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Abstract

The growing need of the compact and portable antennas with high speed and low latency
wireless communication is the present and future demand of the voice over Internet protocol,
on-demand bandwidth, and multimedia applications. Fifth-generation (5G) covers certain
low-frequency bands under 6 GHz spectrum, and most of the high-frequency bands under
60 GHz. 5G is the part of the millimeter wave spectrum (30-300 GHz) and is introduced
to overcome the problem of spectrum shortage due to exponential enhancement of wireless
applications in industry, medical, airborne, radar, satellite, and research fields. The
International Telecommunication Union’s objective of wireless communications promises
to provide higher data rates up to 10 Gbps for 5G mobile users and connectivity to the arti-
ficial intelligence devices, along with high spectral efficiencies and enhanced coverage. The
users for the 5G require around 5 and 50 Gbps of data rates for low and high mobility, respect-
ively. Beamforming in 5G is the modern powerful technique for the coverage of the intended
user/direction using the narrow beam width radiation patterns. A brief survey on 5G beam-
forming techniques, i.e. analog, digital, hybrid, switched, and adaptive etc. and its types, work-

ing algorithms, design of compact antennas, gain, and size/type of the substrates is carried out
in this paper. The study of the hybrid coupler, branchline coupler, Wilkinson power divider,
and Butler matrix in beamforming is required for 5G smart antennas. Different beam widths
like £15, +35, +45, and +55° etc. are produced for the intended directions using a variety of
beamforming techniques. From lower to higher frequency band beamforming applications
with Roger’s Duroid 4003/4350/5880, tectonic, and aluminum oxide dielectric substrates
are discussed here. Various beamforming techniques with their merits, demerits, and applica-
tions are included in the paper for the knowledge extension of the beamforming antenna
designers and research community.

Introduction

Communication systems are required to exchange a huge amount of information every day
through radio channels, wired line telephone channels, satellite channels, and fiber optic chan-
nels [1]. Huge growth rates have been observed with present wireless technology in mobile
applications, on-demand bandwidth, multimedia computing, and mass media market [2].
Hence, radio frequency (RF) transceiver system designs are exponentially growing day-by-day
[3, 4]. The wireless communication technology has seen a rapid rise since the last few decades,
from first-generation (1G) to fifth-generation (5G) [5]. The 4G has limited data rates due to
the use of 0.7/0.8/0.9/1.8/1.9/2.1/2.2/2.3/2.4/2.5/3.5 GHz frequency spectrum, and has scalable
bandwidth from 5 to 20 MHz only. The 4G has spectral efficiencies for uplink and downlink in
the range of 6.75-15.0 bits/s/Hz. The spectrum of the 5G covers 3.3-4.2, 4.4-4.99, and 24-28,
37-40 GHz, and many more in 60 GHz frequency band, respectively. Many companies like
Samsung and Xiaomi are trying to provide the 4G-5G enabled portable phones. For 5G appli-
cations, the antenna arrays are mostly preferred to achieve higher gains and directed radiation
patterns. For two-element array, the total electric field (E,) radiation is the sum of the individ-
ual electric fields and is given by equations (1) and (2).
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Fig. 1. Three principle 5G usage scenarios in ITU model © [31].

where E; and E, are the electric field radiations of the elements,
and f is the phase excitation difference between the two array
elements.

The total field for an array can be determined by calculating
the field of each element multiplied with the array factor (AF)
and is given by equation (3) [6].

AF =2 cosl} kd cos6 + B] 3)

where k is the wave vector of the incident wave/wave number, d is
the difference in path length between two elements, and 6 is the
angle of incidence on the array.

Transformation of electromagnetic waves with distributed
antenna systems is very popular in modern wireless devices
[7, 8]. According to a survey conducted by Ericsson, by 2024,
there will be over 1.5 million devices connected over the 5G net-
works. Technically, 5G provides data rates of 1-10 Gbps and
higher for uploading and downloading to/from chipsets and cir-
cuit boards. Antenna properties are majorly dependent on the
metal/material, and dimensions of the substrate [9-11].

Variety of bow-tie microstrip antennas is used for bandwidth
enhancement and performance improvement. The change in
the relative permittivity and substrate thickness can affect the
properties of radiation patterns like gain and beam width etc.
[12]. An electromagnetic band gap, metamaterial (MTM), perfect
magnetic conductors, and artificial magnetic conductors rectify/
modify the permeability and permittivity (—ve to +ve) to enhance
the antenna performance parameters such as radiation patterns,
main lobe gains, reduction in side lobe levels (SLLs), directivity,
minimization in return loss, bandwidth enhancement, and
front-to-back ratio [13]. The operation of wide banding at the
lower frequency bands and for ultra-wide band (UWB) is most
of the time done with coplanar waveguide fed techniques.
While, at higher frequencies, high bandwidth is easily achievable.
Modification of substrate and metal thickness has a positive
impact on controlling the losses and surface waves. The organic
solar cell is one of the new concepts in antenna designs and is
used to have better performance parameters of the designed
antennas with negligible losses [14].
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Latest wireless communication techniques efficiently exchange
data/images/videos with growing low-/high-speed users and has
longer life for systems and networks [15-19]. With the advance-
ment in technology, the base station antennas have become an
important part of the wireless communication systems. The
designers target power efficiency, polarization diversity and its
adaptability to the surrounding while keeping the cost factors in
mind for base station designs [20]. The electromagnetic waves
generated by the antennas require theoretical and practical con-
cepts of basic laws of Faraday, Ampere, Lenz, Coulomb and others
to design and implement practical antennas [21, 22]. It has
observed that the maximum data rates for transmission are 384
kbps for 3G, 14.4 Mbps for 3.5G, 300 Mbps for long-term
evolution (LTE), and 3.0 Gbps for LTE-advance [23]. The micro-
wave frequencies (1-10° GHz) are suitable for communication
systems, radar systems, microwave heating, medical electronics,
defence sectors, and a variety of diverse applications [24, 25].
Use of WLAN, WiMAX, UWB, multiple-input-multiple-output
(MIMO) antenna systems, and modulation techniques have con-
tributed in the access of higher data rates in indoor as well as in
urban areas [26]. The common issues coming up from these are
the range problems, number of users connected to a single access
point, and the distribution of access points over the infrastructure
[27].

5G mobile networks are expected to provide very high con-
nectivity speeds and their evolution is considered as the concen-
trator of internet services with the existing networking standards.
Also, cost-per-bit reduction, energy friendliness, and easy avail-
ability of services are the most desirable traits to which the
upcoming mobile generations will target [28, 29]. 5G technology
comprises of better cognitive radio (CR)/CDR security, low power
consumption, larger data distribution, high uploading and down-
loading speeds and better coverage along with great energy effi-
ciency. It provides higher data broadcasting and allows the
applications to combine with artificial intelligence (AI) devices,
human-to-human communications, indoor hotspot, dense
urban, and rural [30]. Various applications of the 5G are shown
in Fig. 1 graphically.

The 5G received power in terms of the Ny (total number of
antennas), transmitted power, and free space wavelength can be
written in terms of the Friis equation. The equation is based on
the number of antennas in a row (A 4n7) and number of antennas
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in a column (B4nr) of a phased array antenna (where Nynr=
ANt X BanT). The equation is given by (4). Similarly, the length
and width of the 5G beamforming can also be obtained in terms
of the A, nr and Bayr, using equations (5) and (6), respectively,
[31].

Ao\’
P, =P, + 10 log (N, 10 log( 2% 4
¢ + 10 log (Nant) + og<4ﬂd> 4)
Lpr = Aant X Ao/2 %)
Wgr = Bant X Ao/2. (6)

Furthermore, the above equations can be transformed into
equation (7)

4 LBF X WBF /\0 2
P, = P,4+10 1 e 101 —
v r + og< X )-+ og<4ﬂd)

™

L 4%

Apart from the above benefits of 5G, there are some drawbacks
too. The speeds which technology is claiming might be difficult to
achieve due to several factors. The devices currently in use may or
may not be compatible with 5G and hence, would have to be
replaced by 5G compatible ones which can be expensive. 5G
devices consume huge amount of power, this will result in excess
battery consumption and heat discharge. 5G waves are not cap-
able of going through obstacles such as walls, building, trees,
etc. thus would result in connectivity problems. Infrastructure
development for the new network might be expensive as the exist-
ing ones will not work for 5G frequencies. Security and privacy
are still a concern and is under research. Even though 5G pro-
mises to provide a larger bandwidth and larger speeds, but larger
bandwidth will lead to lesser coverage. There would be a problem
of overcrowding at the signals because the RFs are already occu-
pied by other signals, such as satellite links, etc. [32].

The above problems of the 5G can be limited using the beam-
forming techniques. An active phased antenna array having the
beamforming capabilities are preferred to achieve higher perform-
ance of 5G millimeter-wave systems. Left-handed and right-
handed elliptical polarization can be opted for the antenna
designs. The electric fields for these can be expressed in equations

(8) and (9) [33].

E = Ey(jaa, + a,) ®)

E = Ey(—jaay + a,) ©)

where o is the residual axis ratio.

Certain technologies such as massive MIMO, zero-latency
radio access technology, device-to-device communication, etc.
demand performance enhancement. Machine communication
will have more authority over network connections and traffic.
Network virtualization would also have an important role in 5G
[34]. For outdoor applications such as in 5G cellular mobiles,
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cellular backhaul (which is expected to be operating on 60 GHz
and E-band), and local multi-point distribution services, the fre-
quency bands in the range 28-38 and 70-90 GHz have been
explored. To solve the problem of high propagation and penetra-
tion losses, the frequencies for outdoor mm-wave applications are
focused at the 28, 38, 73 and 81-86 GHz frequency range.
Multiple-antenna systems and multi-directional beamformer
played a crucial role in improving the signal-to-noise ratio
(SNR), Ricean factor gain, and root mean square delay spread
[35]. The telecom operators and wireless devices’ manufacturers
are investing in new technology and targeting research to have
applications in the automobile industry and consumer electronics
[36]. The usage of 30-300 GHz frequencies in 5G will provide
zero latencies (theoretically, 1 ms) and extremely higher data
rates. The antennas designed on these frequencies will be smaller
in size and hence, will be easier to convert them into arrays. Better
connectivity and faster access led to the rapid increase in traffic
for the wireless communication systems, causing interference in
the network and congestion in the spectrum [37].

Millimeter waves vary from 1 to 10mm and travel in a
line-of-sight path and have very less diffraction, as a result, are
not able to penetrate through obstacles. Hence, they are consid-
ered for personal area networks [38, 39]. Moreover, with the
use of appropriate beamforming technique, the interferences
can be reduced and frequency reuse can be enhanced [40].
Antenna arrays and phased antenna arrays have gained popularity
in commercial designs, due to their compact design and the abil-
ity to focus the radiation in the desired direction [41]. In order to
overcome multi-path scattering, multiple antennas are used to
increase the data rates and multiply the number of parallel links
over the same bands [42]. These designs are carried out on
thin, planar, light-weighted, and low-cost microstrips [43, 44].

Different components of the beamforming techniques have
power dividers and couplers, and are an essential part of the mod-
ern smart antenna designs. These are discussed in detail in the
following section.

Couplers and power dividers

The beamforming antenna designs have main components in terms
of power dividers/couplers, Wilkinson power divider (WPD),
branchline/hybrid couplers, phase shifting network, and crossover
networks. In power dividers, the signal is fed from a single port
and the output is divided and received from the other two ports.

WPDs are the special kind of couplers and appear lossless
when the output ports are matched, then only the reflected
power from the output ports is dissipated. The WPD circuits
are analyzed by reducing it into two parts, driven by symmetric
and asymmetric sources at the output ports, i.e. even mode ana-
lysis, and is shown in Fig. 2. The design equations are given by
(10)-(13) [45].

K* = Ps/P, (10)
1+ K3
Zos = 2o\~ (11)
Zor = K*Zy3 = Zo/K (1 + K?) (12)
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Fig. 2. Wilkinson power divider © [45].

1
R zo(mE) (13)

where K is the impedance value, P, is the desired power at port 2,
P; is the desired power at port 3, Zy; is the impedance for trans-
mission line connected to port 3, and Z, is the characteristic
impedance of input line.

Power can be divided unequally using WPD as shown in Fig. 3.
If K=1, then the design reduces to an equal power divider.

WPD has the capability of achieving isolation between the out-
put ports as well as maintaining the matching at all the ports. The
unequal split WPD along with high power split ratio is gaining
attention in the field of modern research [46]. WPDs have the
ability of reciprocating and have equal amplitudes and phases at
ports. The WPD is symmetric; the divider parameters can be
derived using even mode and odd mode analysis. The even
mode analysis is done by calculating the characteristic impedance,
Z; and the physical lengths I, of “N” transmission lines. The
equivalent circuit for even mode analysis is shown in Fig. 4.
The port 2 impedance is calculated as given in equation (14) [47].

. Zi= 47T,
Fori=1, Z, = Zi#{l” 14
Zi +]Ztln Ti
where Z2 =27, and T;=tan (8I), 8=2n/A.
The values for Z; and [; are calculated using the following con-
dition given in equation (15):

Ze( ) = %o

i o for i = I:N (15)

where f; is the frequency for matching.

Similarly, the odd mode analysis is done by calculating the
characteristic impedance. The equivalent circuit for odd mode
analysis is shown in Fig. 5. The input impedance for port 2, for
i=1: N, is calculated by using equations (16) and (17).

1 Z+jzitr ]
1+] in ] (16)

zi:[i 1z
n=\R T Z Z 1T
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Fig. 3. Unequal WPD © [45].

Fig. 5. Circuit for odd mode analysis © [47].

where Z), = 0, then Z0% = ZJ, and the value for R; is given by:

z0%(fy = 7, for i=1:N. (17)

in,2

Similarly, the branchline couplers are one of the most com-
monly used couplers. These couplers comprise of four ports
and tend to divide or combine power along with the isolations
between the ports as well as 90° phase shifts. A wideband 90°
hybrid coupler is shown in Fig. 6. Branchline couplers are highly
preferred for applications like phase shifter, balanced amplifier,
mixer, and antenna feeding network etc. [48].

The characteristic impedances Z4, Zp, and Z¢ are calculated
using equations (18)-(20), respectively.

Za=27o (18)
Zy = (\/I?+ «/k+—1)Zo, (19)
Zc = VkZy (20)

where k is the power division ratio.
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i

Fig. 7. Conventional and equivalent T-shaped transmission lines © [49].

Hybrid coupler splits the input signal into two output signals
with unequal amplitudes, and has four ports, out of which two
are for the output ports, one is the input and the other is the iso-
lated port. The structure can be designed using quarter-wavelength
transmission lines to reduce the actual length of the design. The
conventional and equivalent T-shaped transmission lines are
shown in Fig. 7, and the branchline coupler is shown in Fig. 8 [49].

Zyy, is the characteristic impedance, and 6y, is the electrical
length of the line, and can be calculated using ABCD matrix and
equations (21) and (22).

sin (6rr)x cos (O111)
™ sin (111) x (1 + cosfyy)

21

Zr =

and

tan (Orr2)x sin (6rr1) x cos (Orr1)
cos?(0rp1) — sin? (0711) — cos(Orpy)

(22)

Zr1y = Z1

1043

Port 2

(through)

Port 3

(isolated)

Fig. 6. 90° hybrid coupler © [48].

The ABCD matrix is expressed in equation (23) for the con-
ventional transmission lines [50].

JZ7r sinOry,

B DI|™ ] S 0TL
Z1r

A C cosbrr
cosOry

+jZ ] (23)

. 0
| iYL 0

where Z7y is the characteristic impedance of the line.

Similarly, a three-port hybrid coupler can also be designed,
that comprises of the phase shifter and balanced power divider.
By incorporating different phase shifters, several types of hybrid
couplers can be formed. For any power divider having matched
ports, the input matching is necessary. Equations (24) and (25)
represent the condition that needs to be satisfied for input-
matching. The hybrid coupler is shown in Fig. 9 [51].

Zinl +] Z]e tan 6

22y =27
0 te Z]e -|—jZi”1 tan 6

(24)

Z() +] ZZe tan 6

Zim = Z
m 2 Zze +] Z() tan 6

(25)

where Z;, and Z,, are the line impedances, 6 is the electrical
length, and i=1, 2 is used for the impedance matching.

PORT 1, _

(INPUT)

PORT 4
(ISOLATED)

Fig. 8. Branchline coupler © [49].
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H Zy
———4d
Ry Ry port3

Fig. 9. Configuration of hybrid coupler circuit © [51].
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Fig. 10. Schematic diagram of broadband coupler © [53].

While assuming Z, and 6 are known, Z;, and Z,, are calcu-
lated using equations (26) and (27).

1+ 8tan*f—1

Z1e = Z, 26

le 0 tan20 ( )
1T+ 8tan*6+ 1

Zoe = Zgy| ————— 27)

2tan%6 '

A 180° hybrid coupler is able to produce the sum and differ-
ence for two input ports at two isolated ports, i.e. these couplers
can create 180° phase shift between the signals at output ports.
Such couplers are used for bandwidth enhancement, size reduc-
tion using shunt open stubs, arbitrary power division, and
many more. A standard T-matrix of four-port network is used
to analyze the coupler theoretically [52].

A broadband directional coupler can be designed comprising
of two sections at 90 and 270°. These couplers have larger band-
width and better frequency response, quite similar to the response
of the three-port device. A broadband coupler is shown in Fig. 10.
The self-impedances for the coupled conductors are calculated
using equation (28).

La,b
Ca,h

Ziap = (28)

where L,;, and C,, are the self-inductance and self-capacitance
per unit length of lines a and b, respectively, [53].

The above discussed WPD, branchline coupler, hybrid coup-
ler, and broadband coupler are compared in Table 1 with their
applications, advantages, and disadvantages.
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Beamforming consists of all the above-discussed components
in most of the designs in original and modified forms. It is the
technique of processing/focusing the signal beam with the help
of an array at the transmitters and receivers to control the direc-
tion of the main lobe of the radiation pattern to minimize inter-
ferences. By the use of phased arrays, the phases of the signals in a
particular direction are added up and the lobes present in the
undesirable direction of the radiation patterns are nullified. The
following section describes the beamforming and different techni-
ques of it.

Beamforming

Beamforming is the technique of guiding the main beam of the
antenna towards the desired direction and nullifying the
undesired ones at the transmitter and receiver in order to achieve
spatial selectivity. It can be implemented at various practical scen-
arios such as in radar, seismology, biomedical, sonar, etc. where
there is the need for focusing the beam directions at the specified
target [54]. An investigation on the beamforming systems under
strict power constraints used a cyclic algorithm for MIMO system,
which had low computational complexity and had better perfor-
mances than the heuristic approach. Another scalar quantization
technique was used for the larger number of feedback bits and
vector quantization approach for the smaller number of feedback
bits [55].

The key factors which help us to determine whether to use
spatial multiplexing or beamforming, i.e. operating SNR and
bandwidth, are provided to the users, respectively. Spatial multi-
plexing provides beneficiary results at low operating SNR points
since the transmitter splits the power and hence, weakens the
streams, and causes bit error generation which can limit the over-
all capacity gains. Whereas, beamforming works efficiently in
power-limited cases by providing better capacity by improving
the SNR and allowing the usage of higher-order modulations
[56]. Various challenges are seen in beamforming network
designs, i.e. reducing minimum mean square error, capacity maxi-
mization, and power constraints at various stages, complexity,
antenna correlation, etc. The implementation of beamforming
network in presence of single and multiple-users is also required
[57]. Beamforming techniques can be briefly classified into three
categories: analog, digital, and hybrid [58]. Different types of
beamforming techniques are shown in Fig. 11 and are discussed
in this section.

Analog beamforming

Analog beamforming is the technique where the phase is controlled
by the low-phase shifters and the antennas comprise of hybrid
matrices and phase shifters. Analog beamforming deals with scaling
or phase-shifting the input signal using the analog methods. For the
applications where the systems need to be cost-effective, analog
beamforming is preferred over digital because the same system
can be designed by using low-cost phase shifters [59].

Digital beamforming

Digital beamforming deals with controlling the phase and ampli-
tude of the signal beam which requires RF chains and dedicated
baseband. Digital beamforming is generally opted when multiple
beams with high-gains are desired without the decrease in the
signal-to-interference ratio. The digital beamforming can be
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Table 1. Comparison of different power dividers used in beamforming antennas
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Name of power divider Applications Advantages Disadvantages
Wilkinson power divider [45] Used in high power « Low insertion loss. « Limited power handling capacity.
combination, mixers, radars, « Matched output ports and no
etc. power reflections.
+ Robust.
Branchline coupler [50] Mostly used in single antenna « Unequal power splits can be « Narrow bandwidth.
transmitter/receiver system, achieved.
phase shifters, power
dividers, and mixers.

Hybrid coupler [51] « Used to split signals from « Provides high isolation between « Limited frequency response.
power amplifiers to BTS both the input ports and output » Complexity is high.
receivers. ports. « Costly.

« Also considered for « Extremely low group delay.

inbuilding distributions.

Broadband coupler [53]

Frequency measurements .
and monitoring.
Power measurements. .

Larger bandwidth. Narrow bandwidth.
Better frequency response.
Low power consumption.

Low maintenance.

eamforming

| '

Analog Digital Switched Adaptive

\ J

=W o
Butler
Matrix

| S —

Hybrid

Fig. 11. Classification of beamforming techniques © [59].

categorized further into two categories: fixed and adaptive. In
fixed digital beamforming, the weights for antenna array are pre-
defined and are kept unchanged while the operation goes on.
Whereas, in adaptive digital beamforming, the weights change
and adapt according to the surrounding conditions. This property
ensures that the system’s capacity is enhanced because of its adap-
tive nature. Furthermore, these two can be divided into four cat-
egories: (1) single fixed beam/single user; (2) single fixed beam/
multiple users; (3) single adaptive beam/single user; and (4) single
Chebyshev dynamic beam/multi-users.

Digital beamforming is the technique in which the weights of
the vectors of an input signal are added together to generate the
desired output. A basic digital beamforming system would com-
prise of analog-to-digital converters (ADCs) and digital circuits
along with basic analog building blocks. Digital beamforming
techniques tend to have more errors and low SNR. In order to
overcome this, zero-forcing method is used in which the elements
in the antenna array direct the nulls in the direction of unwanted
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signals to nullify their impact. The result varies when the different
number of elements, along with a different algorithm is chosen
[60]. Even though digital beamforming has several advantages
such as super-resolution, multiple-closely placed beams, flexible
radar power, etc. the implementation of the technique in 5G is
not preferred due to the high cost of antenna array present [61].

However, to maintain the cost-effectiveness and to achieve
the link budget requirements in wireless communications, the
digital beamforming technique is used. Two identical antenna
arrays are used at the base station, which are simultaneously
responsible for beamforming and are reused for reception at
customer-premises-equipment. The design had 16-element
patch antenna arrays, vertically and horizontally polarized, to
operate in 27.5-28.35GHz band and was fabricated on a
Rogers’ 4350 (g, =3.83, thickness =0.254 mm, and loss tangent
=0.0037) substrate. The overall size of the substrate was 30 x 30
mm’. The gain was 16.02 and 15.65 dBi for structures shown in
Figs 12(a) and 12(b). The propagation loss (Lg) for the design
at 28 GHz was calculated using equation (29).

Ly = 32.5 + 20log (fd) (29)
where fis the frequency at which the antenna operates and d is the
distance between the two antennas.

For calculating the received signal in low noise amplifier
(LNA) and the SNR at the output, equations (30) and (31) are
used, respectively. The design justifies to the cost-effectiveness
requirement [62].

PRX = PTX + GTx—LFS + GRx(dBm) (30)

SNR = Prx—Ny—NF(dB) (31)

where Ppy and Prx are the received and transmitted signals,
respectively, Grx and Grpyx are the gains at the receiver and
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Fig. 12. 16- element array © [62]. (a) Horizontally polarized. (b)
Vertically polarized.

transmitter ends, respectively. Also, N, is thermal noise, and is
given in equation (32).

Ny — 174 + 10log (BW) (32)

Hybrid beamforming

The hybrid beamforming is an efficient, cost-effective, and a reli-
able technique for the 5G wireless networks because of its ability
to provide higher data rates with low bit error rates [63]. Hybrid
beamforming is based on the concept that the larger number of
data streams results in limiting the number of up conversions
and down conversions. On the other hand, the larger number
of antenna elements contribute in improving the gain and diver-
sity of the signal. The easiest way to implement hybrid beamform-
ing is by exploiting the channel sparsity which focuses on limiting
the number of RF chains while maintaining the gain of antenna
arrays. At the same time, it allocates power in the baseband and
multiplexes the data. Designing array antennas for the mm-wave
range is quite difficult because mm-wave signals have very high
path losses as it faces difficulties while propagating, i.e. unable
to go through deep surfaces, easily faded or being scattered or
absorbed by the gases present in the air. To overcome this prob-
lem, a hybrid beamforming technique is used [64].

The basic advantages provided by the hybrid beamforming
includes reduced hardware cost, higher energy efficiency, and
enable massive MIMO. The uses of multiple antennas have
resulted in reduced co-channel interference, fading, and noise.
Several methods for optimizing the weights of the array were dis-
cussed in [65]. In order to meet the critical requirements for the
5G networks, hybrid beamforming for mm-wave plays an import-
ant role for the 5G networking systems. Using MIMO, the spec-
tral efficiencies can be improved by making it possible for the base
station to communicate with multiple user end (UE) devices
under same time-frequency-space resources and also by making
multiple streams flow in between the BS and UE [66].
Beamforming effect for the bands 3.5, 10 and 20 GHz were stud-
ied and the transmitted power turned out to be 33 dBm. The com-
parison between hybrid beamforming and digital beamforming
showed that the massive MIMO and hybrid beamforming
achieved more than 20 Gbps throughput [67]. An orthogonal fre-
quency division multiplexing (OFDM) based hybrid beamform-
ing technique is adapted at the transmitter side using channel
stream weights (c), and at the receiver side reverse operation is
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(a) Horizontally polarized

Fig. 13. Hybrid beamforming technique © [68].

performed with weights (w) on the received streams. The corre-
sponding scheme is shown in Fig. 13 [68].

For the hybrid beamforming technique, spectral efficiency can
be obtained using equation (33).

1= et Hoyy Wi, opt]2
2 (i (1))
m=0

where N is the number of subcarriers, m varies from 0 to N-1,
and ¢ and w are for gain adjustments at the transmitter and
receiver, and H is the channel matrix.

The beam can be steered using the w,,, which is the beam
steering vector, and is given in equation (34).

Ryybria =

HH
Wi, Opt = /M, €

(34)
Il Hye ll

Another structure of the hybrid beamforming (transmit) using Ng
data streams, MIMO encoder and baseband pre-coder, RF chains
(Ngp), antenna weights, and receiving arrays (N,) is given in
Fig. 14. With a slide modification (reverse order), receive hybrid
beamforming can be formed [35].

A combined technique using frequency-modulated
continuous-wave for measuring range and MIMO for digital
beamforming in two-dimensional (2D) is used to design a 24
GHz radar system that detects a 3D object and generates an
image for the same. The digital beamforming in 2D can be
obtained using the orthogonal arrangement of two antenna arrays
having “M” transmitters and “N” receivers. In this case, there are
eight transmitters, located at the spacing of d,=14.2 mm, and
receivers, each located at the distance of d,=14.5mm from
each other, in the antenna array in order to achieve better
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Fig. 15. Antenna array for 3D imaging © [69].

resolution and medium hardware effort. The design is shown in
Fig. 15.

The T-shaped orthogonal arrangement was chosen to ensure
that the transmitters and receivers provided the same polarization.
Each antenna in the array had 2 x 2 patches, which provided half-
power beam width (HPBW) as 42° in azimuthal plane and 50° of
HPBW in the elevation plane. The system was designed on four dif-
ferent modules: the transmitter module, receiver module, synthe-
sizer module, and field programmable gate array module. The
switching of each transmitter was handled by an LNA at the
ends of WPD. A bandwidth of around 270 MHz was obtained
from the experiment and the other measurements were carried
out by the corner reflector, had a cross-section of 6=2m’ A
very small amount of angular resolution error was recorded, i.e.
from —5 to +5°, for both the directions [69].

Switched beamforming

Switched beamforming is the beamforming where the user/system
is able to switch between multiple beams that are generated and
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can choose from one of the many predefined patterns that has
the main lobe in the direction of the desired signal. One of the
most popular beamforming networks used is known as the
Butler matrix. The matrix has been widely chosen in electronically
scanned arrays as a MIMO beamforming network, because of
being versatile and simpler for multiple-beam antennas. These
networks are passive microwave ones, which comprises of hybrid
couplers and phase shifters [70].

An UWB antenna was designed based on 4 x 4 Butler matrix,
operating in the range from 3 to 9 GHz. The hexagonal slot geom-
etry was used to design the microstrip patch and was fabricated
on RT/Duroid 5880 substrate (g,=2.2, thickness=0.254 mm,
and loss tangent = 0.0009). The designed system achieved 6 GHz
of bandwidth and delivered four orthogonal beams at —45, —15,
15, and 45° [71]. Another Butler matrix was designed in
Ku-band using substrate integrated waveguide (SIW) technology
at 12.5 GHz central frequency and had Rogers’ RT/Duroid 5870
substrate (g,=2.33, thickness=0.787 mm, and loss tangent=
0.0012). The dimension for the substrate was 144 x 146 mm?. It
was observed that the isolation was better than 15 dBi and had
the 3 GHz operating bandwidth. The desired phase shifts at 45°
were obtained. The design is shown in Fig. 16 [72].

The smart antennas work on two algorithms, known as
the direction of arrival (DOA) and adaptive beamforming. In
the case of DOA, once the signal is received by the antenna, the
algorithm decides the directions based on the time delays. For
any rectangular grid array, the time delay, T, can be given in
equation (35) [73].

Tmn = ﬂ (35)
Yo

where v, and Ar represent the speed of the light in free space and
the differential distance, respectively.

Smart antenna systems are designed in order to optimize the
radiations and reception patterns generated by the combination
of antenna array and signal processing units. But due to its
high spatial directivity and increased complexity, it was not a suit-
able approach. The designers used switched beamforming
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Fig. 16. SIW 4 x 4 Butler matrix © [72].

approach to overcome the limitation. A patch antenna array along
with an 8 x 8 Butler matrix was designed on Taconic RF35tc sub-
strate (g,=3, thickness =0.127 mm, and loss tangent =0.0014)
and operated on 2:1 voltage standing wave ratio (VSWR) band
of 24-26 GHz frequency. The Butler matrix structure was used
as a beamformer. The network yielded beams in eight different
directions from the eight output ports with equal powers and pro-
gressive phases at +22.5, —22.5, 67.5, —67.5, 112.5, —112.5, 167.5,
and —167.5°, respectively. The gain was better than 10 dBi in the
design. The design is shown in Fig. 17 [74].

In another design, a switched beam system was designed for
23.34-28.25 GHz using hybrid couplers and antenna arrays. The
antenna array had 10 x 2 patch elements with the inter-element
spacing of 11.52 mm. The Rogers’ RT/Duroid 622 substrate was
used (g,=2.9, thickness = 0.254 mm, and loss tangent =0.0015)
along with the copper of 35pum thickness. The maximum gain
and directivity were 12.398 dBi and 13.929dB at port 1, and

m Antenna

array

16

Crossover
260 pm
s00Q)

(a) Schematic view

Leevanshi Rao et al.

12.535dBi and 14.068 dB at port 2. The design produced two
beams with 32° beam widths. The design is shown in Fig. 18 [49].

Similarly, a switched beamforming antenna system was
designed for 28 GHz frequency on Roger’s RO4003 substrate
(g,=3, thickness =0.127 mm, and loss tangent=0.0013). The
dimension of the patch was 3.785 x 2.823 mm?. The whole struc-
ture had a 4 x 4 matrix followed by an array of 1 x 4 patch anten-
nas connected in such a way that inputs at the different ports of
the Butler matrix led to different directions of the main beam.
When the input was fed from the input ports 1 and 4, at the out-
put, a phase difference of +45° was observed. Similarly, when
inputs were fed from the ports 2 and 3, a phase difference of
+135° was seen at the output ports. When port 1 was the input
port, a beam was obtained at 15°. Similarly, from port 2 as
input, a beam at —34° was obtained and beams at 33 and —15°
obtained with ports 3 and 4 as input ports, respectively. Output
losses due to delays were around —7.1 and —6.6 dB, when input
ports were 2 and 3. When input ports were 1 and 4, the losses
were —7.5 and —6.5dB, respectively. The minimum SLL was
—12.9dB in design. The overall size of the Butler matrix was
20.3 x 13.0 mm” and that of antenna array was 21.2 x 19.9 mm?>.
The design is shown in Fig. 19 [75].

Another switched beam antenna array was implemented on
Rogers’ RT/Duroid 5880 substrate (g,=2.2, thickness=0.254
mm, and loss tangent =0.0009) to resonate at 35 GHz, which
offered low complexity by avoiding multiple layers. The design
used 4 x4 Butler matrix for beam steering at +45 and +135°.
Two slits were placed at the feeder for impedance tuning. The
phase differences between ports 1 and 4 were+45 and +135°.
From ports 2 to 3, phase differences were +15 and £45° and the
antenna gains obtained were 8 and 7 dBi, respectively. The SLL
was approximately —9 dB. The design is shown in Fig. 20 [76].

Similarly, the multi-beam antenna arrays were designed on a
4 x 8 Butler matrix to reduce the SLLs and to improve the gain.

Smm II ¢ \
. |

[ 80mm

’ Tomm

126mm

T v v

(b) Fabricated view

Fig. 17. Switched beam antenna array with 8 x 8 Butler matrix © [74]. (a) Schematic view. (b) Fabricated view.
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Fig. 18. Switched beam antenna array system © [49].

A beamforming architecture was designed with SIW multi-folded
Butler matrix structure to operate at 38 GHz (37.5-38.5 GHz
band). The matrix was accompanied with an 8 x 10 patched
antenna array to offer beam steering in four different directions.
The SIW structure provided lesser radiation losses than microstrip
lines. The design was fabricated on Rogers 5880 substrate
(g,=2.2, thickness = 0.254 mm, and loss tangent =0.0009). The
design opted for cross-layer structure and thus, had two sub-
strates. An 8 x 10 patched antenna array ensured four beams for
wider coverage and angular area. The beams were 12 and —12°
when the ports 1 and 4 were excited. The gain at these ports
was 21 and 20.9dBi. The overall size of the substrate was
64.4 x 60 mm?, the gain in the directions —36, —12, 36, and 12°
were 20.3, 21.4, 21.4, and 20.3 dBi [77].

Adaptive beamforming

In adaptive beamforming, the complex weights of the incoming
signals are calculated and multiplied with the output elements of
each array in order to optimize the results. It uses the block of
data to estimate the weight vectors, known as sample matrix inver-
sion. Another way to calculate the weight vectors is sample-by-
sample, in which the weights of the vectors are updated after
each sample [78]. Adaptive beamforming is a powerful tool in sup-
pressing the interferences and noise, as well as improving the
desired signal. Smart antenna systems are the combination of signal

Port 1
Port 2
Port 3

Port 4

Fig. 19. Switched beamforming network using a 4 x 4 Butler matrix © [75].
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processing and multiple-antenna elements to achieve better signal
radiation and reception. Switched beam antennas and adaptive
array antennas are two different categories under smart antennas
[79, 80]. These systems have gained popularity in the field of wire-
less communication due to its structure and its ability to reduce
noise, interference, and delays. These antennas further can be clas-
sified into switched beam system and adaptive arrays. A smart
antenna system was designed which could perform well with adap-
tive beamforming. The white Gaussian noise for each element,
having 10dB SNR and three interferers at —30, —60, and 60°,
respectively were achieved in design [81].

An array synthesis method, known as Tchebyscheff distribu-
tion (TD) was used to achieve the narrowest and lowest SLLs,
along with two algorithms used in adaptive beamforming, i.e.
least mean square (LMS) and constrained stability least mean
square (CSLMS). To achieve the beam in the desired direction,
0, the array factor (AFy) is given in equations (36) and (37).

N-1
AF; = Z A, /(24N cos 0+a)
n=0

(36)

and,

(37)
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Fig. 20. Switched beam phased antenna array at 35 GHz © [76].

where o is the progressive phase shift, and 2zd/ A is the phase
factor.

The TD was used with the LMS and CSLMS to create a beam
in the desired direction as well as, in the direction of predefined
null. The normalized AFs for various cases were calculated
using TDLMS and TDCSLMS, by varying the SLLs in each
case. When the results are compared with LMS and CSLMS,
—4 to —6 dBi lower side levels were obtained [82].

Adaptive beamforming works on two algorithms: recursive
lease square (RLS) and LMS. The LMS algorithm does not
work when the values of the step-size parameter are >0.05.
Similarly, using the RLS algorithm, lower SLLs than LMS can
be achieved. Also, the LMS algorithm controls the radiation pat-
tern and has better convergence, enhanced coverage and low out-
age probability. The comparison of bit error rate and SNR of it in
the presence and absence of beamforming verifies the implemen-
tation of CR systems’ architecture [83]. There are several algo-
rithms to achieve adaptive beamforming: LMS, constant
modulus algorithm (CMA), least square CMA (LS-CMA), and
RLS. LMS algorithm was found to be the simplest and has the

(a) Single element

Fig. 21. Circular polarizer © [87]. (a) Single element. (b) Fabricated view.
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easiest computation methods. In this algorithm, the weight vec-
tors are calculated using equation (38) [84].

w(n+ 1) = w(n) + ux(n) x e(n) (38)
where w(n) is weight vector, x(n) is received signal from multiple
elements, u is the gain constant, and e(n) is the error between
actual output and the desired signal.

Four different configurations of patch antennas were designed
to operate at 28 GHz and were controlled by switches. The design
was fabricated on a Rogers’ 5880 substrate (g, = 2.2, thickness =
0.254 mm, and loss tangent =0.0009). The beams for different
configurations have +15 and —15° beam widths, and have gains
in the range of 9.54-10.9 dBi respectively [85]. An eight-element
antenna array used the RLS, LMS, and optimized LMS algo-
rithms. The RLS has the best beamforming capability and had
better performance in nullifying interferences at 40, 60, and
90°, respectively [86]. The leaky least mean square (LLMS) algo-
rithm was used to overcome the problem of slow convergence
speed in LMS. The mathematical representation for updating
weight in LLMS algorithm for nth iteration is given in equation
(39). A 12-element array with 0.54 spacing was used with 20 dB
SNR. The LLMS algorithm generated beam at 20° for u = 0.02.
Also in the presence of multiple interferences, the null deviation
up to 15% was generated [57].

wn+1) =1 —2up) x wn) + p x e(n) x x(n) (39)
where u is the step-size, e(n) is error signal, w(n) is the filter coef-
ficient vector, and x(n) is the received signal.

Similarly, an FSS-based circular polarizer antenna with beam-
forming feature was designed for 7 GHz (6-8 GHz band) on the
substrate Rogers (g£,= 2.65, thickness = 1 mm, and loss tangent =
0.003). The FSS structure was anchor-shaped with two layers sepa-
rated by 12 mm. It was observed that the beam was wider (51.33°)
as compared to the non-FSS structured antenna (37°). The gain for
FSS-structure was 12.88 dBi and achieved 94.89% efficiency. The
overall FSS structure was implemented on 120 mm circular area.
The design is shown in Fig. 21 [87].
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Other beamforming techniques

In addition to the above beamforming techniques, there are cer-
tain other available techniques. An optimum transmit beamform-
ing is a powerful technique in terms of increasing system capacity,
helps in reduction of the interference between the waves on a
multipath channel, and improves the throughput [88]. Apart
from optimum transmit beamforming there are distributed and
collaborative beamforming and has its applications in the 3D
beamforming wireless networks [89]. Another approach for
beamforming is known as unitary multi-beam transformation.
The technique is most efficient and fruitful in the cases when
the system requires highly directional signal beams with the
least SLLs [90, 91]. For better performances, blind source separ-
ation and beamforming can be combined using two different mix-
tures [92].

Despite the use of different beamforming techniques and
applied algorithms, obtaining faster convergence is still a task to
do. Thus, the idea of genetic algorithm based on Charles
Darwin’s theory of “survival of the fittest” is used to update the
array excitation coefficients. With this, the SLLs are drastically
reduced and the array angle direction can be moved to the desired
ones [93].

Massive MIMO and mutual coupling

The current standards in long term evolution permits up to eight
antennas for the transmission point, but for 5G networks, eight
antennas per point is not enough. Hence, the concept of massive
MIMO came into the picture. Massive MIMO supports more
than eight antennas at each transmission point and focuses on
the higher-order multi-user MIMO (MU-MIMO). Single user
MIMO (SU-MIMO) deals with sending multiple data streams
to a single user and involves spatial multiplexing and multipath
scattering. In MU-MIMO, switched beam concept is considered
in order to choose the best beam for the end-user and also, it
reduces the cross-talk possibility via the side lobes of the beam
[94]. Massive MIMO has more than or equal to hundreds of
base stations that serve more than or equal to tens of UE equip-
ment. Time-division duplex is adapted in the massive MIMO
instead of frequency division duplex that minimizes the signal
overhead and helps acquiring channel state information (CSI)
[95]. Massive MIMO systems have the tendency to improve the
network capacity by reducing the interferences and steers the sig-
nals in the desired direction. They are capable of improving the
efficiencies and throughput for the system. The propagation
medium hardly affects the massive MIMO systems. Massive
MIMO uses linear pre-coders to reduce the interference in the sig-
nals and enables transmission of multiple streams. Massive
MIMO system has the following components, as shown in
Fig. 22 [96].

The capacity of the massive MIMO can be obtained as per the
discussions given below. As per Shannon’s capacity theorem for
the single-input-single-output antenna (SISO) system, capacity
(bits/s/Hz) is given by equation (40):

N
Cs[so = BlOg2 (1 + N > (40)

For SU-MIMO, with the independent and identically
distributed Gaussian signals, the capacity (bits/s/Hz) is given by
equation (41):
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Fig. 22. Massive MIMO components © [96].

Csu—mimo = log, (41)

I—I—E HH*
N

where B is the bandwidth, S is the signal power, N is the noise
power, I is the identity covariance matrix, and H is the CSI of
m X n antenna system.

For MU-MIMO, capacity (bits/s/Hz) can be given by

equation (42):
S
I+ — HPH*

where P is the power allocation for maximization of the transmis-
sion rate.

On the basis of the SISO capacity, SU-MIMO capacity, and
MU-MIMO capacity, the massive MIMO capacity (bits/s/Hz)
can be obtained. When the receiving antennas tend to infinity,
the capacity of massive MIMO is obtained by equation (43) [97]:

(42)

max
Cymu—-mmmo = 7 10g2

Sm
Cmassive MIMO ~ N 10g2 <1 + 7) (43)

where 7 is the number of transmitting antennas and m is the
number of receiving antennas.

Massive MIMO 1is capable to accommodate the increasing
users of the mobile devices and for faster responses, due to its
capacity enhancement techniques. Therefore, massive MIMO
can be the main ingredient in technologies such as machine-
to-machine, internet of things, vertical virtual sectorization, etc.
Large antenna arrays are used in the beamforming in massive
MIMO to reduce path losses. Due to its compact architecture
and larger mm-wave antenna array, hybrid beamforming is
being considered in the network systems. In massive MIMO,
the number of UE antenna elements and the number of base sta-
tion elements reaches hundreds. Hence, it allows more transmis-
sion of data and even simplifies the signal processing [64]. When
multi-antenna UEs in massive MIMO systems came to the pic-
ture, the number of base antennas are reduced. As a result, the
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(b)

Fig. 23. (a) Cross dipole. (b) Cross dipole with resonator © [106].

signal processing complexity and the cost are reduced. But, a new
problem of inter-cell interference came into the picture. To over-
come this, the user equipment beamforming technique is used.
The Rician fading model has low computational costs and it
requires no additional channel information and a semi-definite
method can be used for the calculation of beamforming vector
[98]. With increased research studies in the communication
field, relay networks emerged as the most reliable and having
wide cell coverage while achieving high gains. These networks
comprised of amplify-and-forward, and decode-and-forward pro-
tocols, half-/full-duplex communications and are able to deal with
power constraints [99].

MIMO antennas have multiple benefits in the wireless com-
munication system, but the problem of mutual coupling is
major due to the radiators’ close proximity [100]. Maintaining
the isolation between the ports in any MIMO antenna has turned
out to be the most crucial phase while designing. There are several
techniques used to avoid the mutual coupling in the MIMO
antennas, for example parasitic element, coupling element,
decoupling element, slotted meander line resonator, etc. [101].
A G-shaped MIMO antenna was used with polarization diversity
and partially stepped ground to overcome the effect of mutual
coupling [102]. A T-shaped isolator was introduced in order to
limit the mutual coupling effects and was fabricated on FR-4
(e,= 4.4, thickness = 1.524 mm, and loss tangent = 0.025) [103].
In order to get the wide-band, a meander line MIMO antenna
having hook-shaped elements was fabricated on FR-4 (g,= 4.4,
thickness = 1.524 mm, and loss tangent =0.025). The isolation
between the ports was more than 12 dB, due to the placement
of elements [104]. Similarly, a pentagonal-shaped antenna elem-
ent with T-shaped isolator was designed to provide more than
12 dB isolation at the ports [105].

Reducing the effect of mutual coupling is MIMO antenna is a
major goal. An artificial neural network was used to reduce
mutual coupling. A resonator was designed for minimizing the
transmission values and was added to the cross dipole antenna,
as shown in Fig. 23. Each arm of the cross dipole antenna was
30.75mm long and operated at 2.40 GHz (2.2-2.7 GHz band)
on FR-4. With and without the resonator, the mutual couplings
were 25.3 and 19.7 dB [106].

MIMO antenna with compact size radiators along with the
partially extended ground structure and partial ground was
designed on FR-4 substrate (g, = 4.4, thickness = 1.524 mm, loss
tangent = 0.025) to provide more than 12.5dB of isolation at
the ports [107]. In order to overcome mutual coupling, a 2 x 2
MIMO antenna with circular polarization and ground split was
fabricated on FR-4 substrate (g,= 4.4, thickness=1.524 mm,
and loss tangent = 0.025). To reduce the coupling between the ele-
ments in the arms of a feeding network, a slot was introduced
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above the feed line. The envelope correlation coefficient in the
whole band was around 0.15 and had more than 33 dB isolation
at the ports [108]. Another antenna having a number of triangular
cuts on the patches produced more than 17 dB isolation between
ports 1 and 2, and ports 1 and 3. The efficiency was >63% and the
size of the substrate was 75 x 75 mm?. The patch width was calcu-
lated using equation (44) [109].

w=o [ 2

2fres VEr+1

where f,.; is the resonant frequency, v, is the light speed, and €, is
the dielectric constant.

To cover all the frequency bands for WLAN and WiMAX
under 6 GHz, a 2x2 MIMO antenna with ground modification
technique was designed on a FR-4 substrate (g, =4.4, thickness
=1.524 mm, and loss tangent = 0.025). The slots were introduced
to enhance the wide-band frequency responses. The overall size of
the substrate was 54.82 x 96.09 mm?>. The gain in the whole band
was 3.997 dBi, and the efficiency was >62.95%. The isolation
between the ports was more than 11 dB [110]. A MIMO antenna
with four C-shaped antenna elements was fabricated on FR-4
dielectric substrate (g, = 4.4, thickness = 1.524 mm, and loss tan-
gent = 0.025). The gain in the whole band was >2.5 dBi, and the
efficiency was >71%. Also, more than 10dB of isolation was
achieved between the ports [111]. A MIMO antenna, comprising
of feedlines, a decoupling element (inverted L-branches) and two
radiating elements was designed on FR-4 (g, = 4.4, thickness = 1.6
mm, and loss tangent = 0.025) to reduce the mutual coupling. The
peak gains were 4.864, 6.587, 5.803, and 7.254 dBi for 0.93, 1.83,
2.322, and 4.878 GHz, respectively. The size of the substrate was
120 x 76 mm?®. The wavelength of the decoupling element was cal-
culated using equation (45) [112].

(44)

c

N

where ¢ is the speed of light and f is the frequency.

A compact folded meander line MIMO antenna with smaller
ground plane was designed on an FR-4 substrate (g, = 4.4, thick-
ness = 1.524 mm, and loss tangent = 0.025). The isolation of 11.0
dB was achieved between the ports at 5.2 GHz, a gain >3 dBi at
resonating frequency, and 65% efficiency in the whole frequency
band. The overall size of the substrate was 37.5 x 10 mm? [113].
Another 2 x2 MIMO antenna was designed on FR-4 substrate
(e,=44, thickness=1.524 mm, and loss tangent=0.025) to
achieve the compact design. The antenna achieved a gain of 3.7
dBi, and 13 dB isolation between the ports. The overall size of
the substrate was 82.7 x 82.7 mm?” [114].

A (45)

Low-frequency band antennas in 5G for beamforming

Certain low-frequency bands in 5G beamforming are discussed in
detail here. In order to improve the overall performance of the
antenna array, an MIS (matching-in-step) series-fed antenna
array using five elements was introduced. The array was designed
on Rogers RT 5880 substrate (g, = 2.2, thickness = 0.787 mm, and
loss tangent = 0.009) and the patch width was kept uniform, i.e.
2.42 mm. It was observed that the antenna array achieved better
VSWR and radiation than the traditional designs. The antenna
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Fig. 24. Tapered antenna array © [115].

array resonated at 5GHz (4.9-5.1 GHz band) and achieved
—14 dB SLL. The design is shown in Fig. 24 [115].

Two different types of Vivaldi antennas antipodal and tapered
slot were used for electromagnetic beamforming for 1-5 GHz fre-
quency range on RO4350B substrate (g, = 3.48, thickness = 1.52
mm, and loss tangent = 0.0031) of size 40 x 50 mm? [116].

A homogenous anisotropic zero-index meta-materials (ZIM)
Vivaldi antenna was used to improve the antenna gain, radiation
efficiency, and directivity. The meander line slot was opted for the
same and was designed on F4B (g,=2.65 and loss tangent =
0.001). The taper curve at the opening of Vivaldi antenna can
be designed using equations (46) and (47) as follows:

y=Ce*+ G (46)

ax, __ yzeuxl

e

Cl = u and C2 = yi€

9% _ pdxi eaxr (47)
where « is the opening rate and C; and C, can be calculated
according to the points P; and P,, shown in Fig. 25.

It was observed that the gain of the antenna can be improved
by 2 dBi in the 9.5-12.5 GHz band, when a single layer IA-ZIM is
used. With multiple layers, the gain can be increased by 4 dBi. The
HPBW decreases by 45°, when multiple layers were used [117]. In

Substrate

Sub_thick

Bottom View

([

Sub_Length

(a) Schematic views

Fig. 25. Vivaldi antenna structure © [117]. (a) Schematic views. (b) Fabricated view.
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another study, a broadband Vivaldi antenna was designed with
beam switching features. The top layer of the design was printed
on a Taconic TLY-5 board (&, = 2.2, thickness = 0.78 mm, and loss
tangent = 0.0009) and two symmetrical slots were added with a
radiating angle of 90° at 40.6 mm equidistance to ensure wide
bandwidth. The PIN diodes and bias networks are capable of sup-
porting low power loss, high switching speeds, low parasitic resist-
ance, and biasing, hence were added to the clover-leaf Vivaldi
antenna. The study showed a way to increase beam steering
modes from single to 2> — 1 modes using three PIN diodes. The
diodes were used to switch between the three modes.
Combination of modes 1 and 2 were achieved by forward biasing
diode 3 (D3) and keeping D1 and D2 open circuited. Similarly,
for modes 2 and 3, D2 and D3 were open circuited and D1 was
forward biased [118].

A high gain antenna with four parasitic elements was designed
on FR-4 substrate (¢,= 4.4, thickness =1.524 mm and loss tan-
gent =0.025) to provide a wideband. The antenna covered two
bands: 5G (3.30-3.60 GHz) and Wi-MAX (3.40-3.69 GHz). The
overall size of the substrate was 0.54x0.54. The gain in
the whole band was 5.62 dBi, and the efficiency was 81.9%. The
design is shown in Fig. 26 [119].

Similarly, a wideband, dual polarized, orthogonally placed
Vivaldi antenna with improved balun was designed on an FR-4
substrate (g,= 4.3 and thickness =1 mm). An electromagnetic
coupling from microstrip line to slot was used to feed each
Vivaldi antenna, as shown in Fig. 27. The radiation patterns for
the antenna at 2/2.5/2.7 GHz (2.0-3.5 GHz band) were wide,
along with lower SLLs. It was observed that better results can
be achieved with the improved balun feed. Around 25dB port
isolation was achieved in design [120].

A reconfigurable Vivaldi antenna can also be used at very
high frequencies, i.e. THz, using a hybrid graphene metal with
tapered slot edges. The chemical potential u, increases the surface
conductivity at a certain frequency, thus, in the case, u. up to
0.25eV was considered along with T=300K and transport
relaxation time, A=1ps. The size of the antenna was 2x1
mm?, as shown in Fig. 28. The maximum slot width was kept
0.9mm. The design achieved frequency bands 630-930 GHz

(b) Fabricated view
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Fig. 26. 5G antenna © [119]. (a) Front view. (b) Back
view.

at u.=0.36 ¢V, and 280-1400 GHz at u.=0.5eV. A maximum
width, W of 0.8 mm was opted for the graphene structure. It
was observed that the gain is reduced with the chemical potential
and the bandwidth is increased. Also, the pure metal antenna
had a higher reflection coefficient than graphene-metal-based
antenna. The graphene-metal-based antenna achieved the
re-configurability and had better gain and radiation efficiency
than non-metallic graphene antennas [121].

High-frequency band antennas in 5G for beamforming

The antennas above 50 GHz are discussed here for 5G applications.
A 2 x4 MIMO antenna array with inset feed was designed to res-
onate at 60 GHz (50-70 GHz band). The MIMO structure com-
prised of four 1 x 2 power divider arms with different impedance
feed combinations and inset feed rectangular antenna arrays. The
antenna was designed on Rogers’ RT 5880 substrate (¢, = 2.2, thick-
ness =0.16 mm, and loss tangent=0.0009) of size 19.50 x 10.0
mm?. The design achieved 13.4 dBi gain along with 4.3 GHz band-
width and a SLL of —5.1 dB. The design is shown in Fig. 29 [122].

Similarly, a high gain microstrip antenna array with series-fed
and parallel-fed networks was designed with 24 elements. The
array had 6 x 4 patch elements on Rogers’ RT/Duroid 5880 sub-
strate (g,= 2.2, thickness=0.127mm, and loss tangent=
0.0009) at 61.56 GHz (57.24-65.88 GHz band). The patch width

(a) Front

Fig. 27. (a) Dual polarized Vivaldi antenna © [120]. (a) Front view. (b) Back view.
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(b) Back view

‘W’ and the patch length ‘L’ are calculated using equations (48)
and (49).

IM4+1 A
wo_M+l A (48)

Vie+1)/2 2

p=ANFL <§>—2AL (49)

[Eeff 2

where M and N are the non-negative integers, A, and A represent
the free space and operating wavelengths, respectively, and AL is
the patch length extension.

The feed length (Ly,), feed, the spacing between the array ele-
ments (L), and inter-element space S, are calculated using equa-
tions (50)-(52), respectively. This antenna array achieved 19.26
dBi gain along with 2.64 GHz bandwidth. The overall size of
the substrate was 27.05 x 31.62 mm”. The design is shown in
Fig. 30 [123].

Lr, =K+ 1)% (50)

(b) Back
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eraphene

metal

(a) Front view

Fig. 28. Graphene-metal-based Vivaldi antenna © [121]. (a) Front view. (b) Back view.
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(b) Back view

10.00mm

19, 50

LT1=(2P+-U%-+2AL (51)

S=02Q+ 1)’5\ (52)

where P, Q, and K are the non-negative integers (P=Q =0 and
K =1 in this case).

A microstrip antenna at 60GHz (58-62GHz band)
millimeter-wave band having a circular contour on the outer
side of feeding line of diameter 16.50 mm and four branches of
antenna array was designed on an aluminum oxide substrate
(e,=9.8, thickness=0.012mm, and loss tangent=0.003). The
maximum gain achieved by the design was 8.4dBi for the
mm-wave band [124]. Similarly, a 57-69.4 GHz high gain
antenna with 60 GHz resonant frequency was designed on the
principle of log-periodic and Yagi-Uda antennas. The low loss
Rogers’ RT/Duroid substrate (g,= 2.2, thickness=0.254 mm,
and loss tangent = 0.003) of size 30 x 30 mm? was used for the

https://doi.org/10.1017/51759078720001622 Published online by Cambridge University Press

Fig. 29. 4 x2 patch antenna array © [122].

design. The achieved bandwidth was 12.4 GHz. An efficiency of
91.2% and gain of 11.8 dBi were achieved at 60 GHz. The design
is shown in Fig. 31 [125].

Fig. 30. Antenna array with 24 patches © [123].
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Fig. 31. Design based on principle of log-periodic and Yagi-Uda antennas © [125]. (a) Front view. (b) Back view. (c) Fabricated view.

Beam steering

Unlike beamforming, beam steering is the technique that has the
ability to change the directions of the main lobe of the radiation
pattern. This can be achieved by either changing the phase of the
signal or by switching between the elements. In this section, some
cases and designs based on beam steering are discussed.

A beam steerable, four-patched antenna array comprising of
two 3-defected microstrip structure (3-DMS) and 6-DMS power
divider in the feed network was designed. It was observed that
the phase shifts in 3-DMS power divider at four different states
were 0, 0, 42, and —45° and for 6-DMS these were 0, 0, 87,
and —91°. Also, the direction of the main beam had the ability
to switch at 0, 15, and —15°. The bandwidth in four states covered,
all the frequencies in WLAN range, i.e. 5.2 GHz. The DMS struc-
ture had 8 x 2 mm?” slots and 10 mm thick microstrip line. The
design is shown in Fig. 32 [126].

A defective ground structure is like a boon when better band-
width, compact size, and harmonic suppression needs to be

https://doi.org/10.1017/51759078720001622 Published online by Cambridge University Press

Fig. 32. DMS power divider prototype © [126].
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Fig. 33. 60 GHz antenna array fed by Butler matrix © [130].

achieved. Moreover, a phased array antenna helps in achieving
high gain and beam-steering ability. An antenna was designed
on the Rogers’ RO4533 substrate (g, =3.3, thickness=0.762
mm, and loss tangent = 0.0025) of size 10 x 10 mm® and had a
sectored patch with 3mm diameter. The antenna had +30°
beam steering capability for 26, 28, and 43 GHz frequencies. A
minimum gain of 12 dBi was obtained for all the bands. The
phase movement is calculated using equation (53) [127].

where A, is the phase shift, d is the inter-element distance, and ©
indicates the beam steering.

Microstrip antennas have been the most preferred ones when it
comes to the matter of compactness, low profile, and lower manu-
facturing costs. The resonating frequency for any squared, circu-
lar, or rectangular patch can be derived using equations (54)
and (55) [128]. But, it is very difficult to attain high gains using
the same. Thus, MTMs are used to improve the gains. The
MTMs have negative permittivity, i.e. € <0 [129].

: 1.841c
A — 2d sin O, 53) fo=Fr7—""+ (54)
@ A (271'(1‘ /e,)
Table 2. Comparison of different frequency bands of beamforming antennas
Frequency
band/bands No. of Substrate Gain Efficiency
Ref. no. (GHz) elements chosen Size (mm?) (dBi) Beam width (°) (%) Applications
[62] 27.5-28.35 16 Rogers 30x%30 16.02 22 64 Digital
4350 beamforming
applications.
[74] 24-26 8 Taconic 150 x 126 10 —14.6 to —27.9 65 Future wireless
RF35tc devices.
[49] 23.34-28.25 20 Rogers’ RT/ 79.42x11.53 12.39 32 70 Future wireless
Duroid devices.
5880
[75] 27.4-28.6 16 Rogers’ 20.3x13.0 10 +45 and +135 72 Future wireless
R0O4003 devices.
[77] 37.5-38.5 80 Rogers’ 64.4 x 60 20.3 +36 and +12 69 High gain
5880 applications.
[85] 24-32 1 Rogers’ 4.52 x3.52 10.9 45 to 50 74 Future wireless
5880 devices.
[122] 50-70 8 Rogers’ RT 10.0 x 19.50 134 26 73 Wi-Gig
5880 applications.
[123] 57.24-65.88 24 Rogers’ RT/ 27.05x31.60 19.26 11 40 WLAN/WPAN
Duroid point to point
5880 communications.
[124] 58-62 12 Aluminum 1.05x0.78 8.4 84.1 65 Millimeter wave
oxide (patch) applications.
[125] 57-69.4 1 Rogers’ RT/ 30%30 11.8 45.10 91.2 V-band
Duroid applications.
[130] 55-65 40 Rogers’ 47x13 16.5 25 60 Millimeter wave
R0O4003C applications.

https://doi.org/10.1017/51759078720001622 Published online by Cambridge University Press


https://doi.org/10.1017/S1759078720001622

1058

Table 3. Merits and demerits of different beamforming techniques

Leevanshi Rao et al.

Name of approach

Technique

Applications

Merits

Demerits

Analog Beamforming
[57]

Phase shifters are used to direct
the beams in the desired
directions, by phase shifting the
input signals.

Mostly preferred for
short range
communication and
radar systems.

Low power
consumption.
Baseband processing
requirement is the
least.

Not so flexible.
Reconfiguration is
difficult.

It is limited to one RF
with a large number of
arrays.

Digital Beamforming
[59, 60]

The integration of weight vectors
of the input signals is done. The
system comprises of ADCs and
analog building blocks.

Suits best for the base
stations.

Cost effective

More flexible.

Provides freedom to
alter number of beams
or the number
elements.

Low SNR.

Very complex.
Consumption huge
amount of power.
Required number of RF
paths is higher.

Hybrid Beamforming

Combination of digital and analog

Massive MIMO systems

Cost effective

Excessive loss at power

[62-65] beamforming. « Consumes lesser power combining.
+ More flexibility than « Less flexibility than
Analog Beamforming digital beamforming.

Switched User can switch between the Narrow beam switching + Practical « Chosen beam might not
Beamforming multiple, pre-defined beams in systems implementation is be exactly pointing
[35, 67, 68] the direction desired. Butler easier. desired direction.

matrix structure is preferred while « Cost effective. « Interference reduction is

designing the same. - Better coverage. difficult as compared to

adaptive beamforming.

Adaptive Complex weights of input signal Massive MIMO systems « Efficiently suppresses « Practical implementation
Beamforming are multiplied with each array’s the interferences. is tougher than switched
[49, 75-78] output and results are optimized, « Each user can obtain a beamforming.

using various algorithms such as single beam. « Expensive.
LMS, RLS, etc. « Reliable for massive
MIMO.
« Uniform coverage area.
A MIMO antenna with flexible phased-array, having the trans-
c mit beamforming feature allowed the generation of multiple
fr == (55)  beams, which could be steered in the desired directions. This is

(2d )

where c is the light velocity, a is the radius of the circular element,
d is the distance from the feed point to the other side, and &, is the
dielectric constant.

A 4 %10 series microstrip patch antenna array fed by a Butler
matrix was designed to operate at 60 GHz (55-65 GHz band). The
design was implemented on Rogers’ RO4003C substrate (g, = 3.8,
thickness = 0.2 mm, and loss tangent =0.0027) of size 47 x 13
mm?, and the microstrip line structure over SIW structure was
opted for the desired outcome. The array of patch antennas (in
series) in the design were tapered in order to ensure more than
20 dBi gain for 4 x 10 antenna arrays and to limit the SLL. A
1 x 10 series-fed antenna array individually was able to achieve
87% efficiency along with 14.7 dBi gain. The antennas in array
were placed at a distance of 2.67 mm. The port isolations were
more than 15 dB. With 4 x 10 series fed antenna arrays, the sys-
tem achieved 60% efficiency and 16.5 dBi gain. It was seen that
4 dB BW of two central planes and 3 dB BW of side beam were
all around 25°, which ensured that the coverage of the 100° in
H-plane. The design is shown in Fig. 33 [130].
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possible due to the division of the system into sub-arrays. The
sub-arrays provided flexible operating modes. Also, the system
becomes capable to provide beams, which are range dependent
[131].

All the discussed 5G beamforming antennas under all the fre-
quency ranges and design structures are summarized and com-
pared in Table 2. The antennas are compared on the basis of
frequency band/bands, the number of elements, type of substrate
and their sizes, gain, beam widths, efficiencies, and their applica-
tions in the wireless systems. The antenna designers are trying
and implementing the beamforming and beam steerable anten-
nas/arrays for various frequency bands, targeting to achieve an
efficient, compact, high gain, high efficiency, and low losses, for
several applications with the current and upcoming technologies
for 5G and future generations. All the beamforming techniques
are compared with their merits and demerits in Table 3.

Conclusion

The 5G is the drastic technology and the present need of the
mobile generation to achieve the high speeds of greater than 1
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Gbps for uplink and downlink and low latencies, and is much bet-
ter than the previous counterparts in terms of data rates, spectral
efficiencies, capacity, and coverage. 5G beamforming is a tech-
nique with which the beams can be directed in the desired direc-
tions to cover the growing mobility of the existing users and
cancel the interference in other directions, and to cooperate
with the new generation of the technologies like AI and massive
MIMO. All the frequency bands with Roger’s Duroid (4003,
4350, 5880), tectonic, aluminum oxide, and FR-4 dielectric sub-
strates have been included in beamforming for different beam
widths +10, +25, +£35, and +45° etc. for intended directions.
The components of the beamforming like hybrid coupler, branch-
line coupler, broadband coupler, and WPD have wide applica-
tions for the smart antenna designs, and have been discussed in
details here with mathematical modeling. Different designs for
5G beamforming applications have been incorporated in this
paper with their frequency bands, efficiency, size, isolation,
beam widths, and all the possible aspects. Various types of beam-
forming approaches like analog, digital, hybrid, switched, and
adaptive have been discussed in detail in this paper. The study
of the Butler matrix is one of the important aspects of beamform-
ing techniques.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/S1759078720001622.
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