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Abstract

As the demand for high data rates is increasing day by day, fifth-generation (5G) becomes the
leading-edge technology in wireless communications. The main objectives of the 5G commu-
nication system are to enhance the data rates (up to 20 Gbps) and capacity, ultra-low latency
(1 ms), high reliability, great flexibility, and enhance device to device communication. The
mentioned objectives lead to the hunting of the millimeter-wave frequency range which lies
from 30 to 300 GHz for 5G wireless communications. To design such high capacity, low
latency, and flexible systems, antenna design is one of the crucial parts. In this paper, a survey
is presented on various antenna designs with their fabrication on different types of substrates
such as Rogers RT/duroid 5880, Rogers RO4003C, Taconic TLY-5, etc., at different 5G fre-
quency bands. The different configurations of antennas that covered antenna arrays, mul-
tiple-input multiple-output (MIMO) antennas, phased antennas, and beamforming
antennas are discussed in detail with their applications. The design of MIMO antennas in
the 5G frequency band occupied less space so mutual coupling reduction techniques are
required for maintaining the required gain, efficiency, and isolation. This paper is also focused
on the mutual coupling reduction techniques and diversity in MIMO antennas.

Introduction

The rapid and dynamic increase of mobile data growth and the use of smart phones, tablets,
and Wi-Fi hotspot devices are generating remarkable challenges for wireless service providers
to win a battle against a global bandwidth scarcity. Today’s cellular providers are committed to
providing best quality, high-resolution, low latency, ultra-reliable videos and multimedia appli-
cations for wireless devices [1-3]. Fifth generation (5G) of cellular communication systems
have been deployed in the world with each new mobile generation emerging in every decade
since 1980. The first generation (1G) of analog FM cellular systems came in 1980, second-
generation (2G) of digital technology in 1992, third generation (3G) in 2001, fourth-generation
(4G), long-term evolution (LTE) in 2011, and 5G in 2020 [4]. The evolution from 1G to 5G
based on design, implementation, carrier frequency, data rate, spectral efficiency, latency, ser-
vices, multiplexing techniques, core network, and name of the corresponding technologies are
summarized in Table 1.

The 5G played an important role to provide seamless connectivity for the present wireless
communication systems and overcomes the limitations of the previous wireless systems. Third
generation partnership project (3GPP) defines three main 5G scenarios: enhanced mobile broad-
band (eMBB) at 10 Gbps, ultra-reliable and low latency communications (uURLLC) at 1 ms, and
massive machine type communications (mMTC) at 1 million per km [5, 6]. In addition to ultra-
low latency, highly reliable systems and to boost digital connectivity, 5G is in great demand. As
correlated with the present 4G, 5G wireless communications are significantly different in various
performance parameters such as gigabit per second (Gbps) data rate, end-to-end latency of <1
ms, exceptionally less energy consumption, and ultra-dense traffic volume. The band lies from
0.45 to 6.0 GHz specified as FR1 (frequency range 1) band, and from 24.25 to 52.6 GHz referred
to as FR2 (frequency range 2) band. Due to the drastic increase in the mobile data demand, the
spectrum available in the sub-6 GHz band is insufficient to fulfill the user’s demands, so
researchers and telecommunication companies are looking forward to a higher frequency spec-
trum from 6 to 300 GHz which will be employed for future wireless generations [7, 8].

ITU has declared the following spectrum for the deployment of 5G communications which
consists of 3.4-3.6, 5-6, 24.25-27.5, 37-43.5, 45.5-50.2, 50.4-52.6, 66-76, and 81-86 GHz.
Also, the Federal Communications Commission (FCC) has taken a major initiative to provide
5G additional spectrum in the following categories: high band: 24 GHz, 28 GHz, 37 GHz, 39
GHz, and 47 GHz, mid-band: 2.5 GHz, 3.5 GHz, and 3.7-4.2 GHz, low band: 600 MHz, 800
MHz, and 900 MHz, unlicensed: 6 GHz and above 95 GHz band. The mid-5G new radio
(NR) bands such as n78 (3.3-3.8 GHz), n77 (3.3-4.2 GHz), n79 (4.4-5.0 GHz), n40 (2.3-
2.4 GHz), n41 (2.496-2.690 GHz), n38 (2.57-2.62 GHz) are the active 5G NR networks in
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Table 1. Comparison of different generations of wireless technologies

Generation 1G 2G 2.5G 3G 4G 5G

Design year 1970 1980 1985 1990 2000 2010

Implementation 1980 1991 1991 2001 2001 2020

Carrierfrequency 0.00003 1.8 2.2 1.8-2.5 2-8 3-300

(GHz)

Data rate 1.9 kbps 14.4 kbps 384 kbps 2 Mbps 200 Mbps >1 Gbps

Spectralefficiency 0.0015 0.17 0.172 0.24-0.51 15 30

(bps/Hz)

Services Analog voice Digital voice Higher capacity Higher capacity Internet protocol (IP) based eMBB mMTC
packetized data broadband

Multiplexing Frequency division multiple Code division multiple TDMA, CDMA CDMA Orthogonal frequency division Orthogonal frequency

access (FDMA)

access (CDMA), time
division multiple access
(TDMA)

multiple access, single
carrier-FDMA

division multiplexing,
beam division multiple
access

Core network

Public switched telephone
network (PSTN)

PSTN

PSTN, packet
network

Packet network

IP backbone

Flatter internet
protocol, 5G-Network
interfacing

Technologies

Advance mobile phone

Global system for mobile

General packet radio

Wideband-CDMA,

Long-term evolution,

MIMO, mm-waves

system, Nordic mobile communication (GSM), service, enhanced CDMA-2000 world-wideinteroperability for
telephony, total access CDMA data rates for GSM microwave access
communication system evolution
References [1, 2] [3, 4] [5, 6] [7-10] [9-12] [10-15]
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Fig. 1. Slotted 5G antenna: fabricated (a) front view, (b) back view, and (c) S-parameters. [36].

the 2-8 GHz frequency band. These bands have employed time-
division duplexing, which is considered as a spectrum-efficient
scheme and has the capability to enclose a wide geographical
area for 5G communication systems for better coverage. TDD
bands n78, n40, and n41 have become the industry concern to
achieve higher data rates [9-11].

The FR1 bands are envisaged to carry much of the traditional
cellular mobile communication traffic. At the millimeter-wave
(mm-wave) or FR2 band which lies in 24.25-52.6 GHz band,
the signal-to-noise ratio (SNR) and signal-to-interference ratio
(SIR) deteriorate because the electromagnetic waves suffer from
the free space path loss and blockage. In the sub-6 GHz spectrum,
the main attraction is on the 3.5 GHz band which has 400 MHz
bandwidth (3.4-3.8 GHz), and is commercially available in
many parts of the world, and can be used with the existing com-
munication system hardware with minor changes [12-15].

5G antenna designs in sub-6 GHz (2-8 GHz)

In this section, various designs of 5G antennas, antenna arrays,
multiple-input multiple-output (MIMO) antennas and MIMO
antenna arrays, beamforming antennas in the frequency range
2-8 GHz are discussed along with their designs and results.

2-8 GHz: single-element antennas

An important component of any wireless communication system
is the antenna. A microstrip patch antenna is a pioneer in wireless
communication devices. The development of microstrip patch
antennas has offered many prospects in the present and future
antenna designs, fabrication, and implementation [16, 17]. The
main advantages of microstrip patch antennas are its low cost,
light weight, low profile, and easy fabrication [18]. Microstrip
patch antennas come with different shapes such as rectangular,
triangular, square, hexagonal, circular, annular ring, and elliptical
[19-22]. In mm-wave frequency, size of the antenna, substrate
property, and thickness are the important considerations. The
microstrip antennas are designed and fabricated on dielectric sub-
strates such as FR-4, Rogers RT/duroid 5880/5870, Taconic
TLY-5, Taconic TLY-5, Megtron 6, Astra MT77, and Rogers
RO4003C [23, 24].

The conventional microstrip antennas have some limitations
such as single-operating frequency, low impedance bandwidth,
low gain, larger size, and polarization problems. There are a num-
ber of techniques that have been reported for enhancing the para-
meters of conventional microstrip antennas such as stacking,
different feeding techniques, frequency selective surfaces (FSS),

https://doi.org/10.1017/51759078722000095 Published online by Cambridge University Press

electromagnetic band gap (EBG), photonic band gap (PBG),
and metamaterials [25, 26]. Microstrip patch antennas are widely
used in 5G sub-6 GHz and mm-wave systems. They are a strong
choice for 5G base station antenna designs. However, its narrow
bandwidth has confined its application to 5G base station anten-
nas. Many techniques and solutions have been proposed by
researchers to improve the bandwidth of patch antennas [27-
29]. A sub-6 GHz band will be able to cover the larger geograph-
ical areas for 5G coverage, but will not be able to provide high
downlink speed [30], while an mm-wave 5G technology will be
able to provide high downlink speeds, but at the cost of less geo-
graphical area coverage. The frequency band 4.8-5.0 GHz of
sub-6 GHz is allocated as an official band for 5G wireless systems
[31]. In the sub-6 GHz spectrum, the focus will be on the 3.5 GHz
band having a 400 MHz bandwidth (3.4-3.8 GHz), as is commer-
cially available globally.

The concept of metamaterials in the antennas at sub-6 GHz
and mm-wave frequency has provided the improvement in
antenna parameters such as gain and bandwidth. A metamaterial
can be defined as an artificial homogeneous electromagnetic
structure, designed for interaction and control of electromagnetic
waves, and it contains unique properties which are not readily
found in nature. For metamaterials, the structure size should be
less than a quarter wavelength. Metamaterials can be classified
based on their electromagnetic properties such as double negative
(DNG) materials, left-handed (LH) materials, right-handed (RH)
materials, negative refractive index (NRI) materials, magneto
materials, and artificial magnetic conductors (AMCs).
Metamaterials can also be termed as EBG, PBG, and defected
ground structure (DGS) [32-35].

A compact sub-6 GHz antenna was designed by employing an
FR-4 substrate (e, = 4.4, thickness (h) = 1 mm, loss tangent
(tan 8) = 0.025) with a size of 20 x 12mm?. The desired fre-
quency and wide bandwidth of 1.4-4.2 GHz were obtained
which covered the 3.1-4.2 GHz 5G operating frequency band by
employing three vertical slots, two horizontal slots in the patch,
and the U-shaped ground structure in the ground plane. The
antenna achieved a gain of 2.3 dBi. The fabricated views (front
and back) and S-parameters are shown in Figs 1(a), 1(b), and 1
(c) [36].

A multiband stack antenna which covered LTE and sub-6 GHz
bands was designed by employing multilayers of FR-4 substrates
each having (e, =4.4, h= 1.6 mm, tand = 0.025) a size of
180 x 60 mm? in the dual operating band 0.66-0.79 and 3.28-
3.78 GHz. In the design, the lower substrate consists of an ellip-
tical patch which supports generation of 700 MHz band
(LTE-R), and the upper substrate consists of five different circular
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Fig. 2. Dual band 5G antenna: fabricated (a) front view, (b) back view, (c) S-parameters, and (d) radiation pattern. [37].

patches which were made for resonating the antenna at 3.5 GHz
(5G lower band) frequency and also contributed to enhance the
bandwidth. The gain in the bands were 2.4 dBi at 0.7 GHz and
6.1 dBi at 3.5 GHz, respectively. The fabricated views (front and
back) are shown in Figs 2(a) and 2(b). The S-parameters and radi-
ation pattern are illustrated in Figs 2(c) and 2(d) [37].

To get a wide operating band and to cover n77/n78/n79 sub-6
GHz 5G bands, an antenna was designed on an FR-4 substrate
(¢, =44, h=1.5mm, tand=0.025) with a size of
30 x 20mm? and operated in the 3.15-5.55GHz frequency
band. The slotted patch and the partial ground were employed.
The antenna achieved a gain of 1.87-2.69 dBi and radiation effi-
ciency of 68.7-79.6% in the whole band. The fabricated views
(front and back) are shown in Figs 3(a) and 3(b), S-parameters
and radiation patterns are shown in Figs 3(c) and 3(d) [38].

To achieve a stable radiation pattern, a low cost and low profile
antenna was designed on two layers of an FR-4 substrate (e, = 4.4,
hy =15mm, h, =0.4mm, tand = 0.025) with a size of
63 x 51.2mm? which operated in the 2.8-5.2GHz frequency
band for 5G mobile communication systems. The top layer had
three vertical dielectric pieces with two folded walls which were
also designed in the upper layer of the substrate to support the
patch. The three elliptical slots were employed for proper imped-
ance matching. The antenna achieved a gain of 6.2 dBi and average
radiation efficiency of 64% in the whole band. The fabricated front
view is shown in Fig. 4 (a), S-parameters and radiation patterns are
shown in Figs 4 (b) and 4(c) [39].

A patch antenna with DNG metamaterial was designed by
employing a complementary split ring resonator (CSRR) on
FR-4 dielectric substrate (€, = 4.4, h = 1.62 mm, tan 6 = 0.025)
with a size of 48 x 35mm? for the n78 operating band in
3.3-3.8 GHz. The 6 x 6 CSRR was able to increase the gain and
control the radiation pattern to minimize the specific absorption
rate (SAR). The antenna achieved a gain of 5.5 dBi and radiation
efficiency of 87% in the complete operating frequency band. The
fabricated views (front and back) are shown in Figs 5(a) and 5(b).
The S-parameters are shown in Fig. 5(c) [40].

A low profile rectangular slot dual-band antenna was designed
and fabricated on an FR-4 substrate (e, = 4.4, h = 0.8 mm,
tan § = 0.025) with a size of 36 x 31 mm? for operating in the
lower 5G frequency bands such as n77 (3.3-4.2 GHz), n78 (3.3-
3.8 GHz), and n79 (4.4-5 GHz). For creating a dual-band, the
antenna was loaded with an inverted U-shaped stub in terms of
ground arm and folded T-shaped feedline at the ground plane.
The peak gain was 7.17 dBi with 80% radiation efficiency in the
whole band. The fabricated views (front and back) are shown in
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Figs 6(a) and 6(b), and S-parameters and radiation patterns are
shown in Figs 6 (c) and 6(d) [41].

2-8 GHz: antenna arrays

There are many antennas having low gain, low directivity, and
omnidirectional radiation patterns. Therefore, array antennas are
required to provide high gain to single port antennas. In this
case, multiple patches/elements are connected to the single port.

A 2 x 2 graphene antenna array was designed on an FR-4 sub-
strate (e, = 4.4, h=1.6mm, tand = 0.025) with a size of
60 x 70 mm? for the 3.4-3.6 GHz frequency band, which covered
sub-6 GHz 5G frequency band. A low loss T-type power divider
was employed to excite the antenna array. The antenna array
achieved a gain of 6.77 dBi with 99.99% radiation efficiency at
3.51 GHz resonant frequency. The fabricated front view is
shown in Fig. 7(a), S-parameters and radiation patterns are
shown in Figs 7(b) and 7(c). From the results, it was found that
with the reflection coefficient, gain, and radiation pattern, the gra-
phene antenna exhibited an equivalent performance as compared
to a copper antenna [42].

A 1 x 8 circular fractal antenna array was designed on an FR-4
substrate (e, = 4.4, h = 1.6 mm, and tan § = 0.025) with a size of
100 x 300 mm? which resonated at multiple frequencies. For obtain-
ing fractal geometry, first, a circular slot of radius 3.3 mm was cut
down from the center of each circular patch, then four more slots
were cut again from each circular slot having a radius of 1.1 mm.
The maximum gain achieved was 9.22 dBi with a radiation efficiency
of 80.56% at 3.80 GHz resonant frequency. The fabricated front view
and S-parameters are shown in Figs 8(a) and 8(b) [43].

To convert linear polarization into right-hand circular polariza-
tion, a diagonal rectangular slot was etched at the middle of the
antenna elements on a Taconic RF-35 substrate (e, = 3.5,
h = 3.04 mm, and tan § = 0.0018). The sequential-phase feeding
network consists of three T-power dividers which circulate the
input power to the outputs with equal magnitude and orthogonal
in phase. The four parasitic elements were used to enhance band-
width and gain. The 2 x 2 antenna array of dimensions 110 x 110
mm? achieved a gain of 11.4-15.8 dBi in the operating band of 4.6-
6.1 GHz. The fabricated (front and back) views are shown in Figs 9
(a) and 9(b). The S-parameters are shown in Fig. 9(c) [44].

2-8 GHz: MIMO antennas and MIMO antenna arrays

Wireless systems that employed antenna elements/arrays at both
the transmitter and receiver are known as MIMO. It is one of


https://doi.org/10.1017/S1759078722000095

160

Mohit Pant and Leeladhar Malviya

—— Co-pol(Sim)
wesnaes Co=pol(Sim)
= X-pol(Mes)

(a) (b)

—_

=]

-

-

= =20 f-e---

w
——— Simulated
----- Measured

T
(c)
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the prime technologies that is used in both 4G and 5G wireless
communication systems to overcome the disadvantages of single
input single output (SISO). It works efficiently in non-line of
sight (NLOS) wireless communication. The main advantages of
MIMO antennas are to boost the spectral efficiency, enhanced
channel capacity, premium services within limited power in
dense scattering environments. The capacity of SISO and
MIMO can be obtained using equations (1) and (2), respectively
[45-47]:

C = Blog,(1 4+ SNR) 1)

https://doi.org/10.1017/51759078722000095 Published online by Cambridge University Press

p *
C= 10g2 |:det (IN, + N—MHH )] (2)

where N; and N, are the transmit and receiver antenna elements,
Iy, is the N, x N, identity matrix, p is the mean SNR per receiver
branch, and superscript * denotes the Hermitian transpose, H is
the channel matrix, and H* is the transpose of channel matrix.
In spite of many advantages, the design and fabrication of
MIMO antenna in confined space is a big challenge in the 5G
antennas. The crucial requirement of MIMO antenna is that the
radiating elements should be as small as possible, well-matched,
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and should have low mutual coupling with nearby elements.
Mutual coupling is induced among the radiating elements of
the antennas because of the compactness and portability compul-
sion of the 5G wireless devices [48, 49]. Mutual coupling can be
defined as the energy absorbed by a closeby antenna when one
antenna is radiating. The mutual coupling leads to change the
input impedance, reflection coefficients, and radiation character-
istics of the MIMO antennas. Mutual coupling can be defined by
equations (3) and (4), respectively [50, 51]:

2d; ‘
MC; = exp(— 7]@;—]’”)), i#j (3)
1
Mcﬁzl—ﬁi > M )

i i#]

where MCj; and dj; are the mutual coupling and distance between
the ith and jth antenna elements, respectively, N is the number of
array elements, and « is the parameter that dominates the coup-
ling level [52].

The close proximity of radiating elements results in mutual
coupling or correlation, which reduces the isolation and achiev-
able performance [53]. The performance of the MIMO system
can be characterized by the parameters such as efficiency, radi-
ation patterns, operating bandwidths, envelope correlation coeffi-
cient (ECC), mean effective gain (MEG), total active reflection
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coefficient (TARC), diversity gain (DG), and channel capacity
[54]. The scattering parameters S;, or S;; between the ports are
not sufficient to include the effect of all S-parameters, therefore
correlation coefficient is necessary to be calculated in MIMO
antennas. It is a measure to describe how the two antennas are
isolated from each other.

ECC is the square of the correlation coefficient. There are two
ways to calculate the correlation coefficient, one is by employing
S-parameters as given in equation (5) and second one is deter-
mined by using far-field radiation patterns of the MIMO anten-
nas as given in equation (6) [55]:

Vo g
n=1"bn"nj

ECC = )
Ny
Jnco[t-X0 5]
—> — 5
poc— = FG O x B0 9l

([ (6, )P [[ 1B (6, §)2dQ

where p, is the correlation coefficient, F;(6, ¢) and F,(0, ¢) are
the field radiation patterns of the antennas when any port is
excited and other port is properly terminated to match the load
and vice versa, and () is the solid angle.
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Fig. 7. Graphene-based 5G antenna array: fabricated (a) front
view, (b) S-parameters, and (c) radiation patterns. [42].
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The ECC may be described by equation (7) [56]:

2
M

n:iM;

pe=1 @)

where 7; and 7 are the total efficiencies of the antennas i and j,
and 7,,,, is the multiplexing efficiency.

Similarly, the antenna DG is used to check the effectiveness of
the diversity. For satisfactory operation of MIMO antennas, DG
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should be closed to 10dB. It can be determined by calculating
ECC, using equation (8) [57]:

DG = 104/1 — |[ECC)? 8)

MEQG is one of the significant specifications for defining the
performance of the antenna in real propagation or fading envir-
onments. It is the unique parameter that determines the effect
of the antenna on the link budget. In general, MEG can be
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defined as the sum of gains of the NLOS and LOS components. It ~ where i and j represent the antenna under testing and number of

can be used to determine the average signal strength of each  antennas, respectively.

antenna and is given by equation (9) [58-60]: The MEG can be expressed by equations (10) and (11),
respectively [61, 62]:

MEG; = (%8 Py(DGy ()
MEG; =05[1-)"s; ) . (10)
= + kR Py (DG ()
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Fig. 13. 4 x 2 MIMO antenna array: fabricated (a) front view, (b) back view, and (c) S-parameters. [74].
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XPR
et = [ [ 228642 0)
o LT+ XPR7Y\2

+ 15 Goi (3 ¢’)]

where XPR is the cross-polarization ratio and Pg, Py denote the
weighted angular spectrum or weighted probability function of
the angle of arrival of the stochastic components in the 6 and
¢ polarizations, respectively.

Here, 6 and ¢ are the elevation and azimuth angles in a spher-
ical coordinate system. Similarly, a scattering matrix is not suffi-
cient for the proper definition of the efficiency and bandwidth
of the MIMO antenna system, therefore TARC is more appropri-
ate for characterization of the MIMO antenna system. For an
N-port lossless antenna having [S] as scattering matrix, TARC

11
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is defined as the square root of the ratio of the sum of the
power available at all the ports subtracted by the radiated power
to the total available power and is given by equation (12):

It available power — radiated power 12)
a available power
For N-elements, TARC is defined by equation (13):
13)
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Table 2. Comparison of single-element antennas, antenna arrays, MIMO antennas, and MIMO antenna arrays for 2-8 GHz frequency band

Freq. band/bands No. of No. of Dimensions Gain Efficiency Isolation
Ref. no. (GHz) ports elements (mm?3) (dBi) (%) (dB) Applications
[36] 3.1-4.2 01 01 20 x 12 x 0.8 2.3 - - 5G Mobile devices.
[37] 3.28-3.78 01 01 180 x 60 x 1.6 6.1 = = 5G mobile network.
[38] 3.15-5.55 01 01 30x20x 1.5 2.69 79.6 - 5G wireless communications.
[39] 2.8-5.2 01 01 63 x 51.2 x 1.5 6.2 64.0 - 5G wireless networks.
[40] 3.3-3.8 01 01 48 x 35 x 1.62 5.5 87.0 - 4G-5G communications
[41] 3.2-3.6, 4.3-5.2 01 01 31x36x1.8 717 80.0 - Future generation 5G
communications.
[42] 3.4-3.6 01 04 70 x 60 x 0.025 6.77 99.99 - 5G mobile communications.
[43] 3.5-3.8, 3.8-4.4, 01 08 100 x 300 x 1.6 9.22 80.56 - Multiband wireless
4.8-5.4 applications.
[44] 4.6-6.1 01 04 110 x 110 x 3.04 11.4- - - Wideband wireless
15.8 communications.
[71] 4.4-6.4 02 05 57.5 x 120.8 x 1.6 5.6 62.0 10-50 5G wideband wireless
applications.
[72] 3.3-38 02 02 20 x 35 x 0.8 2.2 - >10 Future sub-6 GHz applications.
[73] 3.3-3.6, 4.8-5.0 04 04 30 x 30 x 0.8 4.02 70-80 15.4 WLAN/5G/WiFi applications.
[74] 5.2-6.4 02 08 38 x 107 x 1.6 14.05 96.2 30 Wireless communications.
0-
| -
2=}
= A .
E -10- — Simulation
E o] o
- g Measured_
- | .
— 5
! =
i - '20 n
=
|
&
A0 . . )

%]
~

(a)

28 29 30

(b) (b) S-parameters. [87].

|Su (dB)|

15 30 35 40
Frequency (GHz)

(b)

Fig. 15. 1 x 4 5G elliptical antenna array: fabricated (a) front view, (b) S-parameters, and (c) radiation patterns. [88].

where a; and b; are the incident and reflected signals, respectively,
in a multiport network. I" is a real-valued variable that lies

between 0 and 1.

Fig. 14. 5G single patch antenna: fabricated (a) front view and

———E-plane
== = -H-plane

TARC is very useful and is an MIMO performance metric, as it
considers the impact of random phases of incoming signals at

each antenna element. For the N-port set of MIMO antennas, if
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Fig. 16. 1 x 4 broadband 5G antenna array: fabricated (a) front view, (b) back view, and (c) gain-efficiency plot. [93].
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Fig. 17. High gain antenna array: fabricated (a) front view, (b) back view, (c) S-parameters, and (d) radiation patterns. [94].
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Fig. 18. 5G grid antenna array: fabricated (a) front view, (b) S-parameters, and (c) radiation patterns. [95].

6 is an independent and identically distributed Gaussian phase of =~ For N = 2, above expression can be written as equation (15):
a random process and reference phase 6, is neglected, then TARC

can be defined by equation (14) [63, 64]: TARC VIS126% + 81,69 % + |Sy1e/% + Syyei® |2
RC =
V2

Many techniques have been explored by researchers to minim-

ize the mutual coupling and enhance the isolation among the

(14)  radiating elements. For example, DGS, EBG, FSS, neutralization
lines, parasitic elements, metamaterial based structures, isolators

15)

" 2

TARC = N™'/2 Z

n
Sixel?-1
k=1
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Fig. 20. 6 x 5 proximity coupled antenna: fabricated (a) front view, (a) back view, and (c) S-parameters. [97].

such as T-shaped, circular, SRR, and CSRR, etc. are used to lower
the effect of mutual coupling [65-70].

The three double “F’-shaped defect was employed in DGS to
enhance the isolation bandwidth of microstrip-slotted patch
antenna designed on two layers of FR-4 substrate (e, = 4.4,
h = 1.6 mm, tan 8 = 0.025) of dimensions 57.5 x 110 mm? hav-
ing 0.09 mm distance between them. A 2 x 5 asymmetrical arrays
of EBG patches were also used to further minimize the isolation
from 10 to 50 dB over the entire frequency band lies from 4.4
to 6.4 GHz. The antenna achieved a gain of 5.6 dBi with a radi-
ation efficiency of 62% in the operating frequency band. The fab-
ricated (front and back) views are shown in Figs 10(a) and 10(b),
S-parameters and radiation patterns are shown in Figs 10(c) and
10(d) [71].

Similarly, for improving isolation and better impedance
matching, an MIMO antenna array was designed on FR-4
epoxy substrate (e, = 4.4, h = 0.8 mm, tan 6 = 0.025) with a
size of 20 x 35mm? for 5G n78 band (3.3-3.8 GHz) with an
altered T-shaped stub was placed between the two tapered
rhombus-shaped radiators excited through tapered feeding with
DGS. The antenna achieved a gain of 2.34 dBi with a radiation
efficiency of 93% in the 3.34-3.87 GHz operating frequency
band. An additional stub was also connected through the center
of the radiator to obtain the required resonant frequency of 3.6
GHz. The isolation reported was >20 dB and 530 MHz bandwidth
with ECC < 0.02 and TARC < 0.5. The antenna achieved gain of
2.34 dBi at 3.6 GHz resonant frequency. The fabricated (front and
back) views are shown in Figs 11(a) and 11(b). The S-parameters
are exemplified in Fig. 11(c) [72].
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A 4 x4 MIMO antenna array with pattern diversity was
designed on an FR-4 substrate (e, =4.4, h =0.8 mm, and
tan & = 0.025) with a size of 30 x 30 mm? for 5G n78 (3.3-3.6
GHz) and n79 (4.8-5GHz) frequency bands. A parasitic patch
acts as a decoupling structure consisting of a circular patch and
four L-shaped arms employed on the top of the substrate were
placed orthogonally. The design showed isolation >15dB and the
gain was 4.02 dBi at 5.95 GHz. The radiation efficiency was varied
from 67 to 82% in the entire 4.58-6.12 GHz frequency band. The
fabricated front view is illustrated in Fig. 12(a), the S-parameters
and radiation patterns are delineated in Figs 12(b) and 12(c) [73].

A 4 x 2 MIMO antenna array placed on the top of 7 x 7 meta-
material superstrate with a spacing of 5mm between them was
designed on an FR-4 substrate (e, =4.4, h=1.6mm,
tan § = 0.025) with a size of 107 x 58 mm?. The advantages of
DNG unit cell superstrate has as compared to MIMO antenna
array without DNG superstrate are the bandwidth increased from
210 MHz (5.65-6.4 GHz) to 750 MHz (5.91-6.12 GHz), boost the
gain from 11.1 to 14.05dBi, and enhanced the isolation from 30
to 38 dB. The radiating efficiency was 96.2% at 5.6 GHz resonant fre-
quency. The fabricated (front and back) views are shown in Figs 13
(a) and 13(b). The S-parameters are shown in Fig. 13 (c) [74].

The comparison of the sub-6 GHz antenna, antenna arrays,
and MIMO antennas are given in Table 2.

5G antenna designs in 24-40 GHz frequency bands

In this section, various designs of 5G antennas, antennas arrays,
MIMO antennas, MIMO antenna arrays, and beamforming
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Fig. 21. 3 x 3 Franklin antenna array: fabricated (a) front view, (b) S-parameters, and (c) radiation patterns. [98].

Fig. 22. Two-element MIMO-antenna: fabricated (a)

front view and (b) S-parameters. [101]. (@)

antennas from frequency range 24 to 40 GHz are discussed along
with their designs and results.

24-40 GHz: single-element antenna and antenna arrays

In this section, the 5G antenna designs with 24-40 GHz fre-
quency range are covered with all the details. As the spectrum
lying in the sub-6 GHz is becoming congested due to the increas-
ing demand for high data rates, the necessity of mm-wave bands
such as 28, 38, 60, and 73 GHz for 5G communication systems is
vital. In China 24.25-27.5 and 37-42.5 GHz and in the USA 27.5-
28.5 and 37-39 GHz bands have been determinant as prominent
frequency bands for 5G wireless communication systems. The
high-frequency bands are able to give a fast speed and high cap-
acity, depending on the distance between the users and the cell
site [75-77].

The telecommunication companies such as NTT DOCOMO,
CMCGC, KT, Verizon, T-mobiles, and AT&T are planning to util-
ize the 24.25-29.5 and 37-40 GHz 5G frequency spectrum and
companies such as Orange, Telecom Italia, and British Telecom
are going to support 31.8-33.4 GHz frequency band. Millimeter
spectrum provides higher bandwidth and capacity. However, as
the frequency increases the mm-wave suffers from propagation
loss, blockage, and interference. In addition, mm-wave frequency
bands suffer from atmospheric losses for example as the size of
raindrops is comparable to mm-wave wavelength so scattering
loss has occurred. The total attenuation caused by atmospheric
gases and rain is given by equation (16) [78, 79]:

Y=Y+ =Y+ Y HRR (16)
where 7, is the sum of the attenuations due to oxygen and water
vapor, respectively, y; is attenuation (dB/km) due to rainfall, R is
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the rain rate (mm/h), k and « are coefficients which depend on
frequency f (GHz).

At 28 GHz the path loss in dense urban NLOS environment is
given by equation (17), for d < 100 and equation (18) for
d > 100, respectively:

PL(d) = 96.9 + 15.1log,, (d) 17)

PL(d) = 127 + 871log,, (d/100) (18)
where d is the distance in m.

At 28 GHz the path loss is significantly higher as compared to
the sub-6 GHz band, according to the free space path loss given by
equation (19) an additional 22.9 dB of losses can take place from 2
to 28 GHz frequency range. To mitigate such losses antenna array
size of higher gains, MIMO antenna, massive MIMO antennas,
and beamforming techniques are highly needed and desirable:

Ly = 92.4 4 20log (f) + 201log (d) (19)

The sum of electric fields from two-element arrays separated
by distance d is given by equation (20):

E(r) = Ey(ne’"? + Ex(r)e ""? (20)
where E; and E, are the electric fields by first and second ele-
ments and ¢ is the phase difference which is define by equation
(21) [80, 81]:

= kd cos (6) 21)

where k = 27/A.
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Fig. 23. Four-elements MIMO antenna: fabricated (a)
front view and (b) S-parameters. [102].
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Fig. 24. 5G MIMO antenna with T-stub fabricated: (a) front view, (b) back view, and (c) S-parameters. [103].

The radiation pattern of an antenna array can be obtained by
the product of the radiation pattern of a single element multiplied
by an array factor (AF) which is given by equation (22):

(22)

AF — 2 cos (kd cos 0)

Consider a be the progressive shift between the N radiating ele-
ments then the AF is obtained by equation (23):

N-1
AF = 2 ejkmd cos O+jma
0

S (23)

For the circular array the AF can be calculated by equation 24

(82, 83]:
= Jjka(ri+r2)
j— 1 2
AF = ; e (24)
where r; = cos(27n/N)sinfcos¢p and r, =sin (27n/N)
sin Osin ¢.

There are many antennas and antenna arrays designed for 5G
applications for 28-40 GHz operating frequency band using dif-
ferent feeding techniques such as inset feed, series feed, corporate
feed, and corporate-series feed [84-86]. A 28 GHz patch antenna
was designed on a manganese zinc ferrite substrate (e, = 7,
h =1.00mm, tan 8 = 0.003) with a size of 14 x 14 mm?. The
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—10dB impedance bandwidth was 27.23-29.89 GHz and the
gain achieved was 5.44 dBi with a radiation efficiency of 93% at
28 GHz resonant frequency. The fabricated front view is shown
in Fig. 14(a) and S-parameters are shown in Fig. 14(b) [87].

To enhance the gain, a 1 x 4 elliptical patch antenna array was
designed on Rogers RT/duroid 5880 substrate (e, = 2.2,
h = 0.508 mm, tan 8 = 0.0013) with a size of 6 x 6mm? and
operated at 28 and 45 GHz resonating frequencies. The antenna
array achieved a gain of 7.6dBi and radiation efficiency of
85.6% in the operating frequency band at 28 GHz. SAR for 28
GHz reported was 125 W/kg. The fabricated view,
S-parameters, and radiation patterns are shown in Figs 15(a), 15
(b), and 15(c) [88].

For obtaining low side lobe level and bandwidth enhancement,
tapering is employed in array antennas. Amplitude tapering can
be done by varying the width of the radiating elements.
Amplitude tapering function is defined by equations (25) and
(26), respectively [89, 90]:

wlk] = cos? [%T], 0<k<N-1 (25)

w[l] = a+ (1 — a)w[k] (26)
where « is the pedestal height and w[1] is the new coefficient
which is obtained by previous weight w[k].

Amplitude tapering in binomial array is done by varying the
effective width of the radiating elements according to equations
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Fig. 26. Four-element MIMO antenna array with multiple
DGS: fabricated (a) front view, (b) back view, (c)
S-parameters, and (d) radiation patterns. [105].

(27) and (28), respectively [91, 92]:

CN—l
By=—X (27)
Civy2
N1 (N —=1)!
—_ W= 2
G KN —1—k)! (28)

where k=0,1,2, ...,N— 1.

A broadband hexagonal antenna array having dimensions of
45 x 20 mm?* was designed on Rogers RT/duroid 5880 substrate
(e, =2.2, h=0.254mm, tan 6= 0.0009) in 25.05-34.92 GHz
operating band. The geometry of the antenna array utilized two
hexagonal wire loops which are concentric and separated by a
small gap. The combination of loop and gap gives the flexibility
to control the resonant frequency. The single element is backed
by a ground loop of the same dimension as that of top wire
loops to improve the broadside radiations. A series of vias were
used in an inverted U-shape manner. The gain and radiating
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efficiency achieved were found to be 10.12 dBi and 85% at 28
GHz. The fabricated (front and back) views are shown in Figs
16(a) and 16(b). The gain-efficiency plot is shown in Fig. 16(c)
[93].

To increase the gain and efficiency, a single port compact 12
element patch antenna array was designed on Rogers RT/duroid
5880 substrate (e, = 2.2, h = 0.79 mm, tan 6 = 0.0009) with a
size of 51.44 x 18.34mm? in 27.06-28.35 GHz operating band.
The four corners of the patches were chopped at an angle of
45° to get minimum return loss. The gain reported was 16.0 dBi
with 93.5% radiation efficiency at 28 GHz. The fabricated (front
and back) views are shown in Figs 17(a) and 17(b). The
S-parameters and E-field radiation patterns are shown in Figs
17(c) and 17(d) [94].

A 13-circular radiating element grid antenna was designed
having dimensions 21.5 x 23 mm? on Rogers RT/duroid 5880
substrate (e, = 2.2, h = 0.79 mm, tan 6 = 0.0009) at 30 GHz res-
onant frequency. The antenna array achieved a gain of 9 dBi and
radiation efficiency of 80% in the operating frequency band 27.5-
33.3 GHz. The fabricated view, S-parameters, and radiation pat-
terns are shown in Figs 18(a), 18(b), and 18(c) [95].
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For 5G, high gain and compact antennas are highly desirable.
A tapered high gain and compact antenna array with series and
parallel feeds was designed on Rogers RT/duroid 5880 substrate
(¢, =2.2, h=0.79mm, tand=0.0009) with a size of
30 x 26 mm? in 27.70-28.78 GHz operating band. The gain was
17.7 dBi with 93.36% radiating efficiency at 28 GHz resonant fre-
quency. The design steps are shown in Fig. 19 (a). The return loss
of all the design steps and E-field radiation patterns are shown in
Figs 19(b) and 19(c) [96].

In 5G antennas, the bandwidth enhancement could be made
by employing feeding techniques such as proximity and aperture
coupled because they provide wider bandwidths and prevent
undesired radiation as compared to the direct feed structures. A
compact size, high gain broadband 6 x 5 proximity coupled
antenna array was designed on two stacked Taconic TLY-5
(e, =2.2, h=0.51 mm, tan(8) = 2.20). Amplitude tapering
was applied by using Dolph-Chebyshev polynomials to the indi-
vidual patch elements to obtain low sidelobe levels up to —18 dB.
However, it produced reflection which was overcome by located
slits in the appropriate position. The antenna achieved a gain of
around 21 dBi over an operating bandwidth of 27.5-28.5 GHz.
The fabricated front and back views are shown in Figs 20(a)
and 20(b). The S-parameters are shown in Fig. 20 (c) [97].

A Franklin antenna is important for the 5G applications due to
its small size, simple structure, high gain, and capability to min-
imize spurious radiation and surface wave excitation. A multi res-
onance, compact, and high gain 3 x 3 Franklin antenna array was
designed on a Rogers 5880 substrate (e, = 2.2, h = 0.79 mm,
tan 6 = 0.0009) in the operating band of 28 GHz and 37-39
GHz. A Franklin antenna consists of two radiating elements,
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view and (b) S-parameters. [113].

the first one is the patch and the folded stub. The gains achieved
for multiple bands were 13.5 dBi at 29 GHz, 8.33 dBi at 33 GHz,
and 9.58 dBi at 38 GHz respectively. The fabricated front view
is shown in Fig. 21(a), S-parameters and the radiation patterns
are shown in Fig. 21(b) and 21(c) [98].

24-40 GHz: MIMO antennas and MIMO antenna arrays

MIMO systems, using an array of antennas at the transmitter and
receiver link, provide drastically enhanced data capacity. The abil-
ity to achieve this high capacity is greatly determined by the
shape, size, and distance between the antennas. There are several
studies available in the literature which focus on MIMO antennas
and MIMO antenna arrays operating in the mm-wave band for
5G wireless applications. MIMO antennas minimize the effect
of multipath propagation by providing a high data rate, increased
capacity, and link reliability, which are the main characteristics of
5G. However, the difficulties related to MIMO antenna designing
is to design compact antenna elements with reduced mutual
coupling and high isolation [99, 100].

A two-element MIMO antenna was designed on a Rogers RT/
Duroid 5880 substrate (e, = 2.2, h = 0.38 mm, tan 6 = 0.0009)
with a size of 12 x 24 mm? in the operating band of 28.2-30.7
GHz. The ECC value reported was <0.001. The fabricated front
view and S-parameters are shown in Figs 22(a) and 22(b) [101].

A four-element high gain MIMO antenna was designed and
fabricated on a Rogers-5880 substrate (e, = 2.2, h = 1.57 mm,
tan 8 = 0.0009) with dimensions of 80 x 80 mm?. The antenna
gain was 12 dBi with 70% radiating efficiency in the frequency
band of 23-40 GHz. The isolation reported was >20dB and
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Fig. 30. Metamaterial-based Vivaldi 5G antenna: fabricated (a) front view, (b) S-parameters, and (c) radiation patterns. [121].

ECC < 0.0014. The fabricated front view and S-parameters are
shown in Figs 23(a) and 23(b) [102].

DGS is one of the techniques to suppress the surface wave and
improve the performance of an antenna or antenna array. It also
helps to reduce the mutual coupling of MIMO elements. An
MIMO antenna was designed on a Rogers RT/duroid 5880 sub-
strate (e, = 2.2, h=0.8mm, tand = 0.0009) of dimensions
12 x 25.4mm? in the operating bands of 26.83-33.13 and 34.17-
38.13 GHz, respectively. To improve the bandwidth and gain,
T-shaped patch was employed in the upper layer of the substrate
and the bottom layer utilized the DGS and CSRR. The peak gain
measured was 7.2 dBi in the complete operating band. The ECC
and DG values were <0.005 and close to 10, respectively. The fab-
ricated (front and back) views are shown in Figs 24(a) and 24(b).
The S-parameters are shown in Fig. 24(c) [103].

A wide bandwidth four-element MIMO antenna was designed
on a Rogers RT/duroid 5880 (e =2.9, h=0.254mm,
tan (§) = 0.0009) of dimensions 12 x 50.8 mm? in the operating
band 25.1-37.5 GHz. The four T-shaped radiators were designed
on top of the substrate and a partial ground loaded with multiple
split-ring slots was employed at the bottom. The gain was above
5.0 dBi with 80% radiating efficiency in the complete operating
band. The fabricated front view, back view, and S-parameters
are shown in Figs 25(a), 25(b), and 25(c) [104].

A four-port MIMO antenna array for 5G MIMO applications
was designed and fabricated on a Rogers R04350B substrate
(e, = 3.66, h = 0.79 mm, tan 6 = 0.0037) having dimensions of
30 x 35mm?. To improve the radiation characteristics and reduce
the mutual coupling in the 25.5-29.6 GHz operating band the
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ground plane defected with the three different slots such as rect-
angular, circular, and zigzag. The isolation reported between the
antennas was 17 dB. The gain and radiating efficiency were 8.3
dBi and 82% respectively with —10dB impedance bandwidth
lies in 25.5-29.6 GHz and ECC < 0.01, and DG > 9.96 were cal-
culated respectively. The fabricated front view, back view,
S-parameters, and radiation patterns are shown in Figs 26(a), 26
(b), 26(c), and 26(d) [105].

EBG structure-based antennas are very popular in mm-wave
applications because of their specific band gap characteristics at
particular or desired frequency bands. EBG structures can resonate
at lower frequencies depending upon the shape and dimension of
unit cells, therefore are capable of antenna miniaturization. An
EBG consists of periodic or non-periodic arrangement of unit
cells which can create high impedance to block the unwanted sur-
face waves for all angles and for all polarization states and field
coupling. As a result the gain, efficiency and other parameters of
the antennas can be improved. Equations (29)-(32) are generally
employed to extract the permittivity and permeability [106-109]:

- (1+81)* =8
“Va-su)? -8

(29)

imkod __ Sa1
S S — e+ D) (50)
€ :g 31)
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Fig. 31. 2 x 10 antenna array: schematic (a) front view

(b) and (b) S-parameters. [124].
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Fig. 32. 5G 4 x 4 antenna array with Butler matrix: fabricated (a) front view and (b) radiation patterns. [130].

m=mXz (32)
where z is the normalized impedance, ky is the wave number, and d
is the thickness of the substrate.

In view of mm-wave 5G wearable applications, a two-element
MIMO antenna was designed on a flexible Rogers RT/duroid
6002 substrate of dimensions 19.04 x 15.06 mm? (€, = 2.94,
h = 0.254 mm, tan § = 0.0012). A 5 x 5 EBG was employed on
the back which enhanced the gain by 1.9 dBi and decreased the
impact of harmful radiations on the human body. The gain and radi-
ation efficiency achieved were 6.0 dBi and 80.5% at 24 GHz resonant
frequency respectively. The fabricated front view, S-parameters, and
radiation patterns are shown in Figs 27(a), 27(b), and 27(c) [110].

Phased array antenna

A phased array antenna is a combination of antenna elements col-
lected together such that the combined radiation pattern intensi-
fies in the desired direction and diminishes in the undesired
direction. Phase antennas reinforced the radiated energy in the
desired direction. The gain of the phased array can be calculated
by using equation (33), if the correct location of the array ele-
ment’s phase center is unknown:

Garray = G1M5 (041 | G, ek sin (0+5,

4+ 4 GNedein(0)+BN (33)

The gain of the phased array, when the accurate location of the
array element’s phase center is given by equation (34):
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Garray = GrePt 4+ GyePr + ... 4 GyelPy (34)

where Gi, Gj,..., Gy are gains of each antenna elements, k is the
wave number, 6 is the angle between the array scanning direction
and boresight direction, and f3;,..., By are the phase shifts in each
element’s feed [111, 112].

A 3 x 3 phased antenna array with four feed ports and con-
trolled by four-phase shifters was designed on an RT/duroid
5880 substrate (€, = 2.2, h = 0.254mm, tand = 0.0009) of
dimensions 21 x 2mm? in the operating band of 27.61-28.43
GHz. The design has the capacity to reduce the number of feed
ports and also the phase shifter. The beam steering was obtained
by tuning the phase of only one port. The isolation was >29 dB.
The gain reported was 14.9 dBi with 73% radiating efficiency
for —110° phase at 28 GHz resonant frequency. The fabricated
front view and S-parameters are shown in Figs 28(a) and
28(b) [113].

To minimize the scan loss and to minimize the sidelobe level, a
low cost eight elements rectangular phased array excited by amp-
litude tapering networks was designed on a Rogers RT/duroid
5880 substrates (e, =2.2, h =0.254mm, tand = 0.0009)
with a size of 40 x 50 mm? in the operating band of 27.5-28.65
GHz. The SLL reported was —15.2 dB. The beam steering from
0°— to 48° was obtained by varying the dimensions of the
meander lines. The gain achieved was 13.6 dBi with a radiation
efficiency of 66%. The fabricated front view, S-parameters and
radiation patterns are shown in Figs 29(a), 29(b), and 29(c) [114].
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Fig. 33. 4 x 6 antenna array: fabricated (a) front view, (b) S-parameters, and (c) radiation patterns. [135].
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Fig. 34. Eight element antenna array: fabricated (a) front view, (b) S-parameters, and (c) radiation patterns. [136].

Beamforming

In the present scenario, every user wants higher data speed and
reliable service which can be expected from 5G mobile services.
However, as the users and their requirements of the faster data
rise rapidly, the base stations will face problems handling such
bulk of traffic. For handling such demands beamforming tech-
nologies have been adopted. The World Radio-communication
Conference (WRC)-15 decided to assign frequency bands for
future mobile communications in the mm-wave range such as
24.25-27.5, 27.5-29.5, 37-43.5, 45.5-47, 47.2-48.2, and 66-71
GHz frequency bands. In the USA, the frequency band, n261
28 GHz (27.50-28.350 GHz), n258 24 GHz (25.25-24.45 GHz,
and 27.75-25.25 GHz) were announced in 2019 [115, 116].

5G provides enhanced bandwidth in mm-waves frequency up
to 500 MHz but as we increase the frequency, the propagation
losses and attenuation are very severe. The propagation losses
faced by the mm-waves are atmospheric attenuation 0.06-0.2
dB/km in 28-50 GHz frequency range, rain attenuation 6-10
dB/km in 28-60 GHz, diffraction loss 40dB due to building
corner, hail losses of 25 dB at 38 GHz, building penetration losses
due to external brick wall and external tinted glass are 28.3 dB and
40.1 dB respectively at 28 GHz, and human body loss is 40 dB at
20 GHz. Therefore, beamforming techniques are seriously
required to overcome the propagation loss and boost the signal
strength and coverage area [117, 118].

Beamforming is a technique in which BS concentrates energy
to the target mobile user and reduces interference to nearby
mobile users, thereby improving signal coverage and strength. It
is an enabling technique for wireless communications over higher
frequency bands, e.g. mm-wave frequency band. The most known
beamforming techniques are analog beamforming (ABF), digital
beamforming (DBF), and hybrid beamforming (HBF).
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It is a well-known fact that beamforming is a crucial element of
5G systems. The distance between the radiating elements (d) and
the length of the transmission lines (L;) are the two factors those
decide the final position of the main beam while scanning. The
scanning angle can be calculated by using equations (35) and
(36), respectively [119, 120]:

o (5)0)- 500

Af =fe—=fo

(35)

(36)

where 6 is the beam steering direction, f; indicates the center fre-
quency at which the main beam is located, and A¢ is the phase
shift between two connected antenna elements.

The beam direction can also be defined by equation (37):

6 =sin"! (—/\ — JZI)

] (37)

A wideband, high gain Vivaldi antenna was designed on a
Rogers RT/duroid 5870 substrate (e, =2.33, h = 0.254 mm,
tan 6§ = 0.0012) at 28 and 38 GHz resonant frequencies of size
15.5 x 32mm?. The H-shaped metamaterial unit cell was
employed in the radiating aperture of the antenna to enhance
the aperture efficiency by correcting the phase in the complete
operating frequency band. The gain achieved was 12.5 dBi with
78% aperture efficiency at 28 GHz resonant frequency. In add-
ition, a stacked pattern diversity antenna module was also imple-
mented which achieved wide-angle coverage of —60° to +60°
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Fig. 36. Monopole T-shaped antenna array: fabricated (a) front view, (b) S-parameters, and (c) radiation patterns. [138].
with the beam directed at 0°, +45°, and —45°. The fabricated
front view, S-parameters, and radiation patterns are shown in AFy = 1.724 cos(%) +1.509 cos(%‘/’)
Figs 30(a), 30(b), and 30(c) [121]. (39)

Switched beam antenna as a smart antenna has been used in 5G
antenna system as the implementation of it is simple and requires
less cost as compared to phased antenna arrays. It consists of an
antenna array and beamforming network such as Butler matrix,
and hybrid line coupler. The n x n Butler matrix is used as a
beamforming system and it generates the n-beams, which are lin-
early spaced phase difference at its output ports. The Butler matrix
design is widely used due to its simple design and its ability to form
orthogonal narrower beams which are highly directive and there-
fore the antenna has a low side lobe level [122, 123].

A 2 x 10 antenna array excited by branch-line hybrid coupler
was designed on a Rogers RT/duroid 6002 substrate (e, = 2.9,
h = 0.254 mm, tan 8 = 0.0037) of dimensions 79.42 x 11.53 mm?
in the operating band of 23.34-28.25 GHz. The gain reported was
14 dBi with a radiating efficiency of 83.82% at 26 GHz resonant fre-
quency. The schematic view of the 2 x 10 antenna array, and
S-parameters are shown in Figs 31(a) and 31(b) [124].

The normalized array factors for a 4 x 4 with a uniform exci-
tation and a 4 x 8 Butler matrix are given by equations (38) and
(39), respectively, [125, 126]:

__ sin 2y)

" 4sin (/2) (38)

4

https://doi.org/10.1017/51759078722000095 Published online by Cambridge University Press

+1.139 cos(%"’) + cos(%‘l’)

where  =kdcos 0 + B.

Multibeam antenna arrays play an important role in 5G
mm-wave communications. An array with a Butler matrix feeding
network can generate multiple beams by feeding all the input
ports active synchronously. There are many techniques that can
generate fixed and multiple beams such as Blass matrix,
Rotman lens, and dielectric lens. The field radiation pattern of
the main beam can be modeled as equation (40):

N,
Fi(p,g) =) CuF(p.q) (40)
n=1

where Nj is the total number of elements in the array, C,; are
called the complex beam excitations, (p, q) represent points in
space coordinate given by equation (41) [127-129]:

p = sin (6) cos (¢)
q = sin (0) sin (¢) (41

To obtain four multiple beams with high gains and reduced
sidelobe levels a 4 x 7 microstrip comb-line array excited and
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Fig. 37. MIMO antenna with EBG: fabricated (a) front view, (b) EBG view, and (c) S-parameters. [139].

Fig. 38. 1 x 10 antenna array: fabricated (a)
front view and (b) S-parameters and gain plot.
[142]. (a)

integrated with 4 x 4 Butler matrix (BM) was designed on a
Taconic TLY-5 substrate (¢, = 2.2, h = 0.254 mm, tan = 2.20)
of dimensions 95 x 32 x 0.254 mm?, in the frequency band of
27.525-28.325 GHz. The two attenuators were added to reduce
the sidelobe level and also to decrease the coupling between the
input ports due to the standing waves from the antenna arrays;
the three identical H-slots were employed on the ground plane
as decoupling structures. The gain lies in 14.21-17.87 dBi and
the four beams were generated by each of the excitation ports
pointing toward the directions of + 16.2°, +40.8°, +39.4°
and +12.6°. The fabricated front view of the butler matrix with
antenna array and radiation patterns are shown in Figs 32(a)
and 32(b) [130].

5G antenna designs in 60 GHz frequency bands

In this section, various designs of 5G antennas arrays, MIMO
antennas, and MIMO antenna arrays, and beamforming antennas
in frequency range 57-64 and 64-71 GHz frequency bands are
discussed along with their designs and results.

The mm-wave band that lies in the 24-100 GHz frequency
band which opens up the new dimensions and challenges for
the 5G wireless communication systems. The unlicensed fre-
quency band which lies in 57-61 GHz initiates a large bandwidth
possibility for 5G mobile communication that will enhance 5G
network capacity which can significantly boost the data rate. To
cover the wide bandwidth and to overcome the atmospheric
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Magpitnde (dB)

Frequency (GHz)

(b)

absorption that peaks at 60 GHz at 16 dB/km which requires a
high gain antenna, can be accomplished by large antenna arrays.
The dimensions of the antenna are given by equations (42) and
(43), respectively [131, 132]:

_ M+l (ﬁ) @)
e+ 1/2 \2
L= ZN: Ly G) —2AL (43)
 Eeff

where M and N are non-negative integers, and A¢ and A are free
space and operating wavelengths, respectively.

The AL is the patch extension due to the fringing field effect.
The dimensions of the microstrip feed lines can be measured by
employing impedance transformation and the generalized equa-
tions are summarized in equations (44) and (45), respectively:

9.97 Ao

Zp) = (44)

_ 7.475h

P =

— 1.25¢ (45)
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Table 3. Comparison of 5G one port 28-40 and 54-71 GHz antennas

Frequency band/ Number of Gain Efficiency

Reference bands (GHz) elements Dimensions (mm?) (dBi) (%) Applications

[87] 27.23-29.89 01 14x14x1 5.44 93 5G mm-wave applications

[88] 27.4-28.6 04 6 x 6 x 0.508 7.6 85.6 Future 5G Mobile communication

Networks
[93] 25.05-34.92 04 45 x 20 x 0.254 10.12 85 Future 5G wireless systems
[94] 27.06-28.35 12 51.44 x 18.34 x 0.79 16.07 93.5 Indoor and outdoor 5G
communications

[95] 27.5-33.00 13 21.5 x 23 x 0.79 9.0 80 5G cellular hand held devices

[96] 27.70-28.78 16 30 x 26 x 0.79 17.7 93.36 5G wireless communications

[97] 27.5-28.5 30 96.5 x 102 x 0.51 21.0 - 5G cellular applications

[98] 28.37-39 09 21 x 26 x 0.79 13.5 70 5G wireless networks and satellite

communications
[114] 27.5-28.65 08 40 x 50 x 0.254 13.6 66 5G mobile handset and 5G base
stations

[135] 61.56 24 27.05 x 31.62 x 0.127 19.26 - Wireless local area network,
Wireless personal area network

[136] 56.5-65.2 08 17.5 x 22 x 0.381 17.0 80 Broadband communications

[137] 60.0 08 5.7 x 4.1 x 0.254 17.5 98 mm-wave applications

[138] 57.2-63.8 08 20.64 x 20 x 0.203 11.6 85 5G mm-wave communications

The x is dependent on the substrate thickness (h) and copper
cladding (¢) can be defined by equation (46):

(Z.J& T 1.41)

X=————— (46)
87

The spacing between the patch elements is defined by equation (47):

Li=2A+1x (%) +2AL (47)

The inter-separation distance between the parallel arms are com-
puted by equation (48):

A
S=2B+1x (=

where A and B are the non-negative integers [133, 134].

A high gain 4 x 6 antenna array fed with series—parallel trans-
mission lines was designed on a Rogers RT/duroid 5880 substrate
(¢, =2.2, h=10.127mm, tand = 0.0009) with a size of
27.05 x 31.62mm? for 60 GHz frequency band. In this design
patches were excited by the two-stage power dividers and low
impedance transmission lines were employed by reverse imped-
ance matching method to achieve low power loss. The gain
achieved was 19.26 dBi at 61.56 GHz resonant frequency. The fab-
ricated front view, S-parameters, and radiation patterns are
depicted in Figs 33(a), 33(b), and 33(c) [135].

A compact and high-gain antenna array of eight-element was
designed on a Rogers 5880 substrate (e, = 2.2, tan 6 = 0.0009,
h = 0.381 mm) with a size of 17.5 x 22 mm? in the operating fre-
quency band of 56.5-65.2 GHz for mm-wave band applications.
The patches were partially circularly slotted and the ground was
defected with a circular-shaped slot, respectively to get the proper
impedance matching. An EBG reflector consisting of 7 x 17 mm?

(43)
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unit cells below the array structure was employed to decrease
backward radiation and to improve the front-to-back (F/B) lobe
radiation ratio. The gain achieved was 17 dBi with radiating effi-
ciency of 97% at 60GHz. The fabricated front view,
S-parameters and radiation patterns are shown in Figs 34(a), 34
(b), and 34(c) [136].

A high gain, mm-wave antenna array was designed on Rogers
RT/duroid substrate (e, = 2.2, h = 0.254 mm, tan () = 0.0009)
of dimensions 5.7 x 4.1 mm? operating at 60 GHz resonant fre-
quency for mm-wave application. The concept of microstrip
line discontinuities was utilized to enhance the performance para-
meters of the antenna such as gain and radiating efficiency. The
left stubs and the right stubs along with square loops were
tuned mutually to get proper impedance matching. The antenna
gain and radiating efficiency reported were 17.5 dBi and 98% at
60 GHz resonant frequency. The fabricated front view,
S-parameters, and radiation patterns are shown in Figs 35(a), 35
(b), and 35(c) [137].

A monopole antenna array was designed on a Rogers RO4003
substrate (€, = 3.55, h = 0.203 mm, tan (6) = 0.00027) with a
size of 20.64 x 20 mm? for operating in 57.2-63.8 GHz frequency
band. To improve the radiation characteristics, T-shaped slots and
stubs were employed in the design. Also to enhance the band-
width DGS was utilized. The gain of the antenna was 11.6 dBi
with 85% radiating efficiency at 60.5 GHz resonant frequency.
The antenna covered bandwidth from 57.2 to 63.8 GHz. The fab-
ricated front view, S-parameters, and radiation patterns are shown
in Figs 36(a), 36(b), and 36(c) [138].

An MIMO antenna with different EBG structures was designed
on a Rogers ULTRALAM substrate (e, =2.9, h = 0.1 mm,
tan 8 = 0.0025) of dimensions 13 x 14 mm? for operating in 57-
63 GHz frequency band. To decrease the mutual coupling between
the antenna elements and to improve the radiation characteristics
different EBG structures were employed. The gain and isolation
reported were 14.8 dBi and 52.0 dB at 60 GHz resonant frequency,
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Table 4. Comparative analysis of 5G 28-40 and 54-71 GHz MIMO antennas
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Frequency Number
band/bands Number of Gain Efficiency Isolation

Reference (GHz) of ports elements Dimensions (mm?3) (dBi) (%) (dB) Applications

[101] 27.5-28.365 02 02 12.8 x 26 x 1.6 6.68 80 41.6 5G cellular mobile
communication

[102] 23.0-40.0 04 04 80 x 80 x 1.57 12.0 70.0 20 Wideband MIMO
applications

[103] 26.5-38.2 02 02 12 x 25.4 x 0.6 6-8 - - 5G based
vehicular
communications

[104] 25.1-37.5 04 04 12 x 50.8 x 0.8 5.0 80.0 22 5G MIMO systems
and services

[105] 25.5-29.6 04 04 30 x 35 x 0.79 8.3 82.0 17 5G MIMO wireless
communications

[110] 24.0 02 02 19.04 x 15.06 x 0.254 7.45 80.5 37 5G MIMO
wearable
communications

[113] 27.61-28.43 04 09 21 x 21 x 0.254 14.9 73.0 29 Future 5G
mm-wave
communications

[124] 23.34-28.25 02 20 11 x 79.42 x 0.254 14.0 83.82 25 Future 5G mobile
applications

[130] 27.52-28.32 04 16 95 x 321 x 0.254 17.87 - 15 5G wireless
systems

[139] 57.0-63.0 04 04 13 x 14 x 0.1 14.8 - 50 MIMO
communications

[142] 59.5-61.3 02 20 13 x 30 x 0.2 12.93 - > 15 Handsets for 5G

communication

respectively. The fabricated front view, EBG view, S-parameters,
and gain plot are shown in Figs 37(a), 37(b), and 37(c) [139].

The small carrier wavelengths at mm-wave frequencies enable
the synthesis of compact antenna arrays, providing beamforming
gains that compensate for the increased propagation losses.
mm-wave communication is a key technology for future wireless
networks. To combat significant path loss and exploit the abun-
dant mm-wave spectrum, effective beamforming is crucial. To
overcome the severe link loss, a mm-wave array beamforming
technology has been essentially adopted to the 60 GHz Wi-Fi sys-
tem. The mm-wave beamforming technology enables the direc-
tional high gain in an array antenna, where the array antenna
pattern can be electronically controlled to the desired direction.
The high gain of the array antenna may compensate for the
high signal attenuation. Moreover, the electric beam-location con-
trol can be utilized to search and find the best antenna pattern
even upon the channel variation (e.g. human blockage).
Therefore, beamforming technology plays a key role in maintain-
ing the multi-gigabit data transfer link to enable the aforemen-
tioned 60 GHz Wi-Fi applications [140, 141].

Switched-beam antenna array plays an important role in
hybrid beamforming. A four-layer PCB stack structure was used
to design a 2 x 10 antenna array having the capability of generat-
ing three beams for a 60 GHz communication system. The 2 x 10
tapered antenna array was designed by employing a
1:0.91:0.74:0.54:0.38 Chebyshev tapering ratio on a Rogers
RO4003 substrate (e, = 3.38, h = 0.2 mm, tan (6) = 0.0027) for
operating in 59.5-61.3 GHz frequency band. All the beams were
switched and maximum gain was observed at 6 equals 0°,
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—20°, and 20°. The gain was 12.93 dBi and the mutual coupling
reported was >15dB at 60 GHz resonant frequency. The fabri-
cated front view and S-parameters are shown in Figs 38(a) and
38(b) [142].

The comparison of 5G single port antennas and MIMO anten-
nas for mm-wave frequency band lies in 28-40 and 54-71 GHz
on the basis of different frequency bands, number of elements,
gain, efficiency, dimensions along with their applications is pre-
sented in Tables 3 and 4.

Conclusion

The 5G wireless communication is the demanding technology due
to the tremendous growth of mobile data and extensive need for
higher data rates, up to 1 Gbps. The use of recent technologies
and techniques such as high gain antenna arrays, MIMO, massive
MIMO, mm-wave communication, beamforming, etc., have been
extensively used in 5G to enhance the data rates and lower the
attenuation loss caused by the mm-wave frequency bands. In
this paper, different 5G antennas such as single input ports, mul-
tiple input ports, single output ports, multiple output ports have
been discussed. The different structures of mutual coupling
reduction techniques between the antenna elements such as
EBG, PBG, and DGS, were studied in paper. The main focus
was to review, analyze, and compare different sub-6 GHz (2-8
GHz) antennas and mm-wave antennas (24-40, 57-64, and 64-
71 GHz). The mentioned antenna designs in the paper have
achieved >6 dBi gain with radiation efficiency around 80%, and
isolation achieved was >20 dB. In addition with these designs,
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mathematical equations, and radiation characteristics have been
discussed in detailin the paper.
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