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ABSTRACT

With the rapid development of Sth generation mobile network (5G), the need to integrate
multiple frequency bands and multiple wireless standards into 5G systems is growing. The antenna
is an essential part of the system to ensure communication quality. Therefore, research on antennas and
arrays suitable for the 5G frequency bands is of great significance for future wireless
communication systems.

This thesis reviews recent antenna designs related to 5G systems, especially those based on
coplanar waveguide feeding method. Then antenna based on coplanar waveguide feed structure is
designed and optimized for better input impedance match and radiation performance.
Measurements of the fabricated prototype confirmed the targeted operating frequencies.
Furthermore, antenna array configurations are designed and optimized for 5G base stations or
terminals. The scanning feature of the antenna array configurations (5 and 15 antenna elements)
are investigated for operation in two segments of the licensed lower 5G frequency band (3.55-
3.7GHz and 3.7-4.2GHz). Finally, a cavity is further suggested to be added to the bottom of the
antenna element to focus the radiated field mainly in one half space and to be used in the array

configurations.
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CHAPTER 1
INTRODUCTION

1.1 Research background

Antennas are used in wireless communication systems to transmit and receive electromagnetic
waves. Their performance is an important factor in determining the system’s efficiency. It is clear
that countries and companies, who are developing 5G communication systems, are competing
fiercely for the frequency spectrum [1]. Increasing the utilization of the spectrum poses challenges
to the requirements imposed on the antenna designers.

The density of circuit components of recent and future wireless devices and wireless terminal
products increases while the device size is getting smaller and at the same time is required to
support a wide band of frequency. As a results, the antenna in wireless electronic devices must be
carefully designed to conform with the smaller requirements [2-5] while continues to support the
working bandwidth. The requirements of 5G, such as larger bandwidth and faster communications
are constantly increasing. As a result, the number of required antennas in a system is constantly
increasing, which will increase the volume, weight and cost of the related devices. In some
applications it is further required that the antenna can support multiple working frequency bands.
Due to the above reasons, and because the size of mobile wireless devices is getting smaller and
smaller, the space left for the antenna is also smaller. Considering these factors, if multiple separate
antennas are used to cover multiple operating frequency bands, the entire system will not only
increase in size, but will also become complex in terms of the cross-coupling between the existing
antennas. The resulting electromagnetic interference usually reduce the communication quality.
Therefore, designing a single small antenna with the characteristics of multiple antennas has
become a topic of important research [6—12]. The single antenna operating at multi or wide band
frequencies ensure the miniaturization of wireless communication terminals or 5G base stations.
The need of miniaturization and multi-mode antenna integration in electronic equipment has been
a contentious research area as demonstrated in [13, 14].

For the design of a 5G antenna, it is evident that the use of a coplanar waveguide (CPW)
1



structure [15-19] as a feed for the antenna is conducive to connecting other passive and active
circuit components. Such unique structure also facilitates antenna feeding, especially in an array
configuration. There are several publications on coplanar waveguide structures acting as feed for
antennas that provide good radiation characteristics such as bandwidth, gain and low sidelobe
levels [20-22]. Few of these available CPW-antenna designs are investigated, among which are
the butterfly-shaped antenna and the rectangular wide-slot antenna.

Future 5G communication systems face challenges such as cost and weight reduction, good
electromagnetic compatibility, multi-functional integration and system miniaturization. Thus the
intention of this thesis is to design a micro-strip patch antenna based on a coplanar waveguide
(CPW) feed that can support the operation in the lower and higher frequency bands of a 5G system

while using CPW feeding structure to simplify the addition of circuitry of the RF front end.

1.2 Research Status

1.2.1 Coplanar waveguide antennas

In recent years, with the increasing demand for wireless communication and the development
of millimeter wave technology, broadband and dual-frequency wireless communication
technologies have been widely used. The improvement of passive device performance and the
emergence of new devices have promoted the continuous development of wireless communication
technology. Coplanar waveguide (CPW) is a very important microwave transmission line
analogues to the planar transmission structure that was first proposed in 1969 [23]. Microstrip lines
show many deficiencies in many aspects, such as dispersion. On the other hand, coplanar
waveguides have the advantages of low loss, and ease of serial and parallel connection with other
circuits and devices. The following table compares the design and manufacturing performance of

microstrip lines and coplanar waveguides:



Table 1.1: Microstrip line and CPW design efficiency comparison

Property Microstrip Line CPW

Design Aspect Dispersion High Low

Loss Low High

Coupling High Low

Design flexibility Low High

Manufacturing Circuit size Large Small
Back modeling Need Not needed

In order to meet the system volume and size requirements of modern 5G communication
equipment, the antenna is also required to be in low profile, miniaturized, and provides wideband
frequency operation. The co-planer waveguide feed structure can effectively broaden the impedance
bandwidth of the antenna. CPW has two feeding modes, one without a ground plane under the
substrate and the other with full ground plane and is usually called GCPW. For the antennas

investigated in this thesis a partial ground plane will be used.

The structure shown in Fig 1.1 presents a configuration of a rectangular slot patch antenna fed
by a CPW [24]. The corresponding S11 versus frequency is shown in Fig 1.2, while the distribution
of the electric field at 4 GHz and the radiation patterns in the E and H planes are shown in Fig 1.3.
From the figure, we can see that the CPW feeding method can achieve better feeding bandwidth
and good CP radiation patterns. Another antenna configuration of a circular patch/slot antenna
structure is shown in Fig 1.4 [25]. The antenna uses a circular microstrip patch as the radiating unit.
The S11 characteristic curve and radiation pattern of this antenna are shown in Figs. 1.5 and 1.6,
respectively. We can see that the circular microstrip antenna using CPW as the feeding structure

yields a wide impedance bandwidth and relatively consistent directivity pattern versus frequency.
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Figure 1.4: Antenna geometry from reference [25].

5.0

4.5 —— Simulation
-=-== Measurement

4.0

3.54

VSWR

3.0 1

2.5 1

2.0

1.5 1

1.0

Frequency (GHz)

Figure 1.5: Measured and simulated S1; for the antenna in reference [25].



——4GHz

20 -=== 7GHz
04 dB

150

154

-20-180

154

-10-

——4GHz
---=- 7GHz

04 dB

-154

-204180
15

-104

270

(b)
Figure 1.6: Simulated radiation patterns at different frequencies. (a) xz-plane (H-plane).
(b) yz-plane (E-plane) of the antenna in reference [25].



1.2.2 Multi-frequency wideband antennas

In 1943, Oliver designed the first bi-conical antenna with wideband operating characteristics
[26]. This antenna was used for the transmission and reception of radio telegraphs, but the structure
of the bi-conical antenna was large. Later, Amrolah et.al. introduced the concept of fractal for the
first time in the design of a log- periodic antenna, using a rectangular fractal structure as the
periodic unit, thereby achieving miniaturization of the antenna and constant radiation gain over
the operating band [27-29]. With the multiple periodic units being used, constant radiation gain
over the band are achieved. However, since it is necessary to use a plurality of periodic units, it is
difficult to reduce the size of the antenna. With the rise of mobile terminal equipment, research
into the application of these antennas in wideband communications has gradually increased.

Nowadays, the research on wideband or multi-frequency antennas has been biased towards the
use of flat printed monopoles, dipoles, slot antennas and other types of electrical small antennas
[30-32]. This type of antenna is easier to implement as a compact structure and easy to integrate
with peripheral circuits, and has the advantages of wide impedance bandwidth, good far-field
radiation characteristics, and small dispersion characteristics; hence it is the focus of mainstream
research of wideband antennas.

Since the lower and higher 5G frequency bands are separated by more than 10 octaves, it would
be a good choice to design an antenna operating at the two frequency bands with reasonable

bandwidth within each band.

1.3 Thesis Contributions

Based on the above background and development trends, this thesis mainly aims towards the
design of antennas for two 5G frequency bands. By using a coplanar waveguide patch-slot
structure and optimizing the design through simulation software, the problems of miniaturization
and multi-frequency operation for 5G application is achieved.

Based on the research and background of 5G antennas, chapter 1 investigates the design of a
broadband or a multi-frequency antenna with a coplanar waveguide feeding structure. The design

of the antenna was geared towards miniaturization, broadband, and multiple operating modes.
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The second chapter introduces the basic theoretical knowledge and the design of a single
antenna related to the research in this thesis. It is divided into three parts. First, the basic theory of
electromagnetic radiation is summarized. Then the parameters and concepts of the microstrip
antenna are briefly analyzed. Finally, the design structure of the coplanar waveguide antenna is
analyzed and explained. Compared with the microstrip feeding structure, the advantages and
disadvantages of the coplanar waveguide structure are discussed.

In Chapter 3, a microstrip/slot patch antenna with CPW feed is designed for 5G low and high
frequency bands. Through continuous analysis and simulation, the antenna can cover two of the
lower frequency bands at 3.1 GHz, and 5.4 GHz. With an additional resonance at 28 GHz to cover
the higher frequency band of the 5G standard in the United States. A prototype of this antenna was
fabricated, and the measurement of the input impedance bandwidth and operating frequencies are
conducted. It is found that the measured results are closely matched the simulation results at low
frequencies, but some differences at high frequencies are observed which are due to the use of
improper substrate material and connector type for the high frequency band.

In Chapter 4, two configurations of antenna arrays are designed based on the element antenna
designed in Chapter 3. The simulation results are obtained for two different numbers of elements
in two antenna array configurations for potential use in 5G base stations. Scanning capabilities of
the two arrays are examined. The results encourage further investigations to improve the design of

the single antenna element to better fit in a larger configuration of antenna arrays.

Finally, Chapter 5 summarizes the research conducted in this thesis and proposes possible

research areas for future related work.



CHAPTER 2
BASIC THEORY

2.1 Introduction

The theory of electromagnetic radiation is the theoretical basis for analyzing antennas. This
chapter first discusses the basic theory of electromagnetic radiation, briefly describes the method
of obtaining the electromagnetic field distribution in free space and analyzes the indirect
acquisition methods in detail. Theoretical analysis of the microstrip antenna was carried out to

provide the equations and characteristics of the input impedance and the far field distribution.
2.2 Electromagnetic Radiation

Electromagnetic radiation at any point in space can be determined from the existing distribution
of the electric and magnetic currents (J and M). The corresponding electric and magnetic fields
(E and H) can be evaluated through direct integration with the kernel contains J and M. However,
this direct process is complicated specially if one is looking for the far field’s quantities only. An
alternative procedure is composed of two steps as illustrated in Fig. 2.1. First, the auxiliary vector
potential A and F are evaluated through simple integration, then the far field radiation component

is evaluated using simple multiplication factor.
2.3 Microstrip Slot Antenna

The microstrip slot antenna advantage is that it can generate a bi-directional or uni-directional
pattern with or without the use of a ground plane. In the design of the microstrip patch-slot antenna,
a combination of a patch and a slot is used. For the ground plane configuration, a metal thin layer
is attached on one side of a dielectric substrate as a ground plate, and on the other side, a metal
sheet with a slot large enough to host a patch of a certain shape. The patch is then fed by a

microstrip line, CPW, or a coaxial probe.
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Figure 2.1: Block diagram for computing radiated fields by electric and magnetic current sources
[33].

2.3.1 Main electrical parameters of a microstrip antenna

Input impedance or input admittance is a fundamental parameter, which needs to be accurately
calculated when designing the antenna that achieves a good match between the antenna element and

the feed. For a microstrip antenna, the input admittance can be calculated using Equation 2.1:

Yin(2) = 2G [COSZ(BZ) 4 B in2 (Bz) — —sm( 2B2)” ] (2.1)
Where 7 is the distance from the feed point to the microstrip edge, and the propagation constant
fis given as B = Kollee
Zy

In practice, YE <1 adeE « 1, this gives the formula 2.2:
0 0

Yin(2) = (2.2)

cos2 ([)’z)

Y, 1s input admittance, Y, is characteristic admittance, B is susceptance, G is conductance.

For co-axially fed microstrip antennas, the input impedance is given as
. 1
Zin =2+ X0, (2L = 1) 2.3)
Z;yn 1s input impedance, Z; is load impedance, X;is inductance.
The radiation resistance can be determined according to the patch width W and working

wavelength 4, as:

90/10

R, = for W KL A,

1204
R, = 220

for W < A, (2.4)
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The quality factor related to radiation resistance is

2f W
Q =41 2.5)

When using the formula Wy = ieo er(f7 hLW , the simplified form of the quality factor is:

ce
Qr = :

=i (2.6)
Where W and L are the dimensions of the microstrip patch, Wy is the energy storage at
resonance, and B is the radiated power. &, is air permittivity, &, is dielectric permittivity, E,is

field strength in ¢ direction, &, is equivalent dielectric constant, h is substrate thickness and f,. is

resonance frequency.

Radiating Radiating
slot #1 slot #2

£ Substrate

Ground plane

{a) Microstrip antenna

Ground plane .2
(b) Side view

Figure 2.2: Microstrip antenna [33].

The microstrip antenna bandwidth can be approximated in terms of the standing wave S and

the quality factor as:

BW = (2.7)




One of the disadvantages of microstrip antennas is its bandwidth which is usually narrow.
Therefore, many studies have proposed many methods to increase the bandwidth, for example,
using parasitic patches of similar size, or a thicker substrate or a substrate with a lower dielectric
constant &, and the use of different shapes of patches or feeding structure.

The directivity D is the ratio of the power density of the antenna at a point in the far zone in
the maximum radiation direction to the power density of the non-directional antenna with the same

radiated power at the same point and can be expressed as:

Emax|®
b= ||Eo|2| |PT=Pro (2.8)

Where E,,,,, 1s the direction of maximum radiation.
Directivity of an antenna defined as “the ratio of the radiation intensity in a given direction
from the antenna to the radiation intensity averaged over all directions as if it is an isotropic

source [33]

D(H,@)Z l_ 4t

Uop Prad

2.9

If the direction is not specified, it implies the direction of maximum radiation, maximum

directivity is then defined as:

— Umax — AnUmax (210)
Prad

D max UO
Where D is directivity, Dy, 1s maximum directivity, U is radiation intensity (W/unit solid
angle), Upnq, 1s maximum radiation intensity (W/unit solid angle), U, is radiation intensity of
isotropic source (W/unit solid angle), P,,q is total radiated power (W).
The normalized radiation pattern of the antenna can be written in spherical coordinates as a
function:

F(6,®) 2.11)

With this normalized radiation pattern, the directivity can be computed as:

41T

D(6,9) = 27 [T F2(0,0)sin6d6d®

(2.12)

where 6 and @ are the spherical coordinates.

13



2.4 Coplanar Waveguide Basic Principles

A traditional coplanar waveguide is a printed conductor strip on a dielectric substrate. A
coplanar waveguide contains a pair of conductor planes on both sides of the printed conductor strip
(the conductor plane is symmetrical to the conductor strip and is on the same plane as the conductor
strip, so it is called”’coplanar’), which are named as return conductors. This pair of return
conductors are separated from the center conductor strip with a very small gap. The return
conductors usually extend to a large distance in a direction away from the center conductor and in
some approximate analysis are considered semi-infinite planes.

A coplanar waveguide with a ground plane is also called grounded coplanar waveguide
(GCPW). Compared to a microstrip line feed, a grounded coplanar waveguide has a ground plane
not only on the bottom of the dielectric substrate but also on both sides of the signal transmission
line on the top of the dielectric substrate. The GCPW achieves constant electrical performance by
surrounding the signal line with a ground plane. The transmission modes of microstrip feed lines
and grounded coplanar waveguide circuits are both quasi-transverse electromagnetic modes.
Because of the enhanced ground structure of the GCPW circuit, its machining is also more
complicated to a certain extent. Compared with microstrip lines, GCPW circuits have low
dispersion characteristics. When the frequency rises to the millimeter wave band, GCPW circuits
also have lower radiation losses than microstrip line circuits. Due to the enhanced ground structure,
the GCPW circuit has a wider effective bandwidth and a larger impedance range than a microstrip
line circuit. However, the microstrip line circuit structure is relatively simpler to fabricate. In a
microstrip line circuit, the electromagnetic field is mostly distributed between the top signal plane
and the bottom ground plane, and the signal conductor edge has a strong field distribution. In
GCPW circuits, the electromagnetic field is mainly distributed between the ground plane-signal
line-ground plane (GSG) areas on the coplanar circuit layer. The field distribution between the top
signal plane and the bottom ground plane of the GCPW circuit is weaker than that of a microstrip
line circuit. The conductor loss of GCPW circuit is higher than that of the microstrip line, but its

adjacent ground plane structure has lower radiation loss and is more conducive to suppressing
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parasitic mode. Even if there are some inconsistencies in the circuit processing technology, the
microstrip line circuit can still provide more stable and consistent circuit performance. GCPW
circuits have lower losses when operating in high frequency bands, but GCPW circuit performance
is more susceptible to processing technology effects. Most of the electromagnetic field energy of
the GCPW circuit is transmitted through air with a dielectric constant of 1 rather than through a
conductive metal or dielectric material with a high dielectric constant, which results in a lower
effective dielectric constant of the GCPW circuit. The wide conductor used helps reduce conductor
losses. In addition, the thick copper structure of the GCPW circuit makes the circuit have higher
conductor walls, which will also increase the electromagnetic energy transmitted in the air space
around the copper conductor and reduce the effective dielectric constant and the circuit loss.

In general, microstrip circuits in the microwave band have lower losses than GCPW circuits,
especially when there are processing differences. However, when the frequency is gradually
increased even to the millimeter wave band, the GCPW circuit will have both lower dispersion as

well as radiation loss and a wider bandwidth relative to the microstrip line circuit.

2.5 Chapter Summary

This chapter first introduces the basic theory of electromagnetic radiation and microstrip
antenna design and its main electrical parameters. Then, the far radiation field relation with the
electric and magnetic source are shown. Then, the coplanar waveguide structure is described, and
its electrical characteristics are highlighted. The advantages of the coplanar waveguide relative to

microstrip lines finally lay the foundation of the design of the antenna in this thesis.
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CHAPTER 3
MULTI-BAND ARROW PATCH-SLOT ANTENNA

3.1 Introduction

In 2013, the Federal Communications Commission (FCC) proposed the concept of 5G [1], and
the FCC finally determined the range of the 5G frequency band. Divided into low frequency band,
middle frequency band and high frequency band, and open this technology for commercial use.
Because of its advantages, such as its high transmission rate and low power spectral density, the
application of multi-frequency broadband technology has attracted widespread attention and has
achieved significant development and progress in recent years. A large amount of research focuses
on how to achieve miniaturization, broadbandization, and stable far-field characteristics of
antennas for 5G applications. This chapter designs and studies the two frequency segments in the
low-band, that is 3.55-3.7 GHz and 3.7-4.2 GHz, and the high-band 27.5-28.35 GHz of 5G. The
use of coplanar waveguides and the shape and type of radiating antenna element facilitate the
design for multi-frequency bands.

In this chapter, a coplanar waveguide wide-slot antenna is first designed. The coplanar
waveguide excites planar elliptical, rectangular and butterfly shaped monopole antennas. The
arrow-shaped patch antenna is stimulated for performance comparison. By adjusting the size of
the arrow-patch and the size of the slit, the antenna’s working frequency band covers the 5G low
and high frequency bands proposed by the FCC. The antenna was fabricated and measured to

determine its characteristics at 3.7GHz and 28GHz.

3.2 Design of Multi-band Arrow Patch-Slot Antenna Based on Coplanar Waveguide

This section presents the proposed design of an antenna element through simulation results
supporting a multi-frequency microstrip patch antenna based on a coplanar waveguide. The

designed antenna is matched for operation in the 5G low and high bands.
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3.2.1  HFSS simulation results

In the initial design, different shapes of patch antennas were investigated. When the patch
antenna was in the shape of a butterfly, the resonance obtained was not supporting sufficient
bandwidth, see Fig. 3.1. The patch is then changed to a rectangular shape resulting in an operating
frequency from 4.9 GHz to 5.9GHz. This antenna structure and simulation results are shown in
Figure 3.2. When the patch the antenna is changed to an oval shape, as shown in Figure 3.3, one
can see that the working frequency band is from 5.18GHz to 4GHz. The performance of the
antenna is improved, the resonance point depth is increased, and the bandwidth is widened, but at
a frequency higher than the designated frequency segments in the low band. Therefore, efforts to
modify the resonance point (to move the resonance point to the left within the required operating
frequency band) and increase the bandwidth while reduce the patch size. It should be mentioned
that the GCPW feed structure of the antenna was also optimized and a short metal on the side of
the feeder is added, as shown in Figure 3-4 to improve the antenna’s bandwidth at low frequencies.
Optimization is performed on the arrow-shaped patch to obtain a wide bandwidth of 2.86-5.97
GHz, as shown in Figure 3.5. The current distribution for this antenna configuration is also shown
and the corresponding 3D radiation pattern is shown in Fig. 3.6 at 3.7 GHz. It can be seen from
Fig. 3.7 that the antenna’s operating bandwidth is different due to the different shapes of the patch

area.

ot

0
_5-\—’\/\
o ) i i o s i 4 e s e e i e
o 151
s
H 3 204
2
5 -25
2
-30
-35 4
40 [—— Simulated S;(HFSS)|
3 45 e ey
H. 20 25 30 35 40 45 50 55 60 65 70 75 80
E Frequency(GHz)
"W
(a) Structure (b) Su

Figure 3.1: The butterfly patch single element antenna.
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Figure 3.2: The rectangle patch single element antenna.
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Figure 3.3: The ellipse patch single element antenna.
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Figure 3.4: Side structure of the CPW feed.
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Figure 3.5: The current distribution and Si; of the arrow patch single element antenna.

19



Magnitude(dB)

Figure 3.6: The arrow patch single element radiation pattern.
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3.2.2 Antenna design parameters

The top view of the proposed antenna element is shown in Fig. 3.8 along with the fabricated
prototype, with substrate thickness of 1.6 mm, relative permittivity of 4.4, and loss tangent of 0.02.
The footprint size of this antenna is 35(W) x 30(H) mm?, which are 0.43A x 0.37A at 3.7 GHz. The
dash line in Fig. 3.8(a) represents a partial metal ground plane at the bottom side of the substrate
with dimensions of 35(W) x 3(H) mm?. The other dimensions of the antenna element in millimeters
are listed in the table 3.1:

Table 3.1: Antenna structure data

W=35 H=30 W1 =23 Hi=13 | Ho=10 | W, =15.6

H,=72 | W;=36 | H=124 | s=04 | Hy=3

X f

(a) The proposed arrow shaped patch/slot antenna element. (b) Fabricated prototype element.

Figure 3.8: The single element of arrowhead antenna configuration.
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3.2.3 Validation of simulations and measurement results

In order to validate the setup and the resulting numerical simulations from HFSS, another full
wave simulation software CEMS [34] which is based on the time-domain finite difference method
(FDTD) method [35] but running on GPU is used. . The setup in CEMS was as follows: cell size
0.1 x 0.1 x 0.1 mm, the cmpl thickness is 10 cells, and the excitation waveform supporting
frequencies up to 50 GHz with a frequency step to 0.02 GHz. To validate the frequency domain
results, time domain results were first examined for complete waveform response. As an example,
the time domain sampled voltage signal at the antenna input port is shown in Fig. 3.9. The figure
revealed that sufficient time steps are used, and that the computational domain absorbing boundary

is effective in suppressing any artificial.

06 Sampled voltage: sv_por 7 # =] " |

05

0.4 F

magnitude

time (ns)

Figure 3.9: The sampled voltage vs. time at the antenna input port.

In Fig. 3.10 the corresponding Si1 at the input port of the antenna is presented based on two
different simulations (HFSS and CEMS) and compared with the measured results conducted at the
antennas and RFID computational (ARC) lab in the EE department at Mines. Good match is clearly
shown from 2.9 GHz to 5.9 GHz which contains the two licensed frequency segments (3.55-3.7
GHz and 3.7-4.2 GHz.) of the low band. In house measurement facilities for the higher frequency

band are not available and hence the antenna measurement of the Si1 in the high frequency range
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as shown in Fig. 3.11 is performed in the microwave chamber of Tsinghua University in China

(shown in Fig. 3.12).
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Figure 3.10: Simulated and measured S1; at the low frequency band.
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Figure 3.11: Simulated and measured S11 at the high frequency band.
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Figure 3.12: Antenna measurement in chamber.

For the high frequency band, the simulation is carried out through CEMS. Because HFSS uses
the FEM algorithm, when the accuracy of the grid is large, the memory consumption is too high
and accurate results were not possible to obtain with the current computer resources. Therefore,
the FDTD algorithm with high accuracy and fast operation and low memory consumption is used.
It is to be noticed that the SMA model is not established during the simulation. The measurement
of Si1 is conducted in the microwave chamber of Tsinghua University. The simulation and
measurement results for the high frequency range vary because of different factors. Among these
are the fact that the substrate material properties were not exactly known for the high frequency
range, and the effects of the SMA size and the welding spots size relative to the antenna size.
However, it is clearly visible that the main two resonances in this band are predicted by both the
simulation and the measured results.

Simulations for the radiation pattern of the antenna were performed using CEMS and is
shown in Figure 3.13. The 3D radiation pattern of the antenna at 3.7 GHz shows maximum gain
of 3.8 dBi at the broadside (6 = 0°). Radiation pattern stability is also examined at two other
frequencies, namely at 3.3 GHz and 3.9 GHz. These patterns in Figs. 3.14 and 3.15 show

omnidirectional radiation in the H-plane and a dipole like radiation in the E plane. For the high-
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frequency band, the radiation patterns at 28 GHz and 33 GHz are shown in Figs. 3.16 and 3.17
although no specific characteristics can be identified.

It is concluded through simulation and measurement that the feed structure, and arrow-patch
have a greater influence on the Si; of the antenna, while the side structure has less influence on

the S11 of the antenna.

10

1-10

-20

-30

Figure 3.13: Simulated far-field radiation pattern at 3.7 GHz.

3.3 Chapter Summary

This chapter first proposes a wideband patch-slot antenna that uses a coplanar waveguide
feed. Through the analysis and improvement of current distribution, simulation of different
shapes of patches was optimized. Finally, the arrow-shaped antenna structure was decided on.
The multi-frequency coplanar waveguide antenna designed in this chapter has good far-field
radiation characteristics. Measurements show that the antenna can achieve the expected wide
band input impedance results from the simulation at low frequency band. For the high-
frequency band, there are some differences. However, the overall trends is the same considering
the error that could be present due to the use of a substrate not supporting this high frequency,

the exclusion of the SMA from the simulation, and the accuracy and setup of the measurement
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in the high frequency chamber that we did not have control over. The measurements for the
high frequency band were performed at Sichuan University and Tsinghua University, while the
measurements for the lower frequency band use the facility of Colorado School of Mines.

The antenna proposed in this chapter has a smaller size, and has obvious advantages
compared with other antennas proposed in [36] and [37] for this same lower 5G band.
Furthermore, the antenna has good potential to operate at both 5G low-frequency and high-
frequency working bands, which solves the problem of using multiple different antennas for
different working frequency bands. The antenna has relatively constant radiation characteristics

at low frequencies.
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Figure 3.14: Simulated radiation pattern at 3.3 GHz.
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Figure 3.15: Simulated radiation pattern at 3.9 GHz
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Figure 3.16: Simulated radiation pattern at 28 GHz.
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Figure 3.17: Simulated radiation pattern at 33 GHz.
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CHAPTER 4
DESIGN OF ANTENNA ARRAY

4.1 Introduction

In recent years, due to the development of millimeter-wave and broadband technology, its
own advantages such as high transmission rate and low power spectral density have made its
application widely concerned, and significant development has been observed in less than ten
years. A large amount of research work mainly focuses on how to achieve the miniaturization,
wideband, and stable far-field characteristics. Because the communication system often
encounters the phenomenon of multipath fading in the communication process, the receiving
end will therefore receive multiple sets of signals with different delays, which will lead to the
decrease of the overall gain of the system and the transmission rate. This is mainly because the
electromagnetic waves propagate through different paths, the time for each component field to
arrive at the receiving end is different, and the phases are superimposed on each other to cause
interference, so that the original signal is distorted or an error occurs. Thus, using multiple-
input multiple-output (MIMO) technology can effectively increase system gain. MIMO
technology was first proposed by Marconi in 1908 [38]. It uses a structure of multiple antennas
at the transmitting end and at the receiving terminal. Using this arrangement can greatly
suppress the fading of the channel in the communication process, thereby improving the system
channel capacity and increasing the coverage of the signal and the transmission rate of the
channel. In the 1970s, it was proposed that this system can be used in communication networks.
MIMO technology is a huge breakthrough in the field of wireless communications. In 2011,
many companies developed WIFI or WIMAX commercial systems based on MIMO technology.
In 2012, all 4G communication system standards (such as TD.LTE, LET.A, WIMAX, etc.) have
selected MIMO [39—41] technology as one of its key technologies. The MIMO antenna uses
multiple antennas at both the transmitting end and the receiving end. The transmission
information stream passes through” space-time coding” to form Xn information sub-streams.

The Xn sub-streams are sent to the channel at the same time, and each transmitted signal
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occupies the same frequency band, so the system bandwidth is not increased. If the channel
response of each transmitting and receiving antenna is independent, the multiple-input multiple-
output system can create multiple parallel spatial channels. By transmitting information
independently through these parallel spatial channels, the data rate will inevitably be increased.
Thus, the study of an array of antenna can be considered as a larger scale of few multiple
antennas in a MIMO system. This array can be at either the transmitting or the receiving end.
Compared to what can be achieved with a single element, an antenna array can achieve higher
gain (directivity), that is, a narrower radio beam. Generally, the larger the number of individual
antenna elements used, the higher the gain and the narrower the radiated beam.

In this chapter, in order to improve the directivity and practicability of the designed antenna,
an antenna array is investigated. The array is designed based on the antenna element designed
in the previous chapter. An antenna array working in the 5G low frequency band is designed
using computer simulations. The array has a compact structure and stable radiation
characteristics in the working frequency range, which meets the requirements of 5G

communications.
4.2 Design of Antenna Array Based on Arrow Patch-slot Antenna Element

The unit structure of the antenna is the structure designed in the previous chapter. First, a 5-
elements linear antenna array along the x-axis is designed as shown in Figure 4.1. The antenna
elements are separated by one-half of a wavelength or less at 3.7 GHz. When the array element
spacing is greater than half a wavelength, grating lobes appear and therefore, our design is
limiting the separation between the centers of the elements to less than half wavelength. In order
to demonstrate the potential of this element in building phased array base station antennas with
miniaturization and broadband capabilities, the linear array was also simulated using 15-
elements as shown in Figure 4.2. The simulation is performed using the two independent
software packages HFSS and CEMS for verification of the simulation results and because of
the suitability (computer resources and simulation time required by each) of each package to

the configuration to be studied.
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4.2.1 Theoretical basis of antenna array

As shown in Fig. 4-1, assume that the array element spacing of the linear array along the x axis
is d, the number of array elements is N, and the beam pointing angle is 6. The wave path difference

is then dsin@, 2dsin6, ..., ndsin. The array factor according to the superposition principle is:

AFjinear(0,9) = Yn—y ay, - e (Pntlcdmnsing) 4.1
AB(6,) = —kd - sin 8, (4.2)
B(6y) = —kd -n-sinf, (4.3)

sin(g-k-d-(sin 6-sin6y))
k-d-(sin 6—sin 6¢)
2

sin( )

|AFlinear (9' 90)' = 4.4)

where k is the wave number, 6y is the desired scanned angle in the x-z plane.
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Figure 4.1: Configuration of a linear of 5-elements using CEMS.

C —
0 150 300 (mem)

Figure 4.2: Configuration of a linear array of 15-elements using HFSS.
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4.2.2 Basic structure configuration and parameter analysis of antenna array

Base stations antennas of many of our cellular wireless systems [42, 43] and PCS [44, 45]
systems consist of line arrays. In communication systems, especially in a point-to-point
communication system, the antenna is required to have relatively strong directivity, that is, the
antenna can concentrate most of the energy to radiate in a predetermined direction. As the length
of the array increases, the main lobe of its pattern becomes narrower. The directivity will be
better, but when the electrical length between the centers of the elements is greater than half
wavelength of the operating frequency, grating lobes appear, and becomes larger than the main
lobe. In the antenna array, the radiation direction, gain, isolation and return loss are important
indicators. In the design of this antenna array, first we consider the return loss, because the
working frequency suitable for 5G is our goal, and then we need to ensure that the coupling
between elements is in the order of at least -20 dB at the desired operating frequency by first
adjusting the spacing between the array elements to have good isolation. However, the spacing
also affects the antenna gain. Hence the antenna array is simulated and optimized numerically

to have better gain and scanning range without grating lobes.

4.2.3 Analysis of simulation results of antenna array

When the antenna is simulated using CEMS the reflection coefficient of the linear array at
port 3, the center element in the 1 x 5 array, is shown in Figure 4.3. Due to the symmetrical
property of the linear array displacement along x direction, the S-parameter results of port 4 and
5 have the same performance as the results of port 2 and 1, respectively.

The results in Fig. 4.3 show that the designed 5-elements linear array supports the operation
in the sub-6GHz bands while maintaining coupling among the elements in the order or less than

-20 dB.
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Figure 4.3: S parameter at roots for the 1 x 5 linear arrays.

Through antenna array equations (4.1) - (4.3), we get the excitation phase for the required
main beam scanned direction. Figs. 4.4 to 4.6 show the radiation of the antenna for different
excitations defined in Tables 4.1 and 4.2. The excitation phase (degree) and relative excitation
phase (degree) are calculated for 0°, 30°, 45° scanned beam. It is obvious that 5 elements are not

sufficient to produce a scanned beam beyond 30° degrees without having large side lobes that

are comparable to the main lobe level.

Table 4.1: Excitation setting for (30" scanned beam)

Element number | Excitation Amplitude| Excitation = Phase | Relative Excitation
(degree) (degree) Phase (degree)
n=1 1 260.1 200
n=2 1 160.2 100
n=3 1 60.3 0
n=4 1 320.4 260
n=5 1 220.5 160
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Table 4.2: Excitation setting for (45° scanned beam)

Element number | Excitation Amplitude| Excitation  Phase | Relative Excitation
(degree) (degree) Phase (degree)
n=1 1 218.72 282
n=2 1 77.44 141
n=3 1 296.16 0
n=4 1 154.88 228
n=5 1 13.60 77
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Figure 4.4: 5 elements liner array gain pattern at 3.7 GHz, uniform excitation with 0> main beam
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Figure 4.5: 5 elements liner array gain pattern at 3.7 GHz with uniform excitation and 30° main
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Figure 4.6: 5 elements liner array gain pattern at 3.7 GHz with uniform excitation and 45° main
beam directions.

As the number of components in a linear array configuration increases, higher gains and
larger scanning ranges can be obtained without significant reductions in S-parameters or far
field characteristics. Good element-to-element isolation was observed, and the scanning ability
of more elements could be predicted. To pursue better directivity and gain, the number of
antenna elements is increased to 15 elements with a total array size smaller than 8.31A (66.5cm)
at 3.7 GHz. The simulated S parameters of the 1 x 15 linear arrays at the center port (port 8) are
shown in Fig. 4.7. From this figure, the antenna input reflection at port 8 is less than -10 dB,
and the strongest coupling between ports 8 and 7 is in the order of -19 dB, at operating frequency
of 3.7 GHz.

The relationship between the excitation phase at each element for the 45° and 60" scanned
beams is listed in Table 4.3 and 4.4. The simulated gain pattern of 1 x 15 linear arrays is shown
in Figs 4.8 to 4.10 at 3.7GHz for 0°, 45°, 60° scanned beam. It is obvious here that the 45" is
yielding a better pattern than the one with the 5 elements, while the 60° case requires more

elements to avoid the resulting large side lobe level.
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Figure 4.7: S parameters at port 8 of a 15-element linear array using HFSS.

Table 4.3: Excitation setting for 45° scanned beam

Element number | Excitation Amplitude | Excitation Phase Relative Excitation
(degree) (degree) Phase (degree)

n=1 1 218.72 268.96
n=2 1 77.44 127.68

n=3 1 296.16 346.4

n= 1 154.88 205.12

n=5 1 13.60 63.84

n=6 1 232.32 282.56
n=7 1 91.04 141.28

n=38 1 309.76 0

n=9 1 168.48 218.72
n=10 1 27.20 77.44
n=11 1 245.92 296.16
n=12 1 104.64 154.88
n=13 1 323.36 13.6
n=14 1 182.08 232.32
n=15 1 40.80 91.04
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Table 4.4: Excitation setting for 60° scanned beam

Element number Excitation Amplitude | Excitation  Phase Relative Excitation
(degree) (degree) Phase (degree)

n=1 1 186.97 131.22
n=2 1 13.94 318.19
n=3 1 200.90 145.15
n=4 1 27.87 332.12
n=>5 1 214.84 159.09
n=6 1 41.81 346.06
n= 1 228.78 273.03
n=8 1 55.75 0

n=9 1 242.71 186.96
n=10 1 69.68 13.93
n=11 1 256.65 200.9
n=12 1 83.62 27.87
n=13 1 270.59 214.84
n=14 1 97.55 41.80
n=15 1 284.52 228.77
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(a) 3D gain pattern (b) Gain pattern in xz-plane

Figure 4.8: 15 elements liner array Gain Pattern at 3.7 GHz, uniform excitation with 0" main
beam directions
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Figure 4.9: 15 elements liner array gain pattern at 3.7 GHz with uniform excitation and 45° main
beam directions.
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Figure 4.10: 15 elements liner array gain pattern at 3.7 GHz with uniform excitation and 60°
main beam directions.
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Finally, the gains of different excitation setting and number of elements in the array can be
seen in Table 4.3. In general, the increase in gain mainly depends on reducing the width of the
main radiating lobe in the x-z plane while maintaining the omnidirectional radiation
performance on the y-z plane. Increasing the gain can increase the range coverage of the
network in a certain direction. The antenna gain of the GSM directional base station is usually

in the order of 18dBi.

Table 4.5: Broadside gain at 3.7 GHz

Element numbers (N) Main Beam Direction (degree) Gain (dBi)
N=1 0 3.8
N=5 0 10.9
N=5 30 9.4
N=15 0 16
N=15 45 12.4

4.3 Chapter Summary

In this chapter, 5-elements and 15 elements linear arrays are designed based on the previous
unit antenna element to increase the gain for operation in the low band of the 5G at 3.7 GHz.
The coupling, gain, and scanning features are simulated and presented, slowing good

performance for base station antenna applications.
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CHAPTER 5

CONCLUSIONS AND OUTLOOK

5.1 Summary

Based on the design principle of a microstrip patch antenna, a multi-band antenna based on
a patch-slot combination for 5G equipment is proposed. This thesis introduces an arrow patch-
slot antenna design operating at the 5G low and high frequency bands at the same time. The
design is based on coplanar waveguide feeding structure. This research mainly revolves around
the antenna’s structure and its function characteristics. Because the performance of the antenna
obtained by simulation is good and the structure is not complicated, a prototype of the antenna
is manufactured and measured. Measurements were conducted whenever the facilities are
available and good comparison is obtained, especially in the low frequency band of the 5G
operating frequencies. From the final measurement results, the bandwidth of the antenna is 2.9
— 5.9 GHz, which fully includes the low-frequency licensed for 5G in the US. In the meantime,
the antenna’s high-frequency 24 — 40GHz also includes the 5G high- frequency standard, so the
antenna can simultaneously act on multiple 5G frequency bands. The antenna radiation
performance can also be seen from the simulation results. At low frequencies, the antenna has
good and stable gain, good directivity and omnidirectional characteristics in two orthogonal

planes.

In order to meet the antenna directivity requirements of base stations, antenna array
configurations were considered. Based on the single antenna element design. Two linear arrays
were designed, and the simulation results were obtained. Good element-to-element isolation
was observed, and the scanning capabilities of the linear array was demonstrated through

numerical simulations.
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5.2 Future Work

Further research can focus on the directionality of the antenna element. For this a suggested
cavity backed configuration is proposed as shown in Fig. 5.1. The bottom of the cavity is a
rectangle with dimensions of 11.51 mm by 10.88 mm. The resulting S;; curve using HFSS and

CST is shown in Figure 5.2. Good match is observed for the 5G low band operation.

Figure 5.1: Cavity backed arrowhead slot antenna for unidirectional radiation pattern.
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Figure 5.2: S11 of cavity backed arrowhead slot antenna.
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Additionally, the extension of the linear array to two-dimensional array would be useful to

study the possibility of implementing two-dimensional electronically beam scanning feature.
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