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ABSTRACT

5G MM-WAVE BAND BASE STATION ANTENNA DESIGN

5G mobile communication is an indispensable technology due to immense usage scenarios
it provides. Unlike other generations, the 5G communication network utilizes a wide
variety of operating frequencies. In 5G base stations, there is a requirement for an ultra-
wide band antenna that covers all of the operating frequency bands n257, n258, n261
(24.25-29.5 GHz). In this study, 45° linear slant polarized antenna design is aimed.

Antenna is radiating from the slots with a cavity structure behind. The unit antenna gain is

over 14 dBi with gain variation +0.5 dB throughout the band. Impedance match |811| is less

than -15 dB.

Firstly, +45° linear slant polarized 2x2 aperture, cavity-back, air-gap waveguide fed unit
antenna was designed. In order to improve the antenna’s gain, groove and stub have been
applied to the surface of the antenna. Instead of using a rectangular feed aperture, which is
the traditional method in the transition from the waveguide to the cavity, ian hourglass
sturcture is used to improve imedance match. Waveguide dimensions at the feed part of the
antenna are designed to be the same as the WR34 standard waveguide. The WR34 adapter
is externally attached to the antenna. In the second and third antennas, two unit antennas
are combined and the polarization windows are adjusted to be 2x4 apertures with linear
slant polarization of +45° and -45°. The power divider structure has been designed and
optimized for a perfectly compatible transition so that the unit antennas can be fed in equal

amplitude and in-phase. Antennas are produced in parts from Aluminum material in CNC.

To be placed on the base station, the second and third antennas were combined on a single

structure and the fourth antenna structure with +45° slant polarization was designed.

All antennas have |511|<_15 dB value, +0.5 dB gain variation, +2.5° half power beam

width deviation value in 5G mmWave operating region. As a result, the antenna structures

developed are appropriate for usage in 5G base stations.
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OZET

5G MM-DALGA BANDI BAZ iISTASYONU TASARIMI

5G mobil iletisim, sundugu genis kullanim senaryolar1 nedeniyle vazgecilmez bir
teknolojidir. Diger nesillerin aksine, 5G iletisim ag1 c¢ok cesitli ¢alisma frekanslarini
kullanir. 5G baz istasyonlarinda, n257, n258, n261 (24.25-29.5 GHz) tiim calisma frekans
bantlarini kapsayan ultra genis bantli bir anten gereksinimi vardir. Bu ¢alismada, 45° lineer
egik polarize anten tasarimi amacglanmistir. Anten, arkasinda kative yapisi bulunan

acikliklardan 1s1ma yapmaktadir. Birim anten kazanci, bant boyunca +0.5 dB kazang

degisimi ile 14 dBi'nin {izerindedir. Empedans uyumu |S,,| -15 dB'den azdur.

Ik olarak +45° lineer egik polarize 2x2 aciklikli arkasi kaviteli, hava bosluklu dalga
kilavuzu beslemeli birim anten tasarlanmistir. Antenlerin kazancini arttirmak ic¢in antenin
yiizeyine oluk ve kiitik yapilari uygulanmistir. Dalga kilavuzundan kaviteye gegiste
geleneksel yontem olan dikddrtgen besleme aciklig1 yerine, emedans uyumunu iyilestirmek
icin kum saati yapisi kullanilmistir. Antenin besleme kismindaki dalga kilavuzu boyutlari,
WR34 standart dalga kilavuzu ile ayn1 olacak sekilde tasarlanmistir. WR34 adaptor antene
harici olarak takilmustir. Ikinci ve {iciincii antenlerde, iki birim anten birlestirilmis ve
polarizasyon pencereleri +45° ve -45° lineer egik polarizasyon ile 2x4 agiklik olacak
sekilde ayarlanmistir. Gii¢ boliicii yapisi, iinite antenlerinin esit genlikte ve ayni fazda
beslenebilmesi i¢in miikkemmel uyumlu bir gecis icin tasarlanmis ve optimize edilmistir.
Antenler CNC de Aliiminyum malzemeden pargalar halinde iiretilmektedir. Baz istasyonu
izerine yerlestirilmek tizere ikinci ve {igiincii antenler tek bir yapi tizerinde birlestirilmis ve

+45° egik polarizasyonlu dordiincii anten yapisi tasarlanmastir.

Tiim antenler 5G mmDalga ¢alisma bdlgesinde, 311| <-15dB degerine, +0.5 dB kazang

degisimine, +2.5° yarim gii¢ 151ma genisliginde sapma degerine sahiptir. Sonug¢ olarak,

gelistirilen anten yapilar1 5G baz istasyonlarinda kullanilmaya uygundur.
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1. INTRODUCTION

The first generation mobile communication network (1G) has been replaced every ten
years since its inception in the 1980s. The evolution of network of mobile phones
generation is depicted in Figure 1.1 below. Users of the 1% generation (1G) could only
make voice calls through analog signals, with a maximum speed of 2.4 Kbps. Analog
signals were replaced by digital signals in the 2" generation (2G). This generation's
primary goal is to create a secure and dependable communication connection. In this
generation, CDMA and GSM principles have been incorporated. Small data service such as
sms and mms started to be provided. Voice data has been transmitted using digital signals
in 2G cellular communication, and the channel speed has increased to 64 kbps. For duplex
communication, GSM uses two bands of frequencies: 890-915 MHz and 935-960 MHz.
These band gaps were filled using 124 channels[1]. With the transition to the third
generation, requirements for broadband communication, IP-based services, high-speed data
transfer, and multimedia communication were developed. In 3 generation (3G) systems,
data transfer rates range from 125 Kbps to 5 Mbps. Data transfer rates have grown tenfold
since the switch to the fourth generation. Effective spectrum usage, large network capacity,
smooth transition to multiple generation networks, high-density multimedia support, and
an entirely packet-based (IP) architecture are all available with 4™ generation (4G)

technology.

éﬂ 0 & &.
771G T 2G ¢ 3G I 156G

Analog signal | Digital signal | Mobile Data] Mobile Data High Speed data
Vonce call onlyi SMS & MMS Broadband loT, ..

» ‘,ﬂ; |
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Figure 1.1. Evolution of mobile network generations [2]




One of the game changing technology is 5 Generation (5G) New Radio(NR) in mobile
communication industry. 5G provides great conectivity between people and machine,
between machine and machine. It brings low latency in order to be used at smart
healthcare, connected vehicle, smart grid, factory automation, home broadband, UHD
video, and smart city applications. In order to give better service quality, 5G networks
require ten to hundred times faster data speeds and thousand times larger capacity. High

data rates are expected, with no latency and reliable connectivity regardless of location.

However antennas are the key elements for 5G network. Considering 5G network
properties and to support all bands, antennas must adopt application scenarios. 3G and 4G
antennas have fixed patterns and directivity, however 5G antennas have beamforming
ability in order to use time and frequency sources efficiently. High precision beamforming
is critical for 5G antennas, because accurate coverage of network depends on it. Main
beam should be focused on desired areas and radiation should be minimized in nondesired
coverage areas. It is necessary for increasing spectral and spatial efficiency. Antenna
should have low loss property, to increase coverage depth with the same radiated power.

Possible 5G network structure is given in Figure 1.2 below.
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Figure 1.2. Possible 5G network connections [3]

Despite the International Telecommunication Unions' (ITU) World Radiocommunication
Conference in 2015 defining frequency bands below 6 GHz for 5G, it was unclear until

mid-2018 which millimeter frequency bands would be allocated for 5G backhaul links in



order to meet 5G expectations where large bandwidths are required. Aside from the
massive bandwidths, another advantage of mm-wave frequency bands is that some of them
are unlicensed or minimally licensed, saving operators cost. Furthermore, mm-wave
frequency bands have a higher rate of air attenuation than sub-millimeter wave frequency
bands. Although this may appear to be a disadvantage, high attenuation allows for close
frequency re-use while avoiding interferences, which is one of the mm-wave deployment
choices for dense urban networks (small cells). The European Telecommunications
Standards Institute (ETSI) and the Federal Communications Commission (FCC) have
recently focused their attention on mm-wave frequency bands as possible solutions for 5G
backhauling. These bands are main candidates for 5G mmWave frequencies: n257 (26.5 —
29.5 GHz), n258 (24.25 — 27.5 GHz), n260 (37-40 GHz), n261 (27.5 — 28.35 GHz), 42
GHz (40.5 — 43.5 GHz), V-Band (ETSI:57 - 66 GHz, FCC: 57-71 GHz) and E-Band (71-
76 GHz & 81-86 GHz) [3]. The designs were primarily focused on the lowest mmWave
frequency bands in this thesis. Because the purpose is to provide connection between the
users and the base station, these bands have been targeted. As a result, the antenna to be
developed is expected to have a high unit antenna gain. A high gain antenna also means a
narrow beam radiation pattern, which allows the antenna to avoid interference. The
antenna must have a small form factor and be affordable in order to meet client

expectations.

1.1. GOALSOF THIS STUDY

Fifth-generation (5G) communication technologies and beyond have become critical to
many applications as the demand for higher bandwidth and mobile connection grows. 5G
systems that target millimeter wave (mm-wave) bands, in particular, have demanding base
station antenna (BSA) requirements [4]. In the millimeter wave range covering 24.25GHz
to 29.5GHz, the BSA must be beam steerable and beam programmable [5]. Wideband and
high gain unit elements (UE’s) with 45° linear slant polarization are required for such
antennas [6-7]. Microstrip antennas on low-loss substrates with limited bandwidth and
lower efficiency due to dielectric loss have been proposed to meet BSA standards [8-9].
The use of a substrate integrated waveguide (SIW) helps reduce feed network loss,
however large bandwidth is challenging to achieve using SIW technology. Depending on

the antenna design, traditional waveguides with air dielectric in the form of antenna feed



and radiation element can overcome these challenges at the cost of increased size and
manufacturing complexity [10-11]. The majority of BSAs are outdoor units, thus size isn't
normally an issue. As a result, waveguide-fed antenna arrays may be an excellent match
for these purposes. The use of sophisticated ridge waveguide technology to improve the
bandwidth of a waveguide antenna array for the 5G millimeter wave spectrum was

proposed in [12]. The described design was able to cover the intended 5G millimeter band
with an impedance bandwidth of |S,,|<-10 dB. Most BSA systems, on the other hand,

require at least a -14 dB impedance match to reduce reflected power and maximize overall

system efficiency, when output power is just as important as bandwidth consumption [13].

To meet the coverage requirements of a typical mmwave 5G BSA, numerous small beams
may be required at the antenna. Due to antenna efficiency, a separate beamforming
network (BFN) with each antenna element connected to it through a short transmission line
for proper phase and amplitude would be preferable to BFN integrated antenna arrays. To
boost channel capacity and coverage, 5G uses multiple-input multiple-output (MIMO)
technology in addition to beamforming. The purpose of this research is to develop a 2x2
slotted array UE that can be stacked vertically or horizontally to form an antenna array,
with each UE controlled by BFN or operated independently in a MIMO environment.
Then, using this unit element, it is aimed to design a 2x4 slotted array cavity backed
waveguide dual antenna with +45° and -45° polarization. Finally, dual antennas with
different polarizations were combined on a single structure and transformed into a
transceiver BSA structure with polarization diversity. Due to separate BFN, we aim to
maintain at least 14 dB match (VSWR < 1.5) to minimize standing wave ratio between the
BFN and the UE. The transition from waveguide to feed-cavity, cavity iris, slot
orientations, and shapes have all been adjusted for optimal performance. The proposed

antennas are manufactured and their performance have been measured.

1.2. OUTLINE OF THE THESIS

This thesis consists of five chapters.

In Chapter 1, the evolution and stages of mobile communication are explained. It is
mentioned which frequency bands are included in the 5G frequency planning and their



infrastructure. The purpose and characteristics of the mm wave antenna to be utilized in the
base station are discussed in Section 1.1. It is mentioned that +45° slant polarized 2x2 slot
cavity backed waveguide unit antenna is designed for 5G base station systems and +45°
and -45° 2x4 slot cavity backed waveguide dual antenna is designed using this UE. In

addition to these, the result values of these antennas are mentioned.

The antenna's functional mechanism and general characteristics are described in Chapter 2.
The concepts of beamwidth, radiation patterns, beam area, radiation intensity, antenna
efficiency, directivity, gain, near and far field, antenna polarization, antenna array and

waveguide are examined.
In Chapter 3, the family of directly fed antenna arrays are examined.

In Chapter 4, antennas, which are the subject and purpose of this thesis, are explained. In
Section 4.1, firstly, the design of the +45° slant polarized 2x2 slotted cavity backed
waveguide antenna is explained in detail. The target criteria for this unit antenna are stated
at the beginning. Then, the gain, reflection coefficient and HPBW results were compared
with the values obtained in the measurements and simulations. A comparison with other
researches is presented at the end of this section. At the end of this section, measurement
and simulation graphs of copol and cross-pol graphs in azimuth and elevation planes
between 22 — 31 GHz are given. In Section 4.2, two different dual array antenna structures
with 2x4 slots +45° and -45° slant polarized are designed using UE. A power splitter
structure is designed to combine two unit antennas and to feed the structure from the
center. The signal is split equally in amplitude and phase and delivered to the antennas via
the splitter. The results of measurement and simulation are compared, just as in the unit
antenna. In section 4.3, polarization diversity is achieved by combining +45° and -45° slant
polarized 2x4 dual antennas on a single metal surface, and a base station antenna with two
ports that are well separated from one other is developed. Reflection coefficient, gain and
HPBW values are given comparatively. Radiation patterns are extracted in the azimuth and

elevation planes for +45° and -45° slant polarization values.

In Chapter 5 the results of the study are summarized. In Section 5.1, the image of the
scenario to be established in the future is given. The antenna designed in Section 5.1 is
radially distributed 360 degrees at 45° intervals. It is considered to strengthen or weaken in

the desired directions by placing the BFN structure in the center of these eight antennas.



2. ANTENNA PARAMETERS

An antenna is a converter that converts electrical signals from wired to wireless and vice
versa. Antennas can be used as both transmitter and receiver due to the equivalence
principle. In two-way communication, one antenna can be used for both transmit and
receive operations. Today, there are many types of antennas according to the purpose they
are used for. The antenna studies that will be proposed in this thesis will be aimed at

fulfilling the functions of 5G base station antennas in the mm-waveband.

Figure 2.1 depicts the transmitting and receiving antenna'’s radiation process. Time-varying
electrical signals from the source proceed along the transmission line and reach the
external environment after passing through the tapered transition structure. Planar waves
in empty space coming from the far field are transmitted to the receiver structure by
advancing along the transmission line by inducing current on the tapered transition

structure in the figure.
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Figure 2.1. Radiation mechanism in the antenna [14]

The equivalent circuit of this structure can be expressed with resistors, inductors and

capacitors.

2.1. BANDWIDTH

One of an antenna's most important properties is its bandwidth. An antenna's bandwidth

refers to the frequency range it can cover. It meets certain criteria such as radiation pattern,



directivity, gain, and VSWR. In most cases, bandwidth is measured in terms of VSWR.
This bandwidth characteristic is known as impedance bandwidth. A 2:1 VSWR is typically
used, which means that a VSWR of less than 2 is chosen for bandwidth operations. The
values of antenna parameters can be changed based on the operating frequency in its
bandwidth. Fractional Bandwidth is another way to describe an antenna (FBW). The

Fractional Bandwidth is calculated by dividing the bandwidth by the center frequency.

2.2. RADIATION PATTERNS

A radiation pattern is a graphical representation of the antenna's radiating properties as a
function of space coordinates. In general, the far field is where the radiation pattern is
defined. Radiation characteristics include phase, polarization, directivity, radiation
intensity, field strength, and power flux density. The three-dimensional spatial distribution
of radiated power as a function of observer position along a path or surface of constant
radius is the most necessary feature of radiation. Figure 2.2 shows the antenna analysis

coordinate system.

dA = r?sin 0 d0 d¢

Elevation plane
.\1.]]1)[

lobe —
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Figure 2.2. The coordinate system for antenna analysis [14]

A constant-radius trace of the electric field is the amplitude field pattern. An amplitude

power pattern is a graph that illustrates the spatial fluctuation of the power density along a



constant radius. Power and field patterns are typically standardized at their maximum
value, resulting in power patterns and normalized field. Typically, the power pattern is
represented on a logarithmic scale or in dB. We get a normalized or relative field pattern

with dimensionless by dividing a field component by its greatest value

£,(0.9)

Ea(e'¢)n - 59(9»¢)

(2.1)

max

The field pattern shape is independent of distance at large distances. The patterns are
mostly for far-field situation. The E- and H-plane patterns are commonly used to describe a
linearly polarized antenna's performance. The E-plane contains the electric field vector and
also the highest radiation direction, whereas the H-plane contains the magnetic field vector
as well as the greatest radiation direction. Figure 2.3. depicts an illustration. The xoz plane

(elevation plane; ¢ =0) is the main E-plane in this case, whereas the the xoy plane is the

primary H-plane (azimuthal plane; 8 = /2).
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Figure 2.3. A pyramidal horn antenna’s main H and E plane patterns [14]



2.3. BEAM AREA

As illustrated in Figure 2.4, dA is an incremental area on the surface of a sphere in polar

two-dimensional coordinates, rd@ is the product of the length in the & direction (latitude)

and rsin@dg in the ¢ direction (longitude). Hence dA=(rdé)(rsinddg)=r?dQ, where

dQ is the measurement of a solid angle in steradians (sr).

\——— Area dA = r< sin 6 df d¢

— \¢ \ = r2dQ, where
,£ RS \ % d() = solid angle
il — \E \ ;
; [ \S. | = sin#dodd
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Figure 2.4. The beam area [14]

An antenna's beam area, also known as the beam solid angle or Q,, is the area of the

antenna's beam. The summation of the normalized power pattern across a sphere(4x sr)

yields Figure 2.5.
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Figure 2.5. The normalized power pattern [14]

¢=27 O=r

Q= j j P, (6,4)sin0dod (2.2)
¢=0 6=0
And
2,=[[£(0.9)d0 (2:3)

2.4. RADIATION INTENSITY

Radiation intensity is the amount of power radiated by an antenna per unit solid angle. The
normalized power pattern is the ratio of the radiation intensity U (6’,¢) as just a function

of angle to its highest value. Thus,

__U(99)
U(0.9)

max

P (0,9) (2.4)
The intensity of the radiation, U , is unaffected by distance.

2.5. ANTENNA EFFICIENCY

Losses at the input terminals and within the antenna construction must be taken into

account. Reflections from mismatch and I2R losses might create such losses.
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eO = ereced (25)

where e, represents overall efficiency, e, represents reflection efficiency, e, represents

conduction efficiency, and e, represents dielectric efficiency. They are all dimensionless.
2.6. DIRECTIVITY

The ratio of an antenna's highest power density P(€,¢))max (watts/m2) to its average value

over a sphere as measured in the far field is known as its directivity. As a result, pattern
directivity is
_F(09)

max (2l 6)

o= P(6,9)

av

The following formula is used to compute the average power density of a sphere,

¢=27 O=r

1 .
P(6,¢) - JO QIOP(0,¢)sm6?d9d¢ 2.7)
_ 1
= EP(M)dQ (2.8)
As a result, the beam area's directivity
po__ A 47

[I£.(0.0)ac <, ¢9
4

2.7. GAIN

Because of the antenna’'s ohmic losses, an antenna's gain G is a real or realized value less
than its directivity D. The antenna construction heats up as a result of these losses. A
mismatch in the antenna’s feed might also lower gain. The gain-to-directivity ratio is the

antenna efficiency factor.
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G=eD (2.10)

In actuality, G is always smaller than D.

2.8. NEARFIELD FAR FIELD

There are two primary zones in the fields surrounding an antenna: the near field (Fresnel
zone), which is close to the antenna, and the far field (Fraunhofer zone), which is further

away. The radius of the boundary between the two can be freely chosen

R=22 (2.11)

where L is the antenna’s maximum dimension in meters and 4 is the wavelength. In the far
field, the field pattern's geometry is unaffected by distance. The longitudinal component of
the electric field may be significant in the near or Fresnel zone, and the power flow isn't
totally radial. The distance generally determines the form of the field pattern in the near
field.

2.9. ANTENNA POLARIZATION

The antenna’s polarization in a specific direction is defined as the polarization of the wave
transmitted by the antenna in that direction. Polarization of a radiated wave is a feature of
an electromagnetic wave that describes the time-varying direction and relative amplitude

of the electric-field vector.

The three forms of polarization are linear, circular, and elliptical polarization. The field is
said to be linearly polarized if the vector that characterizes the electric field as a function of
time at a particular point in space is always orientated down a line.The electric field, in
general, follows an ellipse and is referred to be elliptically polarized. Linear and circular
polarizations are two types of elliptical polarizations that result from transforming an
ellipse into a straight line or a circle, respectively. It is possible to track the electric field in

either a clockwise or counterclockwise manner. The rotation of the electric-field vector
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clockwise is referred to as right-hand polarization, whereas the rotation clockwise is

referred to as left-hand polarization.

2.10. ANTENNA ARRAY

An antenna array is a radiating system with several antennas placed correctly to produce
greater field strength at a great distance from the radiating system by combining radiations
from all of the antennas in the system at a single location. The vector sum of the fields
produced by the array's individual antennas produces the total field produced by an antenna
array at a considerable distance. The component elements of an antenna array are referred

to as elements.

The elements of an antenna array are considered to be linear if they are equally spaced
along a straight line. A uniform linear array is one in which all of the elements in a linear
antenna array are supplied with the same amplitude current and have a uniform phase shift

along the line.

Some of the most prevalent array types include End Fire Array, Broadside Array, Parasitic

Array, and Collinear Array.

A broadside array is made up of a series of identical antennas arranged in a straight line.
The axis of each antenna is perpendicular to this straight line. The axis of an antenna array
is what it's called. As a result, each element is perpendicular to the antenna array's axis.

Individual antennas are uniformly spaced along the axis of the antenna array.

The end fire array is fairly similar to the broadside array in terms of setup. However, the
most significant distinction is in the direction of maximal radiation. In a broadside array,
maximum radiation is perpendicular to the array's axis, whereas maximum radiation in an

end fire array is parallel to the array's axis.

Thus, an end fire array can be described as one in which the highest radiation direction

corresponds with the array's axis, resulting in unidirectional radiation.

Individual elements of the collinear array are supplied with identical-sized and phase
currents. The broadside array is analogous to this condition. The maximum radiation
direction in a collinear array is perpendicular to the array's axis. The collinear and
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broadside arrays have similar radiation patterns, however the collinear array's radiation
pattern has circular symmetry, with the main lobe perpendicular to the primary axis
everywhere. As a result, the omnidirectional or broadcast array is also known as a collinear

array.
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Figure 2.6. Array distribution [14]

The electric field produced by an element at a given point is given by,

. 2
E =M{ jﬂ_}»/ﬂfo (2.12)

0
47m)80 r

Since the separation distance d between any two array components is quite small

compared to the radial distances between point O and point P, P, ...P, ,, we can assume

r,, I, r._, are approximately same.

Because r, and r, are not exactly the same, the electric field produced at point O by an

element P, will differ. As a result, the electric field caused by P, is given by,

. 2
5 _ldLsin® JLA (2.13)
V' 4awe r
0 1
r,=r,—dcos¢ (2.14)

Hence,



' dnwe,

i

E = IdLsmﬂ{ ,ﬂz j|e—/'ﬂ(r0—dcos¢)

_ jBcosg
E1 = Eoe

For similar line electric fields at O point,

E,= IdLsin@
47ra)50 |

£ - IdLsin@|
47ra)go |

2

By substituting E, the equation becomes

Similarly

7/‘ﬂrz

e—/‘ﬂr(rl—dcosqﬁ)

_ jBdcosg
E = Ele

_ 2jpdcos¢
E,=Ege

n

E :E e/(n—l)ﬂdcos¢
-1 0

The total electric field at O location is then calculated,

When the £d cos¢ = is written, the above equation becomes,

ET =E0 +JL~"1 +E2...+En

' ' (n-1)pd
B, =E,+E," 4+ P10 o 4 o)

_ v 2jy J(n-1)y
ET_E0+E0e +Eoe +...+Eoe

1

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)
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Considering the series by p=1+r+r>+r’+..+r"" Where r=e" and by multiplying

the following equation by (1— r) on both sides and simplifying, we obtain

E, becomes

(2.23)
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1-e™
E, =E{ T } (2.24)
By simplifying
e e (3]
i(n-1)=
Br o (2.25)
EO

The phase shift, as well as the magnitudes of the electric fields, are represented by the

sin[mﬂ]
2
= (2.26)

sin v
ny

In order to find minima, the above equation should be zero, then 7:im;r , in here

exponential term in the equation above.

T

E

0

w = pd cos¢ , therefore

(2.27)

2.11. WAVEGUIDE

Waveguides are metal pipes through which electromagnetic waves can travel above a
certain frequency. Waveguides are used in satellite applications because of their
advantages such as low loss, durability and carrying high power. It is not preferred much in
low frequency applications due to its size. However, they are often used in the 6-140 GHz
range as they are smaller in size. There are many different waveguide structures in the

literature, the most commonly used are rectangular and circular waveguides. Figure 2.7
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shows the standard rectangular waveguide structure. The waveguide's long side (a) and
short side (b) determine the operating frequency of the waveguide. Depending on the
frequency to be worked with, standard waveguides are produced commercially in the

market.

y A

g N

Figure 2.7. Rectangular waveguide [14]

The rectangular waveguide is the basic waveguide used to carry microwave signals. There
are many waveguide components manufactured as standard. Examples of these are
dampers, adapters, filters, insulators. In waveguides, electromagnetic waves can propagate
in TEM, TM, and TE modes, but in rectangular waveguides, propagation in TEM mode is
absent because the boundary conditions for this mode are not met. As a result, rectangular

waveguides are used to propagate TE and TM modes.

2.11.1. Modes in a Rectangular Waveguide

In rectangular waveguides, only TE, and TM . modes can be excited. As seen in Figure

2.7, if the direction of the electromagnetic wave is considered as +z direction, there is no
component of the electric field in the direction of progression for TE waves, Ez = 0. As a
result, the electric field for TE waves is always perpendicular to the wave's propagation. It

can be said that waveguides behave like a high pass filter.
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2.11.2. Dominant Mode in a Rectangular Waveguide

The dominant mode in waveguides is the mode with the lowest cutoff frequency. The TE,,

mode is the dominant mode in rectangular waveguides, with the condition a > b. The cutoff

frequency and area expressions are as follows.

c
f.= (2.28)

ENIT
E. =0 (2.29)
E :—ﬁzsin(leeﬁﬂ” (2.30)

d £ a a
E =0 (2.31)
H, :_Amizsin(szew/ (2.32)

wue a a
H,=0 (2.33)
2
H, =_/ﬁ[ZX] COS(ZX]e/’BZZ (2.34)
oue\ a a

In a waveguide traveling in the +z direction and excited in the fundamental mode, the

electric field has only y component.

Exciting more than one mode in waveguides causes the power to be divided into excited
modes. Therefore, separate detectors are needed for each mode. Because this is difficult to

achieve, waveguides are often used in a single mode.



19

2.12. WAVEGUIDE T JUNCTION

Waveguide T-junctions are used as power dividers or combiners in feeder network designs in
many antenna applications. These structures are generally divided into two groups as H-plane

and E-plane, as seen in Figure 2.8 [35].

(b)

Figure 2.8. T junction and equivalent circuit (a) H-plane (b) E-plane [35]
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3. DIRECTLY FED ANTENNA ARRAYS FOR MM-WAVES

There is no direct route between the feeding network and radiating elements in a directly
fed antenna array, and they are generally connected or coupled to use an aperture coupled
microstrip patch antenna or slotted arrays.Figure 3.1 illustrates the various types of directly

fed antenna arrays for high gain applications.

Directly Fed Antenna
Arrays

Waveguide Based
Antenna Arrays

Microstript Patch
Antenna Arrays

Continuous
Transverse Stub (CST)
Arrays

Substrate Integrated
Waveguide (SIW)
Arrays

Horn Arrays

Slot Arrays

Figure 3.1. Different types of directly fed antenna arrays representation [3]

To create high gain antenna systems, several antenna technologies are used in the form of
arrays. Microstrip arrays might appear appropriate for 5G communications at first because
of their beam steering compatibility and ability to control side lobe level. However,
because the antenna's working frequency range would be at mmWaves, these arrays will be
difficult to use, owing to the large dielectric substrate loss, which affects the antenna’s
efficiency dramatically [17]. Another problem in microstrip antennas is that the surface
wave on the microstrip line causes spurious radiation and leakage, thereby reducing the
antenna gain and efficiency. As a result, waveguide-based antenna arrays are favoured in
mmWave applications over microstrip antennas since they do not suffer from dielectric

loss.

Waveguide-based antenna arrays are divided into groups such as slot arrays, horns arrays,
Continuous Transverse Stub (CTS) arrays, and substrate integrated waveguide (SIW)
arrays. High-frequency horn antenna arrays bring difficulties in manufacturing, as they
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have very complicated small dimensions in both the radiating element and the feeding
network [18]. Therefore, such antenna arrays are challenging and costly. As with horn
arrays, slot arrays have high efficiency since there is no dielectric. However, it has limited
gain bandwidth due to its resonant nature. Center feed (parallel feeding) or End feed (serial
feeding) structures are common in slot arrays. Due to the long-line effect in networks,
serial feed has a limited gain bandwidth [19]. When compared to the end feed type, the
center feed type reduces the long-line effect by placing the feed waveguide in the center of
the array [20]. The corporate feeding network structure offers higher bandwidth than the

series fed structure.

Full-corporate feed antenna with a wideband and high efficiency was published in V-band
[21]. To eliminate grating lobes, this antenna is made up of two layers with element
spacing less than one wavelength. The full-corporate feed network layout described here is
also employed in a variety of different waveguide-based slot antenna arrays. Center feed
waveguide slot array offers very wide bandwidth performances and good efficiency
comparing to other waveguide slot array antennas. This antenna type, however, demands
near-perfect electric contact between the radiating layers and feeding. In this study, to over
come this problem, all antenna parts are plated with silver. The silver coating provides both
good conductivity and solder retention, so even the smallest gaps can be closed with

solder.

In literature instead of waveguide slot arrays, a solution based on gap waveguide was
introduced [22]. The perfect electrical contact is no longer necessary in gap waveguide
technology, but manufacturing process needs molding or diesink Electrical Discharge
Machining (EDM) techniques. This method uses a parallel plate waveguide design with
hard/soft boundary conditions to regulate wave propagation between the two plates in
desired directions. During the manufacturing process, however, metallic multi-layer

geometries of the arrays should be separated into various sections [23-24].

A multi-layer RGW slot array with corporate feed network for the 58-70 GHz frequency
band was proposed in another study [25]. This structure consists of 16x16 slot array and
has 80% efficiency and 18% as 1 dB gain bandwidth.
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In another study on 2x2 cavity backed slot array has bandwidth with 15% |S,|<-10dB,

and operating frequency of 3.6GHz to 4.31GHz and 13.4 dBi peak gain with total

efficiency >95% , although a resonant-iris mod and ridges are used in the cavity [26].

In order to get high gain at mmWave frequencies, there is a gap waveguide technology.
This method has the advantage of not requiring electrical contact between adjacent layers
[27-28]. Another method is ridge gap waveguide technology, in [29] corporate-feed slot
array antenna with RGW technology shows that antenna has a 21% FBW (VSWR <2, 12-
15 GHz) gain higher than 12.2 dBi.

In [30] fed with groove gap waveguide structure is proposed on single layer cavity backed
4x4 slot array. With this structure, the impedance bandwidth is increased and the radiation

in the coaxial cavity slots is improved. The proposed antenna FBW is 6% |S,|<-10dB,

and working frequency between 36.25 and 38.75GHz, maximum 23.4 dBi gain with
efficiency 99.2%.

The study in [31] used a two-dimensional feeding network design instead of a three-
dimensional feeding network design. Planar corporate waveguide feeding has been
proposed due to its ease of production and design, however it has not been possible to feed
each horn element structurally at a smaller distance than A,. The explanation for this is
revealed to be 0.921, of the waveguide's width. A design is proposed in which more than
one array element is fed from a single slot, rather than one by one, in order to realize the
corporate feeding network where the distance between the radiating elements is smaller
than A, [32]. Multi-part production of the feeding network in the design contributes to its

flexibility. In the 60 GHz range, the waveguide has an impedance bandwidth of 4.8 GHz (
|311| <-14, FBW = 8.3% ), 32 dBi gain, 80% antenna efficiency, proves the freedom of

design of the corporate feed antenna. 16x16 element high gain (33.7 dBi), high efficiency
(85% ) and 1.5 GHz (VSWR < 2, 11.45-12.95 GHz, FBW = 12% ) impedance bandwidth
antennas are designed [33]. In these designs, the distance between the elements in the E-
plane is almost at wavelength in order to feed each element in equal phase, has been

placed. The E-plane side lobe level is increased as a result of this (SLL > 8.8 dB).

In this study, iris structures are added and optimized within the cavity to increase the

impedance bandwidth, and an hourglass structure is used from waveguide transition to
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cavity transition to improve the S parameter value. Thus, with this structure, the fractional

bandwidth is over 28.94% for |S,,| < —15Firstly, we introduce 2x2 slot broad band +45°

slant polarize wr34 waveguide feed cavity back unit antenna geometry with simulated and
measurement results of S parameters, gain radiation patterns are discussed. Then 2x4 slot
broad band +45° slant polarize cavity back array antenna with perfectly match power
splitter and the results are discussed. Finally, it is explained that 2x4 slot broad band +45°
and -45° slant polarize cavity back array antennas are combined in a single body and work

in harmony as a transmit and receive antenna pair.
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4. ANTENNA DESIGN

In this study, waveguide cavity supported slot antennas with high gain and wideband are
presented for fifth generation (5G) millimeter wave (mmWave) base station antenna
applications. The unit element (UE) antenna has four slots arranged symmetrically with a
polarizer to form +45° slant linear polarization. On the other hand, there are eight slots in
the dual design made with the power combiner designed to be perfectly matched.
Polarizers are designed separately to be +45°. In addition to these, a separate model has
been designed in which £45° slant polarization is combined on a single structure. When
compared to standard slotted waveguide antennas, the waveguide cavity backing provides
increased bandwidth and gain. Grooves are also included to improve directivity and
expand the impedance bandwidth. A beamforming network is a separate unit that consists
of many antenna elements that are combined to make an array or a MIMO antenna. The
unit antenna has a 31.2% fractional impedance bandwidth (|S;;|-14 dB, 22.6-31 GHz) and
a 14.3 dBi average boresight gain, according to measurements. The UE antenna is suited
for phased-array or massive MIMO base station applications, with +/-0.5 dB gain flatness

and +/- 2.5° beamwidth variation throughout the entire 5G mm Wave range.

41. +45° SLANT POLARIZED 2X2 SLOT ARRAY CAVITY BACK
WAVEGUIDE UNIT ANTENNA

Although BSA specifications for 5G mm-wave band applications are not fully
standardized, the antenna must meet some important design criteria. Because the antenna
controller circuit is considered independent of the radiating elements, the goal parameters
are limited to the UE and are listed in Table 4.1. Unlike 2G/3G GSM BSAs, where array
configuration is prevalent, 5G mmWave band antenna systems can be either array or
MIMO, as shown in Figure 4.1. BSA requirements of earlier GSM systems are used to
estimate target UE specifications [13,15]. To meet cell coverage requirements in urban
areas, 2G/3G BSA HPBW is commonly set to 65°. However, we plan to have at least two
antenna panels covering the same azimuth span, allowing for at least 2-Transmit 2-Receive
(2T2R) MIMO.
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All beams operating independently
(2T2R MIMO mode)

Phased-reception and
phased-transmission

RRH

Tx-muted, Reception-
) only mode

Figure 4.1. General description of array and MIMO concept for 5G mmWave BSA
applications where BFN is integrated into Remote Radio Head (RRH).

Table 4.1. Target UE specifications

Frequency 24.25 — 29.5 GHz
Gain > 14 dBi

Gain Flatness +/-0.5dB

VSWR <15 (RL < -14 dB)
Polarization +/- 45°

Azimuth HPBW 32.5°

HPBW Variation +/- 2°

Cross Polarization <-15dBc
Impedance 50 Q

Figure 4.2 shows the proposed antenna's geometrical configuration with parameters. Figure
4.2 (a) illustrates the overall structure of the proposed antenna. The proposed antenna is fed
by a slot on the adapter's short end, and it is connected to the WR34 flange by a transition
waveguide. As illustrated in Figure 4.2 (a), the antenna's main construction comprises of a

waveguide, coupling slot, cavity, four slot pairs, and a polarization conversion layer. The



26

coupling slot is positioned in the cavity's center to provide equal amplitude and phase to
each slot of the radiation element. The spacing between adjacent polarizing layer elements
is set to less than 0.85%0 (Ao = 11.1mm @27GHz), 0.75ko in the X-direction and 0.82X0 in
the y-direction.Figure 4.2 (b) shows a top view of the first four levels, as well as additional

factors that define the slots.

Radiation
Element

Cavity
Radiation
Slot

Waveguide

(@) (b)

Figure 4.2. Proposed UE antenna structure, (a) overall view, (b) expanded view.

Table 4.2 shows the final dimensions of the 5G antenna modelled using a commercial full-
wave electromagnetic solver CST [16].Figure 4.3(a) and Figure 4.3(b) depict the electric
field distribution of the radiating slots and the polarization conversion (polarizer) layer of
the 2x2 proposed antenna. The existence of a fundamental mode on radiating slots and the
polarization conversion layer is confirmed by the distribution. Each slot's field
distributions are quite uniform, showing that there is no phase shift. The direction of the
electric field in the polarizer layer also shifts 45° in line with the intended slant

polarization.



Table 4.2. Dimensions of cavity-backed slot antenna (all values in mm)
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L1 | W1 |spx| spy | xa | vya ea eb L2 | W2 | Wb |grwl
21.58|19.32| 3.7 | 828 | 1.01 | 1.34 | 2.23 | 9.17 | 43.08 |19.32| 6.65 | 4.1
sy dx | dy | da | db L4 | W3 | hl h2 h3 | ha | hL
732 | 566 | 25| 4.1 |3.145|19.63|11.48/0.745| 1.174 | 0.67 |0.996|6.299
wgy | ph |grh| aph | hgh [ wgh | cth | ch | grw2 | hW | sx | wgx
8.636| 2.25 |2.56|4.146| 1.37 [2.159| 3.4 | 477 | 1.33 (4.318| 2.73 | 20
o] =5 &2 o o
N E OB S O g
4 P s 2 otk

(a) (b)

Figure 4.3. The electric field distribution at 26.5 GHz of, (a) the radiating slots (b) the

polarization conversion layer

The antenna is manufactured with a CNC machine. Figure 4.4 (a), (b) and (c) show the

prototypes in action. In simulations, all screw-hole locations and lateral cuts required for

CNC milling have been taken into account. The Aluminum block's properties were also

used in antenna simulations.
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Figure 4.4. Prototype antenna, (a) side view with WR34 waveguide to K-connector

adapter, (b) top view, (c) Antenna in the measurement system

4.1.1. Simulation and Measurement Results

The reflection coefficient measurements of the proposed antenna were performed using a
network analyzer (R&S ZVA-40). Measured and simulated results are shown in Figure 4.5.
The simulations and measurements appear to match fairly well. The antenna has 33.5%
fractional bandwidth (FBW) from 22.4 GHz to 31.4 GHz if |S;,| <-10 dB (VSWR 1.5), and
31.2% FBW between 22.6 GHz and 31 GHz if |S;;]|<-14 dB (VSWR 1.5), according to

measured antenna performance.

Antenna pattern measurements were carried out at a full anechoic chamber using a
spherical near-field system. The difference between measured and simulated boresight
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gains is less than 0.9 dB within the target band of 24.25 to 29.5 GHz, as shown in Figure
4.6 (a). More discrepancy is observed between 31 GHz and 32 GHz. Within the intended
band, measured gain ranges from 13.9 dBi to 15 dBi. In Figure 4.6 (b), the Azimuth (yoz)
and Elevation (xo0z) planes are presented in a simulated 3D antenna layout. The Azimuth
HPBW is larger than the Elevation HPBW with this orientation of the UE, which is the

intended scenario for a typical array setup.

c Measured
gL VR I EESES Simulated

157

-207

Sl (dB)

-257
-307
-357
4032723 24 25 26 27 28 20 30 31 32 33
Frequency (GHz)

Figure 4.5. Simulated and measured reflection coefficient (S, ;).

Gain (dBi)

8- - --- Simulated
—— Measured

4 ——
22 23 24 25 26 27 28 29 30 31 32 33
Frequency [GHz]

(@)

Figure 4.6. (a) Boresight gain of the antenna, (b) 3D simulated pattern.

Figure 4.7 shows the HPBWs for Azimuth and Elevation. The measured and modelled
results are fairly similar. For the Azimuth and Elevation planes, HPBW variation

throughout the target bandwidth is +/-2.5° and +/-2.0°, respectively.
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90 7 : : : : : : : : : :

80 - — HPBW Azimuth Plane Simulated
70_‘ - - --HPBW Elevation Plane Simulated
| HPBW Elevation Plane Measured

O"\ 604{ ------- HPBW Azimuth Plane Measured

22 23 24 25 26 27 28 29 30 31 32 33
Frequency (GHz)

Figure 4.7. HPBW of UE antenna on azimuth and elevation plane

Figure 4.8-Figure 4.26 illustrate the antenna's radiation patterns at three distinct
frequencies. At and around boresight directions, measured and simulated patterns are
reasonably close to each other, with minor disagreement towards the back of the antenna
where cross-polarization and co-polarization levels are close to each other. Because of the
feed waveguide's direction, cross-polarization levels are better in azimuth planes than in
elevation planes. Due to the small size of the antenna, the measurement system's own
cabling has an impact on cross-polarization readings. Isolation between polarization pairs,
on the other hand, is more important than individual cross-polarization levels. The
prototype's side lobe levels (SLLs) are also around -13.5 dB, which is consistent with the
antenna's uniformly-fed slot array on the radiating aperture. In an array setting, these SLLs

can be lowered much more.
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Figure 4.8. Normalized pattern of UE at 22 GHz, (a) Elevation, ( b) Azimuthal
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Figure 4.9. Normalized pattern of UE at 22.5 GHz, (a) Elevation, ( b) Azimuthal
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Figure 4.10. Normalized pattern of UE at 23 GHz, (a) Elevation, ( b) Azimuthal
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Figure 4.11. Normalized pattern of UE at 23.5 GHz, (a) Elevation , ( b) Azimuthal
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Figure 4.13. Normalized pattern of UE at 24.5 GHz, (a) Elevation , ( b) Azimuthal
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Figure 4.15. Normalized pattern of UE at 25.5 GHz, (a) Elevation , ( b) Azimuthal
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Figure 4.16. Normalized pattern of UE at 26 GHz, (a) Elevation , ( b) Azimuthal

Normalized Radiation Pattern (dB)

....... Measured Xpol
--«=--- Simulated Copol
,,,,,, Simulated Xpol

Measured Copol

-5ID 0 50 100
Angle [deg]

(@)

f
150

Normalized Radiation Pattern (dB)

Measured Copol

Measured Xpol
---=-- Simulated Copol

Simulated Xpol

-5ID 0 50
Angle [deg]

(b)

T
100 150

Figure 4.17. Normalized pattern of UE at 26.5 GHz, (a) Elevation , ( b) Azimuthal
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Figure 4.18. Normalized pattern of UE at 27 GHz, (a) Elevation , ( b) Azimuthal
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Figure 4.19. Normalized pattern of UE at 27.5 GHz, (a) Elevation , ( b) Azimuthal
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Figure 4.20. Normalized pattern of UE at 28 GHz, (a) Elevation , ( b) Azimuthal
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Figure 4.21. Normalized pattern of UE at 28.5 GHz, (a) Elevation , ( b) Azimuthal



38

Measured Copol
Measured Xpol
Simulated Copol
————— Simulated Xpol

Normalized Radiation Pattern (dB)

sod— L . . : . -
-150 -100 -50 0 50 100 150
Angle [deg]

(@)

Measured Copol
Measured Xpol
Simulated Copol
————— Simulated Xpol

-60 4

Normalized Radiation Pattern (dB)

T T T =l
-150 -100 -50 0 50 100 150
Angle [deg]

(b)

Figure 4.22. Normalized pattern of UE at 29 GHz, (a) Elevation , ( b) Azimuthal
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Figure 4.23. Normalized pattern of UE at 29.5 GHz, (a) Elevation , ( b) Azimuthal
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Figure 4.24. Normalized pattern of UE at 30 GHz, (a) Elevation , ( b) Azimuthal
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Figure 4.26. Normalized pattern of UE at 31 GHz, (a) Elevation, ( b) Azimuthal

Table 4.3 compares the antenna's performance to that of previous studies. For comparison

with other works, FBW is set to -10 dB. The antenna in [40] has similar properties to the

present suggested design, but has a significantly lower FBW. Furthermore, gap-ridge

waveguide technique was adopted, which required sophisticated manufacturing techniques.

Over the whole 5G mm-wave band, the proposed antenna offers a greater than 71%

antenna efficiency.

Table 4.3. A comparison of the performance of existing high-gain antennas for 5G

applications
Freq Planar . Gain Az
Ref | (GHZ) Ellglr%:rf]ts Size (C(nglr; Flatness | HPBW éﬁg Efficiency
FBW (hoxho) (dB) (deg) (%)
This [ 22.5-31.5 3.88 32 >71
work | 33.5% 22 x1.74 15 0.5 +2.5° >15 (Measured)
27.2-28.8 11.5 75
[38] | 6o 28| s | 167 2 "~ | 22 [ (simulated)
34 - 36 8.37 84
[391 | 6 0 P8 63 | 14| 20 ) " | (simulated)
28.8 - 34 3.5 70
[40] 16.5% 4x4 <34 19 +0.5 14.4 >35 (Measured)
3.45-3.55 3.55
[41] <5% 1x2 %3 55 10 - 60 >30 i
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27.5-28.35 135 98

14211 ™ 4 5 22 <68 | 1 +2 i " | (Measured)
29.5-37 87

[43] | oo x4 | 4x42 | 155 | =+ - >20 | simulated)
23-30.5 7.6 60

[44] | = g0 B8 | o | 264 | £LS | 252 | 240 | 0

For mmWave 5G base stations, an unique and low-profile wideband, high gain cavity
supported 2x2 element slot antenna fed by waveguide has been designed and constructed.

To obtain the appropriate slant polarization, the E-field is rotated with a 45° polarizer
layer. The wideband performance of the fabricated antenna is 31.2% (|S,,| < —14), reaching

beyond the 5G mmWave band. Extended bandwidth allows a target band to be maintained
in a multi-antenna array or in a MIMO scenario with multiple antennas. The proposed
antenna also offers a high gain and steady HPBW in the 24-29 GHz range, according to
measurements. The proposed antenna is an ideal candidate for 5G base station applications

because of these features.

4.2. +45° AND -45° SLANT POLARIZED 2X4 SLOT ARRAY CAVITY BACK
WAVEGUIDE ANTENNA

After the 2x2 slot unit antenna is designed, the feeder network must be designed in order to
array this unit element. Corporate feeding is chosen in this feeding network arrangement.
The reason for choosing this waveguide structure is its wideband and low loss. The
antenna structure consists of a power divider structure in addition to the polarizer, radiating
layer and coupling layer as in the unit antenna. The polarizer part can be changed as +45°

and -45° structure like a head, and this antenna structure is shown in the Figure 4.27 below.
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Figure 4.27. +45° and -45° slant polarized dual antenna

A dual structure is formed by deriving the unit antenna in the y-axis direction. Since the
reflection coefficient of the power divider structure designed behind the cavity structure is
less than -20 dB, it works in perfect compatible. Stubs are used to increase gain at higher
operating frequencies and control mutual coupling between radiating elements. Antenna

structure and parameters are shown in the Figure 4.28 below for +45° slant polarization.

sL1

Figure 4.28. +45° Slant polarized dual antenna with variables
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Except for the screws, all antenna components are silver plated to improve solderability.
This ensures that even the tiniest gaps are filled with solder paste and baked to prevent
leakage. The usage of thin metal at the layer where the radiation occurs might cause
problems during the manufacturing and assembly processes, as well as affecting the
antenna’s effectiveness by increasing the antenna's reflection. Groove structures can be
employed to solve these assembly challenges and prevent the creation of grating lobes. To
avoid these issues in this study, a stub structure is constructed on the horizontal axis
between the radiation slots. In order to avoid grating lobes, the elemental spacing must also

be properly set. The cavity dimensions are adjusted to increase bandwidth and excite

radiating parts with equal amplitude and phase. At both the x (0.54,) and y (0.23 4, ) axes,

slot spacing is less than one wavelength. Table 4.4 shows the final optimized values for the
2x4 dual array. CST microwave studio's parametric optimization tool is used to optimize

the sub array.

Table 4.4. +45° Slant polarized dual antenna dimensions (mm)

L1 W1 | spx | spy | sdy xa ya ea eb stw
41.193 | 2232 | 3.7 | 828 | 1.86 1.01 1.34 | 223 | 9.17 14
sth ph L2 | W2 L3 grwl | grw2 SX sy dx
142 | 225 | 6182|2232 | 43.04 | 25.266 | 0.89 | 2.73 | 7.32 5.6
dyl dy2 da db rdh grh aph | W3 L4 hl
2.5 2.5 41 | 3.13 | 1.89 256 | 4.146 | 11.48 | 19.14 | 0.745
h2 h3 hb ha hL | hWl | hW2 | cL hgh | cth
1174 | 0.67 | 0.8 1 6.3 3.65 | 4.318 1 1.37 3.4
ch SL1 | SL2 | SL3 | SL4 SL5 SL6 | sW1 | sw2 | sW3
477 |8.636|7.036| 0.7 | 5352 | 8.626 |11.024| 0.6 1 4.3
sW4 | sW5 | wgh
1 8.4 |2.159

Figure 4.29 shows the simulated electric field distributions on the coupling and radiating
slots at 22 GHz, 25 GHz, 28 GHz and 31 GHz.
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Figure 4.29. Electric field distribution on slots (a) at 22 GHz (b) at 25 GHz (c) at 28 GHz

(d) at 31 GHz

After successful design and iterative simulations, the CST model was split into

manufacturable parts in Solidworks and sent to production after hundreds of iterations. In

the Figure 4.30 below, the horizontal and vertical image of the antenna and its image on

the measurement system are given.
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(b)

Figure 4.30. +45° Polarized (a) vertical dimension (b) horizontal dimension (c) On the

measurement system in chamber

4.2.1. Simulation and Measurement Results

A network analyzer (R&S ZVA-40) was used to measure the reflection coefficient of the

proposed antenna. Compared to the UE antenna, it was observed that the band became
slightly wider and the reflection coefficient slightly worsened, but the |S,,| value still
remained below -15 dB. Measured antenna performance reveal that the antenna has
35.25% fractional bandwidth (FBW) from 22.3 GHz to 32.15 GHz, if |S,,|<-10dB, and
31.26% FBW between 22.2 GHz and 31.7 GHz, if |S,|<-14dB (VSWR < 15). A

comparison of measurement and simulation results is given in the Figure 4.11 below.
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Figure 4.31. +45° Polarized dual antenna simulated vs measured reflection coefficient

The photograph of the antenna in the laboratory environment when the measurement is

performed against the network analyzer is given in the Figure 4.32.

Figure 4.32. +45° Polarized dual antenna measured reflection coefficient with ZVA40

vector network analyzer
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The gain measurement of the antenna was performed in the full anechoic chamber using
the spherical measurement system. The difference between measured and simulated
boresight improvements is less than 1.1 dB within the target band of 23 to 30.7 GHz, as
shown in Figure 4.33. Within the intended band, measured gain ranged from 17 to 18.1
dBi.
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Figure 4.33. Boresight gain of the dual antenna

Figure 4.34 shows the HPBWs for Azimuth and Elevation for +45° and -45° slant
polarized dual antenna. The measured and simulated results are fairly similar. For the
Azimuth and Elevation planes, HPBW variation throughout the target bandwidth is +/-2.5°
and +/-2.15°, respectively between 24.25 GHz and 29.5 GHz.
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Figure 4.34. HPBW of a) +45° b) -45° Slant Polarized Dual Antenna

For the frequency points 22 to 31 GHz with 0.5 GHz steps, radiation pattern measurements

of the constructed antennas are done in an anechoic chamber using a commercially

available spherical near field measurement device. Figure 4.35-Figure 4.53 illustrates the

results for +45 slant polarized dual antenna on elevation and azimuth planes.
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Figure 4.35. Normalize pattern at 22 GHz, (a) Elevation, ( b) Azimuthal
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Figure 4.37. Normalize pattern at 23 GHz, (a) Elevation, ( b) Azimuthal
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Figure 4.38. Normalize pattern at 23.5 GHz, (a) Elevation, ( b) Azimuthal
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Figure 4.39. Normalize pattern at 24 GHz, (a) Elevation, ( b) Azimuthal
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Figure 4.40. Normalize pattern at 24.5 GHz, (a) Elevation, ( b) Azimuthal
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Figure 4.41. Normalize pattern at 25 GHz, (a) Elevation, ( b) Azimuthal
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Figure 4.42. Normalize pattern at 25.5 GHz, (a) Elevation, ( b) Azimuthal
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Figure 4.44. Normalize pattern at 26.5 GHz, (a) Elevation, ( b) Azimuthal
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Figure 4.45. Normalize pattern at 27 GHz, (a) Elevation, ( b) Azimuthal
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Figure 4.46. Normalize pattern at 27.5 GHz, (a) Elevation, ( b) Azimuthal
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Figure 4.47. Normalize pattern at 28 GHz, (a) Elevation, ( b) Azimuthal
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Figure 4.51. Normalize pattern at 30 GHz, (a) Elevation, ( b) Azimuthal
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Figure 4.52. Normalize pattern at 30.5 GHz, (a) Elevation, ( b) Azimuthal
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Figure 4.53. Normalize pattern at 31 GHz, (a) Elevation, ( b) Azimuthal

At and around boresight directions, measured and simulated patterns are quite similar,

although there is considerable disagreement towards the back of the antenna where cross-

polarization and co-polarization levels are close to each other. Despite the fact that the

measured and simulated radiation patterns are absolutely consistent, especially for the

mainlobe, there is a discrepancy after 45°. While the variation is minimal between 45° and

130° due to the antenna under test being mounted on the measurement system, it increases

significantly after 130° due to the azimuth axis rotator and positioner system being
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blocked. The first SLL levels for both the Azimuth and Elevation Planes are below -13dB,

while the XPol values for both the Azimuth and Elevation Planes are better than -10dB.

4.3. £45° SLANT POLARIZED 2X4 SLOT ARRAY CAVITY BACK DUAL
WAVEGUIDE ANTENNA

Space diversity is much less practical at the base station than it is at the mobile because the
small angle of incidence fields necessitates huge antenna spacings. For broadside
propagation, base station antennas must be distanced by 254 , and for in-line propagation,
they must be spaced by well over 100A. Due to the high costs of spatial diversity at the
base station, orthogonal polarizations are being considered. Space diversity [45], [46] and
polarization diversity [47] have been the main focus of research into base station diversity
reception systems. Effective diversity can be obtained with a correlation coefficient of less
than 0.7 in general [48], [49]. Space diversity for a base station requires antenna spacing of
up to around 20 wavelengths for the broadside case, and more for the in-line case, to keep
correlation below 0.7. Mounting a diversity antenna on a tower with a 20A antenna spacing
can be difficult at times. Polarization diversity at a base station, on the other hand, does not
necessitate antenna space [50]. Between the mobile units and the base station, there was no
direct line of sight. Therefore, the transceiver antenna pair, designed as +45° slant
polarized, is combined on a single body in order to work in harmony with the beamforming
network structure at the base station. This structure is formed by combining two antennas

with +45° and -45° slant polarity above and is shown in the Figure 4.54 below.

Antenna dimensions are the same as in dual antenna construction, where the critical
parameters are the distances between slots with different polarization. These values are

given in Table 4.5.

Table 4.5. +45° Slant polarized dual antenna unknown dimensions (mm)

awil aw?2 aWw3
5.95 11.2 10.84




59

Power

Divider
Radiating Cavity Feed
Layer Network

1450 Layer
o
Degree
Polarizer

Degree
Polarizer

Figure 4.54. £45° Slant Polarized Dual Antenna with variables

Because the antenna is fed from two different ports, the electric field distributions on the
antenna surface are illustrated separately. When the field distributions are analyzed, it can
be seen that the TE10 mode is spread out and that the two antennas have minor effect on

each other, the field distributions are shown in two different representations.
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Figure 4.55. £45° Slant polarized dual antenna E-fields Z-cutplane

The power splitter structure, which distributes equal amplitude and phase in the antenna
structure, is of critical importance. When the field distributions on two separate ports are
observed, it is seen that the amplitude phase values are shared equally. The propagation of
the electric field along the waveguide ports is shown in the Figure 4.56 below, on the X-

axis section.
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Figure 4.56. £45° Slant polarized dual antenna E-fields X-cutplane

The antenna structure was manufactured piecemeal in CNC, with dimensions of 4.064, on

the x-axis and 5.621, on the y-axis when combined, and the outer surfaces of the parts
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were coated with silver. The photo of the antenna produced and assembled is given in the

Figure 4.57 below.

R
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Figure 4.57. £45° slant polarized dual antenna (a) vertical dimension (b) horizontal

dimension

4.3.1. Simulation and Measurement Results

The reflection coefficient measurements of the antenna were performed using a network

analyzer (R&S ZVA-40). The following figure shows the measurement performed in the

laboratory environment and the device attached to the spherical antenna measurement

system.
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Figure 4.58. £45° polarized dual antenna measured reflection coefficient with ZVA40
vector network analyzer (a) Antenna under test (b) Measurement results (c) Antenna in the

chamber

The simulations and measurements are pretty accurate and the results are consistent with

the dual antennas results. The antennas have 33.7% fractional bandwidth (FBW) from 22.2
GHz to 31.2 GHz if |S11| <-10dB (VSWR 1.5), and for +45° slant polarized side 30.2%
FBW between 22.7 GHz and 30.2 GHz, for -45° slant polarized side 27% FBW between
22.7 GHz and 39.2 GHz, if |S,;|<-14dB (VSWR 1.5), according to measured antenna
performance. The antenna gain was measured using the spherical measurement system in a

fully anechoic environment. Within the target band of 24.25 to 29.5 GHz, the difference

between measured and simulated boresight improvements is less than 1.1 dB.
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Figure 4.59. Boresight gain of the £45° slant polarized dual antenna
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Figure 4.60. £45° Slant polarized dual antenna simulated vs measured reflection

coefficient

The S21 value, which is one of the most critical values in this antenna, in other words the
coupling between the transceiver antenna, is below -30 dB throughout the band. Given that

a value of less than -25 dB is considered excellent, the performance obtained is absolutely
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remarkable. This value is also the isolation value between two antennas, and the

measurement and simulation results are given in the figure below.
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Figure 4.61. £45° Slant polarized dual antenna simulated vs measured isolation level [S,;|

The radiation pattern of this antenna was measured in the near-field spherical measurement
system, as in the antennas above. Since there are two antennas with +45° and -45° slant
polarization in this antenna structure, the radiation patterns for both antennas are extracted
separately. Figure 4.62-Figure 4.80 shows the radiation patterns in the azimuth and
elevation plane of the antenna with +45° slant polarization. Figure 4.81-Figure 4.98 shows
the radiation patterns in the azimuth and elevation plane of the antenna with -45° slant

polarization.
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Figure 4.62. Normalize pattern of +45° slant polarized antenna at 22 GHz, (a) Elevation,

(b) Azimuthal
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Figure 4.63. Normalize pattern of +45° slant polarized antenna at 22.5 GHz, (a) Elevation,

(b) Azimuthal
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Figure 4.64. Normalize pattern of +45° slant polarized antenna at 23 GHz, (a) Elevation,

(b) Azimuthal
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Figure 4.65. Normalize pattern of +45° slant polarized antenna at 23.5 GHz, (a)

Elevation, (b) Azimuthal
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Figure 4.66. Normalize pattern of +45° slant polarized antenna at 24 GHz, (a) Elevation,

(b) Azimuthal
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Figure 4.67. Normalize pattern of +45° slant polarized antenna at 24.5 GHz, (a)

Elevation, (b) Azimuthal
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Figure 4.68. Normalize pattern of +45° slant polarized antenna at 25 GHz, (a) Elevation, (b)

Azimuthal
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Figure 4.69. Normalize pattern of +45° slant polarized antenna at 25.5 GHz, (a)
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Figure 4.70. Normalize pattern of +45° slant polarized antenna at 26 GHz, (a) Elevation,
(b) Azimuthal
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Figure 4.71. Normalize pattern of +45° slant polarized antenna at 26.5 GHz, (a) Elevation,

(b) Azimuthal
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Figure 4.72. Normalize pattern of +45° slant polarized antenna at 27 GHz, (a) Elevation,

(b) Azimuthal
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Figure 4.73. Normalize pattern of +45° slant polarized antenna at 27.5 GHz, (a) Elevation,
(b) Azimuthal
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Figure 4.76. Normalize pattern of +45° slant polarized antenna at 29 GHz, (a) Elevation,

(b) Azimuthal
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Figure 4.77. Normalize pattern of +45° slant polarized antenna at 29.5 GHz, (a) Elevation,

(b) Azimuthal
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Figure 4.78. Normalize pattern of +45° slant polarized antenna at 30 GHz, (a) Elevation,

(b) Azimuthal

Normalized Radiation Pattern (dB)

Measured Copol

Measured Xpol
---=-- Simulated Copol

Simulated Xpol

Normalized Radiation Pattern (dB)

-5ID EI) 5l0
Angle [deg]

(@)

Measured Copol
eod M | Measured Xpol
---=-- Simulated Copol
————— Simulated Xpol
T - 70l T T T T T T T +
150 -150 -100 -50 0 50 100 150

Angle [deg]

(b)

(b) Azimuthal

Figure 4.79. Normalize pattern of +45° slant polarized antenna at 30.5 GHz, (a) Elevation,
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Figure 4.80. Normalize pattern of +45° slant polarized antenna at 31 GHz, (a) Elevation,

(b) Azimuthal
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Figure 4.81. Normalize pattern of -45° slant polarized antenna at 22 GHz, (a) Elevation,
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Figure 4.82. Normalize pattern of -45° slant polarized antenna at 22.5 GHz, (a) Elevation,
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Figure 4.84. Normalize pattern of -45° slant polarized antenna at 23.5 GHz, (a) Elevation,
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Figure 4.87. Normalize pattern of -45° slant polarized antenna at 25 GHz, (a) Elevation,
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Figure 4.90. Normalize pattern of -45° slant polarized antenna at 26.5 GHz, (a) Elevation,
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Figure 4.92. Normalize pattern of -45° slant polarized antenna at 27.5 GHz, (a) Elevation,
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Figure 4.93. Normalize pattern of -45° slant polarized antenna at 28 GHz, (a) Elevation,

(b) Azimuthal
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Figure 4.94. Normalize pattern of -45° slant polarized antenna at 28.5 GHz, (a) Elevation,
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Figure 4.95. Normalize pattern of -45° slant polarized antenna at 29.5 GHz, (a) Elevation,

(b) Azimuthal
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Figure 4.96. Normalize pattern of -45° slant polarized antenna at 30 GHz, (a) Elevation,
(b) Azimuthal
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Figure 4.97. Normalize pattern of -45° slant polarized antenna at 30.5 GHz, (a) Elevation,
(b) Azimuthal
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5. CONCLUSION

In this study, low profile, wideband, low reflection coefficient, high gain +45° slant
polarized 2 x 2 element slotted cavity back unit antenna fed by waveguide has been
designed for 5G base stations in mmWave band. The antenna offers good directivity and
flat gain because of the groove structure on its surface. Measured results of the fabricated
unit antenna has 31.2% fractional impedance bandwidth (|S11/<-14 dB, 22.6-31 GHz) and

14.5 dBi average boresight gain. The |311| has been significantly decreased as a result of

the hourglass structure utilized in the cavity transition from the waveguide. It also exhibits
+/-0.5 dB gain flatness and +/- 2.5° azimuth beam width variation over the entire 5G
mmWave band. Being made of metal, the antenna can handle high power and is simple to

mount on any platform.

After unit element antenna, 2 x 4 element slotted array with +45° and -45° slant
polarizations has been designed by using two unit antennas placed in the vertical plane and
with center fed power network connected to them. Signal splitter consists of a T-junction
that divides amplitude and phase equally over broadband. The simulated and measured
gain, reflection coefficient and normalized radiation diagram results of both antennas were

very close to each other. The gain was around 18 dBi and the |S,,| value was below -15 dB

between 23.5-30.3 GHz. While the azimuth HPBW value was close to that of the unit

antenna (32°), the HPBW in elevation has been reduced to 17 degrees.

The purpose of producing two antennas with different polarizations was actually to
combine them side by side and use them as a dual-polarized unit antenna. Although the
transceiver antenna structure is very close to each other, an isolation of 30 dB has been
achieved. This antenna structure can be used individually or as a part of the massive
MIMO structure. With the BFN structure, it can be provided to radiate in the desired
direction as a part of the MIMO system.
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5.1. FUTURE WORK

The antenna structure with +45° polarization can be multiplexed and placed around a circle
to cover the whole azimuthal plane. The following figure shows the configuration created

for eight transceiver antenna structures. However, it requires 110 GB RAM to solve this in

CST simulation. These antennas can be connected to a BFN for practical applications.

.

7

Figure 5.1. Transceiver antenna structures placed in the azimuth plane
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