was chosen as the 

separation between the elements. The dimensions of the three cases are shown in 

Figure 4.1.2.1 with corresponding results in Figures 4.1.2.2 to 4.1.2.3.         

 

 

Figure 4.1.2.1. Different separations.  

 

 

Figure 4.1.2.2. S11 parameter for some different separations between array elements. 

 

The Figure 4.1.2.2 illustrates that the S11 parameter becomes optimal when the 

separation is 34 mm (λ/2). 
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Figure 4.1.2.3. Realized gain for different separations (ϕ=0). 

 

 

Figure 4.1.2.4. Dimensions of the array. 
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The antenna array has a better gain when the separation is λ, which is shown in 

Figure 4.1.2.3. But the size of the antenna arrays will be a problem if we choose a 

very large separation for the array. Based on an overall consideration of 

various factors, λ/2 has been chosen for the separations.  

Reduction of the beam width is important. If we want to have a concentration in the 

horizontal plane, the array should be in the form of a column with HP (Horizontal 

Polarization) as shown in Figure 4.1.2.4. 

 

 

Figure 4.1.2.5. S11 parameter of the array. 

 

Figures 4.1.2.5 to 4.1.2.6 show the S11 parameter and the efficiency of the array with 

four individual feed ports, which can be considered as an ideal divider. The way we 

design the power divider will be discussed in the next section. The Farfield pattern 

of the realized gain at 3.4, 3.6 and 3.8 GHz has been shown in Figures 4.1.2.7 to 

4.1.2.9, respectively. 

 

 

Figure 4.1.2.6. Efficiency of the array. 

 

From Figures 4.1.2.7 to 4.1.2.9, the realized gain (3.4 to 3.8 GHz) is close to 13 dB 

with a beam width of about 65°, which proves the feasibility for the array design. 
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Figure 4.1.2.7. Realized gain at 3.4 GHz (ϕ=0). 

 

 

Figure 4.1.2.8. Realized gain at 3.6 GHz (ϕ=0). 

 

 

Figure 4.1.2.9. Realized gain at 3.8 GHz (ϕ=0). 
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4.2 Feed network design 

4.2.1 Impedance matching 

4.2.1.1 Characteristic Impedance 

Generally, the characteristic impedance of a coaxial cable is 50 Ω or 75 Ω, where 

the 75 Ω one is mostly used for television and VHF (Very High Frequency) FM 

(Frequency Modulation). The 50 Ω coaxial cable has less loss. That is the reason 

why the 50 Ω coaxial cable is chosen in the majority of cases. The ratio of input 

voltage and input current of an antenna is the antenna impedance, normally a 

complex number. The impedance of the antenna element that has been designed 

above is 125 Ω. 

4.2.1.2 Mismatch and return loss 

Impedance matching is the most significant thing in feed network design. Mismatch 

happens when the antenna impedance does not match the characteristic impedance 

of the feeder. A mismatch could cause a considerable decrease of gain and 

efficiency because of the return loss. One of the most important indicators in the 

antenna context is the S11 parameter related to the return loss.  

4.2.1.3 Impedance transformation 

In order to match two transmission lines with different impedances, another 

transmission line with the length of λeff /4 could be added between these two lines, 

Here, λeff is the effective wave length that can be calculated with the following 

formula: 

 
eff

eff







 

(4.1)

 

The free space wavelength is λ and the effective dielectric constant is εeff. The 

impedance of the middle transmission line is given by the formula: 

 
210 ZZZ 

 
         (4.2) 

 

Z0 is the impedance of the added transmission line, Z1 and Z2 are the impedances of 

the transmission lines that need to be matched.  
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4.2.2 Power divider 

The impedance of the transmission line is 100 Ω, and the impedance of the antenna 

is 125 Ω, according to Equation 4.2. The impedance of the feed point should be 40 

Ω because of the parallel structure. The Figure 4.2.2.1 shows a general view of a 

microstrip power divider connected to two antenna elements. The PCB for the 

microstrip-line has been hidden. Detailed dimensions are shown in Figure 4.2.2.2 

with simulation results in Figures 4.2.2.3 to 4.2.2.7. 

 

 

Figure 4.2.2.1. General view of the power divider. 

 

 

 

Figure 4.2.2.2. Dimensions of the power divider. 
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Figure 4.2.2.3. S11 parameter of the power divider. 

 

 

Figure 4.2.2.4. Efficiency of the power divider. 

 

 

Figure 4.2.2.5. Realized gain at 3.4 GHz of the power divider (ϕ=0). 
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Figure 4.2.2.6. Realized gain at 3.6 GHz of the power divider (ϕ=0). 

 

 

Figure 4.2.2.7. Realized gain at 3.8 GHz of the power divider (ϕ=0). 

 

According to the data, the realized gain of the power divider connected to two 

antenna elements, in the band 3.4 to 3.8 GHz, is 9.7 dB with a 64° beam width. The 

next step is now to combine four antenna elements with two bisector power dividers 

as shown in Figure 4.2.2.8. The simulation results are shown in the following 

Figures 4.2.2.9 to 4.2.2.13. 
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Figure 4.2.2.8. General view of the array with two power dividers. 

 

 

Figure 4.2.2.9. S11 parameter of two power dividers. 

 

 

Figure 4.2.2.10. Efficiency of two power dividers. 

 

As can be seen from Figures 4.2.2.11 to 4.2.2.13, the realized gain of the four 

antenna elements connected by two power dividers (3.4 to 3.8 GHz) is around 12.6 

dB with a beam width of 64°. With the loss included the gain reaches 13 dB. 
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Figure 4.2.2.11. Realized gain at 3.4 GHz with two power dividers (ϕ=0). 

 

 

Figure 4.2.2.12. Realized gain at 3.6 GHz with two power dividers (ϕ=0). 

 

 

Figure 4.2.2.13. Realized gain at 3.8 GHz with two power dividers (ϕ=0). 
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4.2.3 Feed network 

The entire feed network can be regarded as three bisector power dividers with a 

symmetrical structure to ensure the same phase for each antenna element. The 

following figures show dimensions, S11 parameter, efficiency and Farfield pattern, 

respectively. 

 

 

Figure 4.2.3.1. Dimensions of the feed network. 

 

 

Figure 4.2.3.2. S11 parameter of the feed network. 

 

 

Figure 4.2.3.3. Efficiency of the feed network. 
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Figure 4.2.3.4. Realized gain at 3.4 GHz of the feed network (ϕ=0). 

 

 

Figure 4.2.3.5. Realized gain at 3.6 GHz of the feed network (ϕ=0). 

 

 

Figure 4.2.3.6. Realized gain at 3.8 GHz of the feed network (ϕ=0). 
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As can be seen from the Figure 4.2.3.3, the loss increases because of the last power 

divider since the distance is almost two times λ/4. Two sections that have been 

designed based on Equation 4.2 are not good according to the data in Figures 4.2.3.4 

to 4.2.3.6. The realized gain is 11.8 dB while the directivity is 13 dB. 

In order to solve the problem, the two-section design has been replaced by a tapered 

design. In the CST software, the dimensions are shown in Figure 4.2.3.7, and the 

corresponding results appear in Figures 4.2.3.8 to 4.2.3.10. 

 

 

Figure 4.2.3.7. Dimensions of the feed network with tapered design. 

 

 

 

Figure 4.2.3.8. S11 parameter of the feed network with tapered design. 
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Figure 4.2.3.9. Efficiency of the feed network with tapered design. 

 

 

 

Figure 4.2.3.10. Realized gain at 3.4 GHz of the feed network with tapered design.   
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Figure 4.2.3.11. Realized gain at 3.6 GHz with tapered design. 

 

 

Figure 4.2.3.12. Realized gain at 3.8 GHz with tapered design.   

 

Simulation shows that the tapered design is a better choice, with a gain of 12.3 dB at 

3.8 GHz. But from Figure 4.2.3.9, the loss still remains under -1 dB. This is mainly 

because of the loss caused by the microstrip line and the material of the PCB; the 

dielectric constant of the PCB in the CST software is 4.3. Using a PCB with lower 

dielectric number may solve the problem. However, this brings two other problems. 

The first is that the impedance will change and the feed network needs to be 

redesigned, and the second problem is the cost. High quality with high cost is 

reasonable. According to the simulation result, the realized gain will not increase a 

lot by changing the material. Then the conclusion is to keep this design and prepare 

a sample for testing. 
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5 Fabrication and Measurement 

5.1 Handmade Sample 
Figure 5.1 shows an overview of the antenna array samples, in PCB (Printed Circuit 

Board) with copper on the surface. Single-sided boards are for antenna arrays and 

reflectors, while double-sided boards are for microstrip feed networks.  

 

 

Figure 5.1. A photo of some handmade samples. 

 

5.1.1 Etching (chemical) 
Chemical etching is based on the chemical replacement reaction. Some preparations 

need to be made before this reaction. The first step is to print the 2D picture of the 

antenna array and the feed network on an oil-paper, as shown in Figure 5.1.1.1. The 

ink sticks to the oil-paper in order to be reprinted on to the PCB when it is heated.  

The second step is to cover the PCB with a heat insulation tape, which is shown in 

Figure 5.1.1.2. The tape is intended to protect the paper from overheating. In 

addition, the paper should be stuck symmetrically, which is the most difficult part 

on the handmade samples because of the accuracy of the parallel microstrip 

transmission structure. Otherwise, unexpected transmission loss will occur between 

the parallel microstrip-lines. 
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Figure 5.1.1.1. Printed oil-paper.                            Figure 5.1.1.2. Thermal insulation tape. 

 

The third step is to put the processed PCB in a heater with a temperature around 140℃ 

as shown in Figure 5.1.1.3, and to make sure that the ink can be completely 

reprinted. This process may be repeated several times. The sample is then left to 

cool down. 

 

  

Figure 5.1.1.3. Heating process.   Figure 5.1.1.4. Chemical etching process. 

 

The Figure 5.1.1.4 shows the PCB when immersed in an etchant, during 15-20 

minutes with a temperature in the range of 45-55℃. Then clean with water as the 

last step of the etching.   
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5.1.2 Electric soldering 

Electric soldering is the most common way to connect the antenna to the feed 

network and the feeder. But then the ink on the cover should be removed before 

soldering. In order to check the accuracy of the symmetry, we can hold the PCB up 

to the light, and observe if the shadows coincide. 

There are two different problems with the first two samples. The first sample failed 

to align symmetrically, which produced a huge transmission loss. The problem for 

the second sample is caused by the via hole on the double-sided PCB, as shown in 

Figure 5.1.2.1. The parallel microstrip transmission line should avoid crossing the 

via hole since this will adversely influence the impedance matching.  

 

 

Figure 5.1.2.1. Via hole on the PCB. 

 

5.1.3 Testing  

5.1.3.1 Vector network analyzer 

A vector network analyzer is a device that can be used to measure the 

electromagnetic parameters, especially the S parameter, and the results can also be 

plotted in the Smith Chart. If the S11 parameter from the vector network analyzer is 

close to the simulation result, the antenna behaves as expected and is ready for the 

next test. 

Based on the two failed trials, the last handmade sample was modified. Figure 

5.1.3.1 shows a general view of the sample connected to the vector network 

analyzer, and a clear presentation is shown in Figure 5.1.3.2. According to the plot, 

the S11 parameter for the band 3.4 to 3.8 GHz is under -15 dB. The antenna is now 

ready for a test in an anechoic chamber. 
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Figure 5.1.3.1. Vector network analyzer. 

 

Figure 5.1.3.2. Measured S11 parameter. 
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5.1.3.2 Anechoic chamber 

The anechoic chamber, shown in Figure 5.1.3.3, is covered with wave-absorbing 

material. The absorption of the echoes emulates a Farfield measurement. The 

antenna array was set in the center of the chamber, which is shown in Figure 5.1.3.4. 

The measurement results appear in Figures 5.1.3.5 and 5.1.3.12 together with the 

data in Table 5.1 and 5.2. 

 

Table 5.1. Data for array A.                             Table 5.2. Data for array B. 

Freq 

(MHz) 

Effi 

(%) 

Effi 

( dB) 

Gain 

( dB)  

Freq 

(MHz) 

Effi 

(%) 

Effi 

( dB) 

Gain 

( dB) 

3300 55% -2.58 8.94  3300 58% -2.39 9.06 

3350 55% -2.62 9.41  3350 57% -2.43 9.52 

3400 56% -2.51 9.44  3400 59% -2.31 9.59 

3450 56% -2.55 9.74  3450 58% -2.36 9.89 

3500 54% -2.68 9.70  3500 57% -2.46 9.86 

3550 55% -2.61 10.15  3550 58% -2.40 10.31 

3600 54% -2.70 10.23  3600 56% -2.49 10.38 

3620 55% -2.62 10.48  3620 58% -2.40 10.65 

3640 54% -2.66 10.33  3640 57% -2.44 10.49 

3660 54% -2.71 10.45  3660 56% -2.48 10.60 

3680 54% -2.67 10.51  3680 57% -2.46 10.66 

3700 54% -2.68 10.58  3700 57% -2.45 10.75 

3720 52% -2.81 10.54  3720 55% -2.60 10.69 

3740 54% -2.70 10.67  3740 57% -2.48 10.84 

3760 52% -2.83 10.45  3760 55% -2.62 10.61 

3780 52% -2.80 10.63  3780 55% -2.59 10.86 

3800 52% -2.84 10.63  3800 55% -2.63 10.85 

3850 51% -2.90 10.63  3850 54% -2.69 10.78 

3900 47% -3.23 10.40  3900 50% -3.02 10.58 
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Figure 5.1.3.3. Anechoic chamber.              Figure 5.1.3.4. Laser baseline for testing. 

 

Table 5.1 and 5.2 show the farfield test for two samples of the antenna arrays in the 

band 3.2 to 4.0 GHz. According to the data, the efficiency and the realized gain are 

not as expected. The vagaries of impedance transformation at the soldering points 

and insufficient manufacturing accuracy are probably the main factors. 

 

 

Figure 5.1.3.5. Farfield gain for array A at 3.6, 3.7 and 3.8 GHz. (ϕ=0) 
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Figure 5.1.3.6. Farfield gain for array A at 3.6, 3.7 and 3.8 GHz. (θ=0) 

 

 

Figure 5.1.3.7. Farfield gain for array A at 3.6, 3.7 and 3.8 GHz. (ϕ=90°) 
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Figure 5.1.3.8. 3D presentation of the gain for array A at 3.6 GHz.  

 

  

Figure 5.1.3.9. Farfield gain for array B from 3.2 to 4.0 GHz. (ϕ=0). 
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Figure 5.1.3.10. Farfield gain for array B from 3.2 to 4.0 GHz. (θ=0) 

 

 

Figure 5.1.3.11. Farfield gain for array B from 3.2 to 4.0 GHz. (ϕ=90°) 
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Figure 5.1.3.12. 3D presentation of the gain for array B at 3.6 GHz.  

 

5.2 Mechanical Fabrication 
Mechanised, rather than handmade, fabrication of the antenna is more professional 

and has higher accuracy, especially for the parallel microstrip structure. Figure 5.2.1 

shows a prototype of the antenna arrays with four ports. These four arrays can work 

separately as a MIMO (Multiple-Input Multiple-Output) system or connect to a 

switch to obtain multiple directions. Or, they can work together as an 

omnidirectional antenna. 
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Figure 5.2.1. A photo of the arrangement with 4 combined antenna arrays. 
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5.2.1 Etching (laser) 
The Figure 5.2.2 shows the PCB that was fabricated automatically in the factory. 

There are slot structures and solder pads in the PCB, which are designed for 

reinforcement. In addition, the green paint on the surface is used to prevent 

oxidation and corrosion. 

 

Figure 5.2.2. PCB processed by laser etching.  

5.2.2 Electric soldering 

Although the etching part can be done by machine, the soldering part is still 

handmade. The Figure 5.2.3 shows a general view of four completed antenna arrays 

with low loss coaxial cables. 

 

Figure 5.2.3. Four completed Antenna arrays.   
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5.3 Measurement 

5.3.1 Vector network analyzer 

The arrays are tested with a vector network analyzer as shown in Figure 5.3.1. A 

typical result is shown in Figure 5.3.2. However, the vector network analyzer cannot 

measure four ports at the same time. In order to compare the difference between 

these four arrays, the plots are saved by using the memory as shown in Figure 5.3.3. 

 

Figure 5.3.1. Vector network analyzer for testing the prototype. 

 

As can be seen in Figure 5.3.2 the S11 parameter agrees with the simulation result in 

Figure 4.2.3.11, where the average level is under -20 dB in the band 3.4 to 3.8 GHz. 

And, the S11 parameter at 3.4 and 3.8 GHz reaches -29.7 dB and -27.4 dB 

respectively, which is better than expected.  

However, from the Figure 5.3.3, some deviation can be observed, indicating that the 

handmade electric soldering brings unexpected effects and the isolation may not be 

sufficient for the three-dimensional structure. But, the deviation can be neglected 

because between 3.4 and 3.8 GHz, S11 is under the standard -15 dB.   
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Figure 5.3.2. S11 parameter measured with the vector network analyzer.  

 

Figure 5.3.3. Comparing the S11 parameters for four arrays.  
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5.3.2 Anechoic chamber 

The data of the measurement results for the first antenna array can be found in Table 

5.3.1. The average efficiency reaches 73%, which is sufficient. And, the measured 

and simulated gain are close with only 0.5 dB deviation. The Figure 5.3.4 illustrates 

the directivity for different directions and a three-dimensional plot for 3.6 GHz. In 

order to observe angular beam width, the Figure 5.3.5 and 5.3.6 shows in detail that 

the beam width reaches 20° (for -10 dB) when ϕ = 90°. 

 

Table 5.3.1. Measurement data for antenna array No.1. 

Antenna 1 

Freq(MHz) Effi(%) Effi( dB) Gain( dB) 

3400 78% -1.1 11.3 

3450 77% -1.1 11.4 

3500 71% -1.5 11.1 

3550 73% -1.4 11.3 

3600 74% -1.3 11.5 

3620 72% -1.4 11.3 

3640 76% -1.2 11.7 

3660 71% -1.5 11.5 

3680 74% -1.3 11.8 

3700 73% -1.4 11.7 

3720 71% -1.5 11.6 

3740 75% -1.3 11.8 

3760 72% -1.4 11.6 

3780 72% -1.4 11.7 

3800 73% -1.4 11.7 
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Figure 5.3.4. Radiation pattern for antenna No.1.  

 

Figure 5.3.5. Radiation pattern for antenna No.1 (ϕ=0). 

 

Figure 5.3.6. Radiation pattern for antenna No.1 (ϕ=90). 
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The measured data for the second antenna array appear in Table 5.3.2. Comparing 

with the first one, the second array has more losses. But, the average level of the 

efficiency is over 71%. And, the average gain over the interval 3.4 to 3.8 GHz is 

around 11.5 dB, which does not differ much from the first one. According to the 

Figures 5.3.7 to 5.3.9, the radiation pattern satisfies the simulation result, and it is 

not influenced by the first one, which indicates that there is no systematic error. 

 

Table 5.3.2. Measurement data for antenna array No.2. 

Antenna 2 

Freq (MHz) Effi (%) Effi (dB) Gain (dB) 

3400 76% -1.2 11.7 

3450 75% -1.3 11.7 

3500 69% -1.6 11.2 

3550 71% -1.5 11.5 

3600 72% -1.4 11.6 

3620 70% -1.6 11.5 

3640 73% -1.3 11.7 

3660 70% -1.6 11.4 

3680 72% -1.4 11.6 

3700 71% -1.5 11.4 

3720 69% -1.6 11.4 

3740 73% -1.4 11.6 

3760 71% -1.5 11.5 

3780 71% -1.5 11.5 

3800 71% -1.5 11.5 
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Figure 5.3.7. Radiation pattern for antenna No.2.  

 

Figure 5.3.8. Radiation pattern for antenna No.2 (ϕ=0). 

 

Figure 5.3.9. Radiation pattern for antenna No.2 (ϕ=90). 
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The measured data for the third antenna array appear in Table 5.3.3. And, the 

farfield patterns are shown in Figures 5.3.10 to 5.3.12. There is not much difference 

for the third antenna compared to the first and the second one, which proves the 

relative stability of the mechanical manufacturing. 

 

Table 5.3.3. Measurement data for antenna array No.3. 

Antenna 3 

Freq (MHz) Effi (%) Effi (dB) Gain (dB) 

3400 77% -1.1 11.7 

3450 76% -1.2 11.7 

3500 71% -1.5 11.3 

3550 72% -1.4 11.4 

3600 74% -1.3 11.5 

3620 72% -1.4 11.4 

3640 75% -1.2 11.7 

3660 71% -1.5 11.5 

3680 73% -1.4 11.7 

3700 72% -1.4 11.6 

3720 71% -1.5 11.6 

3740 74% -1.3 11.9 

3760 72% -1.4 11.7 

3780 72% -1.4 11.7 

3800 72% -1.4 11.7 
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Figure 5.3.10. Radiation pattern for antenna No.3.  

 

Figure 5.3.11. Radiation pattern for antenna No.3 (ϕ=0). 

 

Figure 5.3.12. Radiation pattern for antenna No.3 (ϕ=90). 
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The measured data for the last antenna array appear in Table 5.3.4. Compared to the 

other three arrays, it has the best performance. The average level of efficiency is 

around 73% with the gain at a high level except for 3.5 GHz. And, at 3.74 GHz, the 

gain reaches 12.1 dB. In addition, the radiation patterns shown in Figures 5.3.13 to 

5.3.15 also illustrate a good performance. 

 

Table 5.3.4. Measurement data for antenna array No.4. 

Antenna 4 

Freq (MHz) Effi (%) Effi (dB) Gain (dB) 

3400 77% -1.1 11.7 

3450 76% -1.2 11.6 

3500 70% -1.6 11.2 

3550 72% -1.4 11.4 

3600 73% -1.3 11.6 

3620 71% -1.5 11.5 

3640 75% -1.2 11.8 

3660 71% -1.5 11.7 

3680 74% -1.3 11.9 

3700 72% -1.4 11.8 

3720 71% -1.5 11.8 

3740 75% -1.3 12.1 

3760 72% -1.4 12.0 

3780 72% -1.4 11.9 

3800 72% -1.4 12.0 
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Figure 5.3.13. Radiation pattern for antenna No.4. 

 

Figure 5.3.14. Radiation pattern for antenna No.4 (ϕ=0). 

 

Figure 5.3.15. Radiation pattern for antenna No.4 (ϕ=90). 
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6 Conclusion 

According to the measurements in Chapter 5 and the simulations in Chapter 4, the 

design of the antenna arrays meets the specification. In the band 3.4 to 3.8 GHz, the 

total gain is above 11 dB in four separated main directions, with a half-power beam-

width of 60° in the horizontal plane and 27° in the vertical plane. In addition, the 

gain is above 7 dB for all horizontal directions. High gain is important for 5G 

communication. 

We have found that the impedance matching is important and that even though the 

scheme is not perfect it meets the specifications, that is, in the directional operation 

mode, the gain is above 11 dB, and in the omnidirectional operation mode, the gain 

is above 7 dB. Regarding manufacture, accuracy is important and a tiny mistake 

may cause a non-negligible deviation in the end. As the system develops, the need 

for high accuracy will increase. 

This study illustrates a possible design for a 5G antenna that as of now corresponds 

to the specifications but could be improved further. Dual polarization could be 

introduced if isolation and the feed network design can be handled. In addition, to 

cover multiple frequency ranges, a parasitic unit can be included. This could be 

done without influencing the existing scheme if the design is appropriate. Finally, a 

cylinder design could be used to save space. 
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