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Design Consideration, Challenges and Measurement Aspects
of 5G mm-Wave Antennas: A Review
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Abstract—With the supersonic growth of mobile data demand, the fifth generation (5G) mobile
network would exploit the extensive amount of spectrum in the millimeter-wave (mm-Wave) bands
to tremendously increase communication capacity. There are conceptual differences between mm-
Wave communications and other existing communication systems, in terms of high propagation loss,
directivity, and sensitivity to blockage. These characteristics of mm-Wave communications present
several challenges to completely exploit the potential of mm-Wave communications, including integrated
circuits and system design, interference management, spatial reuse, anti-blockage, and dynamics control.
5G mobile communication systems with sub-6GHz and millimeter-wave bands are already replacing 4G
and 4.5G systems as an evolution towards higher-speed mobile communication and wider bandwidth.
From the hardware perspective, the 5G-band causes the miniaturization of RF components including
the antennas. In this article, an overview of recent research is presented that discusses design challenges
and measurement considerations for various types of compact 5G antennas.

1. INTRODUCTION

Over the last few decades, there is a rapid evolution of modern wireless communications from simple
voice systems to advanced multimedia communications in terms of video calling, video chat, and device
connectivity with the internet of things (IoT) [1–3]. It is evident that the social activities of human
life in daily life and the need for wireless devices increase. Mobile connections and mobile data traffic
are increasing exponentially [4]. Hence it has been seen that after every decade, the data consumption
became at least doubled with wireless and multimedia uses. The fourth generation (4G) technology
was successfully launched in 2009 in Norway and Sweden followed by other countries worldwide. The
4G network operates in the frequency band of 700MHz, 850MHz, 950MHz, 1800MHz, 1900MHz,
2100MHz, 2300MHz, and 2600MHz. The international telecommunication union (ITU) recommended
a maximum data speed of one gigabits per second (Gbps) for high-speed mobile users like trains, cars,
airplanes, and 100megabits per second (Mbps) for low-speed mobile users as walking on roads [5, 6]. By
using an IP packet switching network, 4G technology can connect multiple users per cell, provide better
coverage and uninterrupted connectivity, especially for video chats and conferences [7]. Having utilities,
there were some limitations of the current mobile network which deployed the research community
towards better technology. The major drawbacks of 4G technology are included in terms of limited
device connectivity as up to 4000 devices per square kilometer hence not supported by IoT, low latency
of around 20 milliseconds, which is not suitable for real-time communication, and small bandwidth.
Although various telecom industries and researchers are doing their best to enhance the data rate and
radiation characteristics, they failed to fulfill the consumer demands [8, 9].
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The upcoming 5G technology is the possible solution to 4G limitations, and by using the institute
of electrical and electronics engineers (IEEE) 802.11 protocol, it can enhance the data speed over the
air [10]. 5G is a service-enabled platform for consumers, industry, and enterprises with remote e-
healthcare, auto manufacturing, online education, IoT, online shopping, and energy utility sectors as
shown in Fig. 1. Ericsson is expecting that 40 percent of the global population will be able to access
5G services by the year 2024 and 90 percent population will be covered by 2027 [11]. The deployment
from 4G to 5G enabled applications will be determined based on the spectrum allocation, propagation
characteristics, and antenna design technology. The 5G spectrum allocation boosts modern wireless
communication due to its huge bandwidth [12].

Figure 1. 5G enabled connectivity.

Compared to the 4G network, the 5G system is capable to provide a peak data rate of 20Gbps
and ultra-low latency of 1 millisecond which improves the gaming performance of the device [13]. The
key applications of future 5G network communication are depicted in Fig. 2 [14]. Hence, human to
human (H2H), human to machine (H2M), and machine to machine (M2M) communication makes 5G
technology suitable for modern wireless communication systems. The technical growth of generation
is mainly based on technology used, latency, bandwidth, data speed, and channel capacity [15]. For
achieving the excellent performance of wireless communication systems, antennas are one of the enabling
components of wireless systems with their eminent parameters such as stability in radiation patterns,
high data speed, and large bandwidth [16].

Figure 2. 5G application scenario.

Various antennas are used in 5G wireless communication to achieve their unique behavior such
as circular polarization (CP) [17], multiple-input-multiple-output (MIMO) [18], beamforming [19], and
beam steering [20]. The well-known mobile industry Xiaomi and Samsung are assembling 5G antennas
in mobile phones with long-term evolution (LTE) 4G technology for frequency ranges 2.5GHz, 3.5GHz,
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and millimeter-wave bands [21, 22]. Thus, rigorous research efforts are carried out on the fundamental
of 5G technology, component design, spectrum analysis, and implementation of services. In this paper,
various techniques are reviewed to design a 5G antenna with aspects of simulation, optimization, and
measurement analysis. The different methods are also analyzed which are responsible for improving
the characteristics of an antenna device for the 5G frequency band such as gain enhancement, size
reduction, isolation enhancement, and SAR analysis with optimized value. The fabrication process
and measurement of the 5G antenna device is another important aspect of mass production [23, 24].
The term “antenna measurements” includes the experimental verification of various parameters such as
reflection coefficient, gain, efficiency, and radiation pattern for the antenna-under-test (AUT) [25, 26].

This review paper is structured as follows. Section 2 highlights the spectrum analysis of 5G wireless
communication system. Section 3 includes the challenges of 5G mm-Wave technology. Section 4
describes the design consideration and desirable parameters of 5G antennas. It also describes the
fabrication process with measurement analysis of various parameters for 5G antennas and recent
development in the design techniques. The overall conclusion is summarized in Section 5.

2. 5G SPECTRUM ANALYSIS

According to Federal Communications Commission (FCC), the radio frequency part of the
electromagnetic spectrum has been classified as licensed and unlicensed bands. To use a licensed
band, the user is required to take the license permission from FCC for significant utilization and free
from interference. For high speed and short-range communication, the use of an unlicensed band
plays an important role in the real-world scenario that boosts the capacity of 5G communication [27].
Currently, third generation (3G) and 4G bands are congested and over utilized due to the limited
bandwidth that limits the data exchange speed. Korea showcased the commercial applications of 5G
technology in the winter Olympics Games 2018 at Pyeong Chang and prepared for 5G mass service
operations in Seoul and other locations of Korea. Japan adopted new rules for testing the commercial
5G network in the 2020 summer Olympic Games in Tokyo, which were rescheduled for 2021 due to the
COVID-19 pandemic. China identified the 26GHz and 42GHz bands for commercial 5G networks [28].
United States FCC and European Union (EU) announced 5G pioneer bands as 24.25–27.50GHz and
27.50–28.35GHz for 5G broadcasting [29, 30]. Telecom Regulatory Authority of India (TRAI) and the
department of telecommunication (DoT) recommended the range 3300MHz to 3400MHz, 3425MHz
to 3600MHz, 24GHz, and 26GHz bands for 5G services. The 5G network was partially trialed in
2021 and commercially launched by Ericsson in 2022. The ITU also declared the following frequency
band for upcoming 5G communication as 3.4–3.6GHz, 5–6GHz, 24.25–27.5GHz, 37–40.5GHz, and
66–76GHz [31].

5G technology spectrum is classified as sub-1GHz (low-band), sub-6GHz (mid-band), and mm-
Wave band (high-band). The globally accepted 5G spectrum allocation [32] is shown in Fig. 3. In the
sub-1GHz band, the IEEE802.11ah is the current Wi-Fi standard, and it is an alternative to IEEE
802.15 wireless standards. Sub-1GHz is used to provide wireless access to internet of things (IoT)
systems, indoor and outdoor applications, and machine-to-machine (M2M) communication. It provides
long-distance communication at a lower frequency to provide coverage across urban, suburban, and
rural areas. Similarly, the sub-6GHz band provides enough capacity and good coverage for wireless
mobile communication. The frequency band, ranging from 3.3 to 3.8GHz, is suitable for various 5G
services [33]. High-band including the microwave and millimeter-wave bands ranging from 6 to 100GHz
is the future band of 5G services [34]. The mm-Wave 5G frequency offers a high speed of 20Gbps [35].
The band of 27.5–28.35GHz is widely used for 5G services because it is an unused and under utilized
band that has low atmospheric absorption. In this band, the rain attenuation and oxygen loss do not
increase, and it offers a good propagation constant [36].

The globally accepted 5G frequency spectrum is illustrated in Table 1. 5G new radio (NR) is a
new standard for defining the 5G band. It is a new radio air interface that helps to access remote
control vehicles with low latency communications. The symbol n is used for a new radio interface that
helps to define the band of spectrum and give a common interface across these frequencies. 5G new
radio is a future frequency band flourished by the 3rd Generation Partnership Project (3GPP) for mobile
telephony. The 700MHz is the low band for 5G communication with band name n28 and common name
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Figure 3. 5G enabled NR spectrum [32].

Table 1. 5G frequency spectrum [37].

Band Country
Frequency

Range (GHz)

Frequency

(GHz)

Common

Name

Channel

Bandwidth (MHz)

n28 USA, China 0.69–0.80 0.7 APT 5, 10, 15

n77 USA 3.30–4.20 3.7 C-band 10, 15, 20, 40, 50, 60, 80, 100

n78 Europe 3.30–3.80 3.5 C-band 10, 15, 20, 40, 50, 60, 80, 100

n79 China 4.40–5.00 4.7 C-band 40, 50, 60, 80, 100

n257 Korea 26.50–29.50 28.0 LMDS 50, 100, 200, 400

n258 Europe, China 24.25–27.50 26.0 K-band 50, 100, 200, 400

n260 Japan 37.00–40.00 39.0 Ka-band 50, 100, 200, 400

n261 USA 27.50–28.35 28.0 Ka-band 50, 100, 200, 400

Asia Pacific Tele community band plan (APT) suitable for long-distance communication. The mid-band
is trailed with band names n77, n78, and n79 suitable for several miles distance communication in the
US, Europe, China, and SE Asia countries. Future trials for the millimeter-wave bands are planned
in Korea, Europe, China, Japan, and the USA with frequencies 26GHz, 28GHz, and 39GHz. The
common name of the n257 band is defined as local multipoint distribution in service (LMDS) that is
suitable for broadband wireless access under the operating frequency range from 26GHz to 29GHz.
The millimeter-wave band is the future band for dense and urban areas giving peak data rates from 7
to 20Gbps [37].

3. CHALLENGES OF 5G MM-WAVE TECHNOLOGY

In the telecommunication industry, mobile communication with smart devices is a more developing
segment of wireless cellular systems [38]. The design analysis of the future mm-Wave cellular system
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is characterized by a propagation model. The main issues with mm-Wave mobile communication are
large path loss, atmospheric attenuation, and signal blockage due to obstacles. Free space path loss
(FSPL) is the degradation of the power density of electromagnetic waves. It is directly proportional to
the square of the operating frequency of the system. As the operating frequency is increased towards
the mm-Wave band, the size of the antenna becomes compact. The effective aperture (Ae) is dependent
on wavelength, hence by keeping constant Ae, path loss can be minimized [39]. Another hurdle of
mm-Wave frequency band service includes that the attenuation of the signal is due to rain, atmospheric
absorption, and foliage. To overcome signal degradation issues and make a mm-Wave frequency band
for mobile communication, consider the cell size of the order of 200 meters in urban areas. For a cell
size of 200 meters, the atmospheric absorption rate is lower at 28GHz and 38GHz and has a significant
value at 73–77GHz. As illustrated in Fig. 4, the atmospheric absorption rate has a peak value from 15
to 30 dB/km at the 60GHz frequency band [40].

Figure 4. Atmospheric absorption with frequency in dB/km [40].

The efficient spectrum utilization in 5G cellular communication is required for improving data rates,
increasing system capacity and reducing latency. D2D communication is the advanced technology for
proper utilization of spectral efficiency in future 5G communications. It involves direct communication
between nearby mobile devices without using a base station (BS).

The five challenges of D2D communication are illustrated in Fig. 5 [41]. The synchronization is
the main challenge in a quick device discovery scheme. Handover is another issue in mode selection
and mobility of mobile users. The electromotive force (EMF) level should be in the normal range
for proper implementation of 5G communication. At mm-Wave communication, the EMF level may
be increased which causes an issue for achieving capacity in the network [42]. For the challenges of

Figure 5. D2D communication challenges in 5G mm-Wave communication [41].
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transmitting a volume of traffic, the backhaul mechanism is utilized. The backhaul concept or backbone
in cellular communication is the composition of microwave devices, fibers, coppers, and satellites [43].
As comparison with traditional technology, the elements and functions used in 5G communication are
virtualized, and resources are shared. Hence, security and reliable communication are the big challenge
in mm-Wave 5G communications [44]. The other nontechnical challenges are high cost in terms of
infrastructure setup, deployment, and device support criteria. Lack of digital literacy can be a challenge
for users as they may not be aware of new services offered by 5G technology.

4. DESIGN CONSIDERATIONS FOR 5G MM-WAVE ANTENNAS

There are several major requirements for generation and revolution of 5G communication technology.
For designing the antennas for 5G technology, the researchers are required to have desirable knowledge of
propagation model with antenna parameters such as high gain and directivity, efficiency, and wideband
operation of upcoming cellular devices.

4.1. Dielectric Substrate for 5G mm-Wave Communication

The mm-Wave frequency band is an eminent candidate for modern mobile communication academically
and commercially with industry attention. Fabrication of an antenna is another important aspect that
makes it practically available. The substrate selection is also a major challenge in front of researchers
for the fabrication of mm-Wave antenna device. There are various parameters such as dissipation loss,
moisture absorption, and multi-layered processes for compact device, which are considered for choosing
a suitable substrate as shown in Fig. 6.

Figure 6. Material selection key parameters for 5G technology [45].

The most important parameter for choosing a substrate material for 5G mm-Wave fabrication is
dissipation loss. As going towards higher frequency above 10GHz, substrate loss becomes dominant
and scales with loss tangent tan δ = σ/(ω ∗ ε). Hence, the material substrate with minimum value
of loss tangent will be useful for building an mm-Wave antenna. The other impediment for material
selection is moisture absorption which becomes a driving parameter at high frequency. The absorption
of water by material affects the antenna performance and changes the dielectric constant. The dielectric
substrate with high water absorption enhances the loss of the antenna. At mm-Wave frequency multi-
layered structures become the backbone to design a compact antenna with wide and multiple bands.
The fabrication of a multi-layered structure is possible by choosing a suitable substrate for mm-Wave
antennas [45]. As the frequency increases towards mm-Wave range, the wavelength and size of antenna
shrink. Hence, researchers consider the material with low dielectric constant values for the reliable
performance of antenna, typically around 2 to 4 or an average of 3. The comparison of various
substrate materials with parameters is illustrated in Table 2 [46–49]. From Table 2, it is analyzed
that FR-4 is rolled out for mm-Wave frequency band due to its characteristics as water absorption rate
and dissipation factor are high as compared to low dielectric value substrate. RT Duroid 5880 is the
best suitable material for the fabrication of mm-Wave antennas.
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Table 2. Comparison of substrate used for 5G technology [46–49].

Property
RT Duroid

5880

RT Duroid

5870

Rogers

RO3003

Rogers

RO4003

Rogers

RO4350

FR-4

Epoxy

Dielectric

Constant (ε)
2.2 2.33 3.0 3.55 3.66 4.4

Dissipation

Factor (tanδ)
0.0009 0.0010 0.0010 0.0027 0.0037 0.025

Moisture

Absorption (%)
0.02 0.02 0.04 0.06 0.06 0.1

Thermal

Conductivity (W/m-K)
0.20 0.22 0.50 0.71 0.69 0.81

4.2. Millimeter-Wave Antenna Design Analysis

The communication between two or more devices without physical wires in the propagation path is
called wireless communication. In future era, wireless data traffic will be exponentially increasing
because of increasing the number of mobile devices such as smart phones, laptops, tablets, and other
devices. Wireless communication has many benefits as compared to wired system due to easy carry of
the device anywhere and becomes popular for future 5G communication. To fulfil the requirements such
as ultra-low latency, data rate of 1–10Gbps, large bandwidth, etc. of 5G wireless technology, various
efficient antennas have been reported. High gain can be achieved by using antenna array techniques to
overcome signal fading issue due to poor weather condition in both line-of-sight (LOS) and non-line-of-
sight (NLOS) communication [50]. Wideband and multiband operation can be achieved by frequency
reconfiguration mechanism. An arrangement of 5G mm-Wave antenna with LOS communication is
capable to provide low latency, good battery life, high spectral efficiency, and faster connectivity.
Latency is the time taken during transmission of signal and eminent parameter for online games, video
streaming, and multimedia [51]. Device battery life is also a significant aspect for 5G communication as
mm-Wave cell size is small, so less transmitted power is required than currently used base station [52].

The major limitation of wireless communication at mm-Wave frequency is multipath fading due to
NLOS propagation. The NLOS propagation occurs due to physical obstacles as tall building, trees, and
dense areas. Single antenna is not feasible at mm-Wave frequency. The multiple-input-multiple-output
(MIMO) techniques were the remedial by using more than one antenna at transmitter and receiver.
Massive MIMO technique with 64–256 antennas offers data speed more than ten times of current 4G
networks. The multipath propagation is caused by walls and ground surface which can be minimized by
using circularly polarized antennas in modern communication systems [53]. The antenna design analysis
with different parameters is explained as follows.

4.2.1. High Gain mm-Wave Antennas

In present scenario, to resolve signal fading problem due to poor weather condition, high gain antenna
design become the interest of research community. Several methods such as antenna arrays, multilayered
structure, substrate integrated waveguide (SIW) cavity, and artificial metamaterial as artificial magnetic
conductor (AMC) are reported to achieve high gain and directivity. AMC is an artificial metamaterial
which acts as reflector to enhance the characteristics of antenna. A 3 × 3 series-fed patch antennas
array is reported for 28GHz mm-Wave applications [54], in which the patches are connected in series
with high impedance microstrip lines as shown in Fig. 7, and using 4 ports, a good gain of 15.6 dBi is
obtained.

In [55], a broadband printed-dipole antenna with 8-elements array is reported for 5G application.
The presence of an 8-element array results in the peak gain of 12.5 dBi over the operating frequency
band of 26–40GHz range depicted as in Fig. 8. The reported magneto-electric (ME) dipole antenna is
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(a) (b)

Figure 7. (a) Fabricated prototype (3× 3 antenna array), (b) |S11| plot [54].

(a) (b)

Figure 8. (a) Fabricated design (8-element array), (b) |S11| and gain plots [55].

(a) (b)

Figure 9. (a) Schematic of ME dipole antenna with SRR cells, (b) S11, gain and efficiency plots [56].

excited by a slot coupled with a fork-shaped printed ridge gap waveguide line, and −10 dB bandwidth
is achieved from 26.5 to 38.8GHz. By using a meta-lens with three layers of 3 × 7 arrays of split ring
resonators (SRRs) integrated in front of a ME dipole antenna as illustrated in Fig. 9, the peak gain of
antenna varies from 16.7 to 17.6 dBi over the frequency bandwidth of 29.1–37.8GHz [56].

Various antenna arrays based on microstrip lines are investigated. However, microstrip lines are
significantly used in antenna arrays design because of its easy fabrication and low cost, but not suitable
for mm-Wave frequency band. The limitations of microstrip lines at higher frequencies are transmission
loss and undesired radiations. SIW is an attractive choice to solve problem and acts as a bridge between
planar and non-planar structures. Basically, the SIW cavity is developed in simulation design by metallic
vias and consecutive center to center distance.

In [57], a wideband unequal feeding network with an SIW antenna array is designed at 28GHz
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(a) (b)

Figure 10. (a) Geometry of SIW antenna array, (b) |S11| plot [57].

(a) (b)

Figure 11. (a) Geometry of wideband SIW slot antenna, (b) gain with efficiency and |S11| plots [58].

(a) (b)

Figure 12. (a) Geometry of rhombus antenna array, (b) |S11| and gain with efficiency plots [59].

frequency band for handset device as shown in Fig. 10. In [58], the authors demonstrated a compact
dual mode wide band antenna for 5G mm-Wave applications as shown in Fig. 11. By using SIW
technique with two element arrays of half bowtie slots, a wide impedance bandwidth of 6.8GHz (24.8–
31.6GHz) and peak gain of 8.5 dBi are achieved as illustrated in Fig. 11. In [59], a rhombus shaped
monopole 4-element antenna array for 28GHz is reported as depicted in Fig. 12. It has the size of
40 × 19.22 × 0.254mm3. Wide operating frequency band is obtained using a DGS (defected ground



48 Kumar et al.

(a) (b)

Figure 13. (a) Geometry of mm-Wave LTCC antenna array, (b) |S11| and gain plots [60].

Table 3. Summary of high gain antennas.

Ref. Techniques Used
Impedance

B.W. (GHz, %)

Peak Gain

(dBi)

Efficiency

(%)
Size (mm2)

[54]
3× 3 Series Feed

Planar Array
27.48–28.63, 4.09 15.6 > 85 20× 20

[55]
8 Element

Linear Array
26.50–38.20, 36.20 12.5 > 93 —

[56] Multilayer Design 26.50–38.80, 36.4 17.6 > 90 38× 27

[57] SIW Cavity 27.20–29.50, 8.11 14.9 > 75 70× 63

[58] SIW Slot Antenna 24.80–31.60, 24.0 8.50 > 90 —

[59] SIW Cavity 26.04–30.63, 16.20 11.24 > 85 40× 19.22

[60] AMC array structure 33.65–38.70, 13.96 19.10 > 63 26× 26

[61] SIW Antenna Array 27.0–29.0, 7.14 17.30 > 85 66.7× 47.5

structure) in the bottom side of array antenna. By using an antenna array with a simple feed network, a
peak gain of 11.24 dBi and more than 85% efficiency are achieved. A low-temperature co-fired ceramics
(LTCC) antenna with AMC array is demonstrated. By designing a multilayer laminated waveguide
(LWG) power divider with an array, a stable high gain of 19.1 dBi and 63.1% efficiency are achieved
over the wide operating frequency band (i.e., 34–37GHz). The design topology and results are depicted
in Fig. 13 [60]. By using their properties such as in-phase reflection and high impedance surface, the
AMC acts as a reflector and enhances the radiation characteristics of antenna device. The summary of
cited high gain antennas [54–61] is illustrated in Table 3.

4.2.2. High Isolation mm-Wave Antennas

Generally, single antennas are not feasible due to NLOS communication network. The limitations of
single RF antenna are poor reliable communication, path loss attenuation, and signal fading. MIMO
technique is a future solution for 5G communications and enhances the performance of antenna in
terms of gain, efficiency, data rate, and capacity of system without any additional spectrum. In
MIMO systems, multiple antennas are designed by placing near each other and used to transmit the
signals simultaneously. By placing the radiating metal patches or antenna elements at less than λ/4
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distance in the same plane, the high mutual coupling is created. It is defined as the interaction of
electromagnetic field between antenna elements [62]. In antennas, mutual coupling is observed due to
the shared ground effect and between antenna elements. The high correlation and high mutual coupling
reduce the performance of a MIMO antenna system. The term coupling is inversely related to the
isolation and can be calculated using scattering parameters, which is defined as I = −10Log10|Sij |,
where i and j are related to the port used. To analyze the diversity for MIMO antenna, numerous
parameters such as envelope correlation coefficient (ECC), diversity gain (DG), total active reflection
coefficient (TARC), and channel capacity loss (CCL) are considered [63]. ECC (ρ) is an important term
that describes how the antennas are isolated from each other in a communication system. If one antenna
is vertically polarized, the other antenna should be completely horizontally polarized, then ECC will be
zero between antennas. ECC will be calculated as using S-parameters by Equation (1) [64, 65].

ρeij = |ρeij |2 =

∣∣∣∣∣ SiiS
∗
ij + SjiS

∗
jj

|(1− Sii − Sji) (1− Sjj − Sij)|1/2 ηradi
ηradj

∣∣∣∣∣
2

(1)

where ρeij is the envelop correlation coefficient, ρij the correlation coefficient, Sij the coupling parameter
between i and j elements, and ηradi

and ηradj
are the radiation efficiency factors for i and j elements,

respectively.
The MIMO antenna system provides good diversity performance by having high isolation and low

correlation coefficient. For good diversity, the acceptable ECC value is ρ = 0.5 for mobile antenna
system, if the ECC is greater than 0.5 that means system is uncorrelated. For MIMO antenna, the DG
is another important parameter that gives diversity performance. The DG and ECC are related with
each other as given by Equation (2) [66]. The lower the value of ECC is, the greater the diversity gain
of MIMO antennas will be and vice versa.

DG = 10 ∗
√

1− |ρ|2 (2)

TARC is another very useful characteristic in MIMO antenna to obtain an effective operational
bandwidth. It is dependent on ECC and magnitude of S-parameter. For a MIMO antenna system,
TARC is the ratio of the square root of total reflected power to the square root of total incident
power [67]. The formula of TARC for N port antenna can be written as in Equation (3).

Γt
a =

√√√√ n∑
i=1

|bi|2√√√√ n∑
i=1

|ai|2
(3)

where ai is the excitation vector, and bi is the scattering vector.
CCL is also a very important parameter to explain the performance of MIMO antenna in a scattering

environment. It is used to measure the performance of MIMO antenna in terms of number of bits
transmitted per Hz of the bandwidth during the correlation. The formula for CCL calculation is given
by Equations (4), (5), (6), and (7) [68].

cLoss = − log2 det
(
ψR

)
(4)(

ψR
)
=

[
ρ11 ρ12
ρ21 ρ22

]
(5)

ρii = 1− |Sii|2 − |Sij |2 (6)

ρij = −(S∗
iiSij + S∗

jiSij) (7)

Consider i, j = (1 or 2). Basically, the value of CCL for MIMO antenna must be less than
0.5 bits/s/Hz.

Various MIMO antennas have been reported for high isolation and low mutual coupling in the
literature. In [69], a CPW-fed systematic T-shaped DGS based MIMO antenna is depicted in Fig. 14(a)



50 Kumar et al.

(a) (b)

Figure 14. (a) Geometry of four-element mm-Wave MIMO antenna, (b) antenna results [69].

at mm-Wave spectrum for 5G applications. It has the size of 12mm × 50.8mm. Fig. 14(b) illustrates
the reflection coefficient plot with fabricated model, gain, and ECC plot of antenna with and without
DGS. By using five split-ring slots in bottom ground plane as DGS, it provided a wideband of 12.4GHz
(25.1–37.5GHz) bandwidth at mm-Wave frequencies.

Mew SIW corrugated technique based MIMO antennas (namely MIMO 1 and MIMO 2) were
demonstrated for Ka-band. By using isolation vias between every two elements, more than 20 dB
isolation and ECC value of less than 0.0002 are achieved for both MIMO antennas. The sizes of MIMO
1 and MIMO 2 antennas with SIW groove are 72mm× 17.2mm and 39.98mm× 33.4mm, respectively.
In Fig. 15, the fabricated prototype of mm-Wave MIMO antennas and their |S11| with ECC results are
presented [70].

A four-port MIMO array with the overall dimension of 30mm×35mm excited by the feed network
has been reported for mm-Wave 5G communication. The reported MIMO antenna operated in the
frequency band of 26.1–30.0GHz with 13.9% fractional bandwidth. By employing polarization diversity

(a) (b)

Figure 15. (a) Fabricated prototype of mm-Wave MIMO antennas, (b) |S11| and ECC results [70].
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Figure 16. Fabricated prototype of mm-Wave MIMO antenna and their results [71].

between the adjacent radiators, a good isolation of more than 17 dB is realized. The channel capacity
loss is obtained less than 0.4 bit/s/Hz over the operating frequency band. In Fig. 16, the fabricated
design and its results are illustrated [71].

The summary of cited [69–77] high isolation antennas is depicted in Table 4. From Table 4, it is
examined that mostly researchers use low permittivity dielectric material for designing of mm-Wave
antennas.

Table 4. Summary of high isolation mm-Wave antennas.

Ref. Antenna Type
Impedance B.W.

(GHz, %)
Substrate

Used
Isolation
(dB)

ECC
(ρ)

Efficiency
(%)

[69]
T-shaped DGS
MIMO antenna

25.10–37.50, 39.68
Rogers
5880

> 22 < 0.010 > 80

[70]
SIW MIMO
Antenna

26.80–28.40, 5.80
Rogers
5880

> 20 < 0.02 —

[71]
MIMO Antenna

with DGS
26.10–30.00, 13.90

Rogers
4350

> 17 < 0.04 > 82

[72]
DRA MIMO
Antenna

27.25–28.59, 4.80
Rogers
5880

> 24 < 0.013 —

[73]
Four-port

MIMO Antenna
23.00–29.00, 23.0

Rogers
5880

> 28 < 0.0002 —

[74]
Switched Beam

Antenna
27.40–28.23, 2.98 RO3003 > 18 < 0.0008 —

[75]
Metallic Based
Dipole Antenna

26.00–31.00, 17.50 Neltec > 21 < 0.0015 —

[76]
Tapered Slot
Antenna

27.00–32.00, 16.90 RO4003 > 37.1 — —

[77]
Annular Slot

MIMO Antenna
27.80–28.20, 1.40 TLY-5 > 30 < 0.065 —

From the study it is perceived that to reduce the mutual coupling and isolation enhancement
of the MIMO antennas, various techniques such as antenna placement and orientation approach,
significant gap between antenna elements, isolation vias, protruding ground stub structures, meandered
line, parasitic elements, etching slot and slit elements, neutralization lines, electromagnetic bandgap
structures, metamaterial structure, decoupling networks, and DGS can be employed [69–79]. These
techniques are also helpful for achieving low ECC value, high diversity performance, and multiband
operation of MIMO antennas.
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(a) (b)

Figure 17. (a) Geometry of Fabry-Perot antenna, (b) simulated and measured |S11| and axial ratio [81].

4.2.3. Circularly Polarized mm-Wave Antennas

The polarization of antenna plays an important role in installation process as well as in selection of
antennas. The strength of signal will be maximum between antennas when transmitting and receiving
antennas are properly aligned and having identical polarization. The selection of antenna is taken into
consideration based on polarization such as linear or circular polarization.

The circularly polarized antennas are useful for resolving multipath propagation in modern
communication systems. A CP wave is described by the orientation of E-vector. It can be classified as
right-hand circular polarization (RHCP) wave and left-hand circular polarization (LHCP) wave. The
LHCP wave is generated when the rotation of E-vector is counterclockwise, and for RHCP wave the
rotation direction of E-vector is clockwise [80]. Axial ratio (AR) is the measure of circularly polarized
nature of the antenna. For CP antenna, AR is 0 dB ideally but practically less than 3 dB is considered.

A low profile, compact size, and broadband circularly polarized Fabry-Perot resonant antenna with
single layer partially reflected surface (PRS) is presented for future 5G applications [81]. By stacking
PRS on radiating patch, a wideband of 25–33GHz (27.6%) and stable gain of 14.10 dBi are achieved.
The corner cut patch with diagonal slot is useful for getting circular polarization and provided 17%
(26–31.3GHz) wide 3-dB ARBW. The geometry of the Fabry-Perot antenna and its characteristics are
illustrated as in Fig. 17. A single-feed broadband CP antenna is reported for mm-Wave frequency
band [82]. An Archimedean spiral radiator is coupled with a specially shaped ring-slot structure at
the bottom layer to obtain circular polarization and bandwidth improvement. It has compact size
of 30mm × 15mm and etched on a Roger5880 substrate with thickness of 0.254mm. It has −10 dB
impedance bandwidth of 21.10–34.10GHz (46.43%) and 3-dB ARBW of 23.8–32.20GHz (29.82%). The
geometry of Archimedean spiral patch CP antenna and its radiation characteristics are shown as in
Fig. 18.

In [83], a broadband circularly polarized T-shaped monopole antenna with an inverted L grounded
stub and coplanar waveguide (CPW) feed is reported for mm-Wave short range 5G communications.
The inverted L-grounded stub is embedded with a horizontally T-shaped patch radiator to realize
circular polarization. The mm-Wave CPW-fed monopole antenna is designed on an RO4003 dielectric
substrate (εr = 3.55) with the thickness of 60mil (1.524mm). The impedance bandwidth of 25.6–
33.9GHz (27.9%), 3-dB ARBW of 27.26–31.26GHz (13.67%), and peak gain of 7.15 dBi are presented.
The geometry of the monopole antenna and its results are depicted in Fig. 19. The summary of cited
circularly polarized state-of-the-art mm-Wave antenna works [81–96] are illustrated in Table 5.
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Table 5. Summary of various circularly polarized state-of-the-art mm-Wave antennas.

Ref. Antenna Type
IBW

(GHz, %)

3-dB ARBW

(GHz, %)

Gain

(dBi)
Polarization

Antenna Size

(λL × λL)

[81]
Fabry-Perot

Antenna
25.0–33.0, 27.60 26.0–31.30, 17.0 14.1 LHCP/RHCP 1.58× 1.58

[82]
Spiral Patch

Antenna
21.10–34.10, 46.43 23.8–32.2, 29.82 6.49 LHCP/RHCP 2.10× 1.05

[83]
CP Monopole

Antenna
25.60–33.90, 27.90 27.26–31.26, 13.67 7.15 LHCP/RHCP 1.87× 1.70

[84]
Parasitic Patch

Antenna
22.8–33.8, 35.97 28.77–33.5, 15.19 5.2 LHCP/RHCP 0.43× 0.50

[85]
End-fire

CP Antenna
32.00–43.00, 29.30 33.5–42.0, 22.50 12.8 LHCP/RHCP —

[86]
SIW Antenna

Array
27.40–28.95, 5.50 27.7–28.8, 3.8 13.09 LHCP/RHCP 6.39× 5.80

[87]
Helical Antenna

Array
26.5–40.0, 41.0 27.0–39.0, 36.0 9.50 LHCP/RHCP 1.33× 2.21

[88]
Compact CP

Antenna
27.00–28.50, 5.0 25.7–28.5, 10.0 2.2 RHCP 0.31× 0.31

[89]
Stack Patch

Antenna
26.30–33.40, 23.80 27.20–30.70, 11.60 6.9 CP 0.79× 0.79

[90]
FSS Polarizer

Antenna
28.0–34.0, 19.30 26.0–30.5, 16.0 9.0 CP 2.43× 0.84

[91]
SIW End-Fire

Antenna
22.0–27.0, 20.0 24.25–26.50, 9.0 8.0 LHCP/RHCP —

[92]
Waveguide

Slot Antenna
31.51–39.21, 21.7 31.72–38.53, 19.38 9.08 LHCP 1.06× 3.36

[93]
CP Waveguide

Antenna
26.85–32.85, 20.0 28.80–32.85, 13.50 9.39 RHCP 0.78× 0.92

[94]
CP Antenna

Array
27.0–38.0, 33.8 29.2–30.7, 5.0 9.50 LHCP/RHCP 2.0× 2.0

[95]
ME Dipole

Antenna
24.1–31, 24.6 25–30, 18.1 8 RHCP 0.83× 0.83

[96]
Dipole Antenna

Array
26.26–34.71, 27.7 27–36, 28.5 17.85 RHCP —

4.2.4. Reconfigurable mm-Wave Antennas

In modern era communication, the wireless devices need a smart antenna with different
functional properties such as beamforming, beam-steering, imaging, and direction finding in radar
communication [97]. To achieve the desired operating characteristics, a reconfigurable antenna is
required. The reconfigurable antenna performs multiple functions with only a single antenna structure
rather than using multiple antennas. The characteristics of an antenna can be changed by using
two or more discrete or continuous switchable states that changes the current path of antenna [98].
The reconfigurable mechanism changes frequency resonance, radiation pattern, and polarization of
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(a) (b)

Figure 18. (a) Geometry of spiral patch CP antenna, (b) |S11| and AR results [82].

Figure 19. Fabricated prototype of CPW-fed monopole antenna and their results [83].

antenna. They can be designed using single antenna element or in the form of an antenna array.
Major reconfigurable techniques are classified as electrical reconfiguration, material reconfiguration,
optical reconfiguration, and physical reconfiguration as shown in Fig. 20. The electrical reconfiguration
antennas are designed using PIN diode, RF MEMS, and varactor diode. Material selection is very
important to achieve reconfigurability in antennas. It can be solid ferrite and ferroelectrics, liquid
crystal, and liquid dielectric substrates.

The concept of reconfiguration was used first time in the early 1930’s. In [99], a two-element
array steered by using a mechanically variable phase changer to study the direction of incoming
signal is presented. A corner truncated square patch antenna is demonstrated for mm-Wave
communications [100]. The polarization reconfiguration is achieved by using independently biased PIN
diodes D1 and D2. By switching diodes D1 and D2 as ON or OFF states, the LHCP and RHCP behavior
of the antenna is presented. By using a T-junction with two arms feeding mechanism, the simulated
impedance bandwidth and axial ratio of 27.6–28.6GHz and 27.65–28.35GHz are attained, respectively,
as depicted in Fig. 21.

Radio-frequency micro-electro-mechanical-system (RF MEMS) switches are new generation devices
that are useful for performing the operation from microwave frequencies to mm-Wave frequencies. RF
MEMS switches have better performance than PIN diode up to 40GHz frequency band in terms of
isolation, power consumption, and insertion loss. Brown introduced the first reconfigurable RF-MEMS
antenna systems in 1998 [101]. A CPW-fed pattern reconfigurable antenna with RF MEMS switches
for Ka-band is presented in Fig. 22 [102]. The reported antenna consists of one driven patch, two
parasitic patches, and two MEMS switches. By changing the states of MEMS switches, a reconfigurable
radiation pattern is obtained. The reconfigurable antenna operates in four modes as RF switches change
the current phase of adjacent elements. It resonates at 34.9GHz, 35.4GHz, 34.5GHz, and 35.2GHz
frequencies. The measured gains in maximum radiation direction in all the four modes are 5.78 dBi,
6.49 dBi, 7.24 dBi, and 6.31 dBi, respectively.

Varactor diodes are another choice to achieve continuous tuning. A fabricated prototype slot
antenna is demonstrated shown in Fig. 23 for mm-Wave band [103]. The varactor diodes are used to
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Figure 20. Antenna reconfiguration techniques [98].

(a) (b)

Figure 21. (a) Geometry of truncated square patch antenna, (b) |S11| and axial ratio results [100].

achieve frequency tunability. By using 8 periodic feeders with connected slot antenna array (CSAA), a
−10 dB impedance bandwidth of 23–29GHz and peak gain of 12.5 dBi are achieved. The overall antenna
has the size of 70 × 60 × 0.381mm3. The summary of cited [100, 103–107] reconfigurable antennas is
illustrated in Table 6. After studying various cited articles, the pros and cons of mm-Wave switches are
summarized in Table 7.

Therefore, electrically reconfigurable techniques are more popular and widely used in antennas.
PIN diodes have faster switching around 1–100 nsec. The RF MEMS switches offer low switching speed
as compared to PIN diode and provide good isolation. Both PIN diode and RF MEMS switch offer
discrete tuning. Varactor diodes are also used in designing various reconfigurable antennas due to its
continuous tuning. Various smart materials, liquid crystals, ferrites, and ferroelectrics are used to make
reconfigurable antennas. Liquid metal based reconfigurable antennas are useful for sensors and wearable
electronic devices.
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(a) (b)

Figure 22. (a) Geometry of reconfigurable antenna with RF MEMS switches, (b) |S11| plot [102].

(a) (b)

Figure 23. (a) Fabricated prototype of reconfigurable antenna with varactor diode, (b) |S11| and gain
plots [103].

Table 6. Summary of various cited mm-Wave reconfigurable antennas.

Ref.

Antenna Type/

Reconfiguration

Techniques

IBW (GHz)
Reconfiguration

Type

Gain

(dBi)

Efficiency

η (%)

Substrate

Used

[100]
Truncated Square

Patch/PIN Diode
27.60–28.60 Polarization 7.20 —

RT Duroid

5880

[103]
Slot Antenna Array/

Varactor Diode

2.05–2.70,

23.0–29.0
Frequency 12.5

> 80

> 85

RT Duroid

5880

[104]
CPW Fed Bowtie

Antenna/RF MEMS
24.30–32.20 Frequency — —

Si Wafer,

Cu or Au

[105] Patch Antenna 16.80–28.40 Frequency — > 27
RT Duroid

5880

[106]
T-shaped

Patch Antenna
23.00–29.00 Frequency — —

RT Duroid

5880

[107]
Stacked Patch

Antenna Array
25.20–33.90 Pattern 19.2 > 80 RO 3003

[108] Antenna Array 27.2–28.35 Polarization 6.0 > 51
RT Duroid

5880
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Table 7. Pros and cons of different mm-Wave switches [109–113].

Switch Types Pros Cons

PIN diodes 1. Faster switching speed 1. High D.C. bias

2. Low cost 2. High tuning speed

RF MEMS 1. High isolation 1. Slow switching speed

2. Low power loss 2. High control voltage

3. Wide impedance bandwidth 3. Limited life cycle

Varactor diode 1. Ease of integration 1. Non-linearity

2. Continuous tuning 2. Complex bias circuitry

Optical switch 1. No biasing line 1. Bulky

2. Less interference 2. Complicated to integration

Physical switch 1. No bias line 1. Response time slow

2. Continuous tuning 2. Complicated to integration

4.3. Fabrication Process of 5G mm-Wave Antennas

After simulating and optimizing the design in software, there are several methods to fabricate the
antennas. The fabrication accuracy is an essential factor in fabricating an antenna at mm-Wave
frequency band. The fabrication error in design dimension is responsible for shifting the resonant
frequency. In photolithography fabrication process, various chemicals are used to mill out a selected
area. Chemical etching is a wide popular method to produce high resolution complex patterns [114].
The limitations of this technology are its complex process, requirement of clean room, uses of hazardous
chemicals, and large number of waste leftovers. Inkjet printing is another popular process for RF circuits
and antenna fabrication. The high conductive ink using silver nano-structural material is widely used
to produce compact designs with tiny details [115]. Three basic steps of inkjet printing process are
printing, sintering, and characterization. Printing process depends on the composition of ink viscosity,
conductivity, surface tension, and particle size. The automatic inkjet printer with user’s controlled
computer is used for printing process. The ink droplets are controlled from the nozzle to the specified
position, so wastage of material is controlled [116]. The sintering process is helpful to increase the
conductivity of the printing layer. The characterization involves the analysis of crack, surface roughness,
etc. in the case of bending conformal structures. Screen printing is a cost effective and simple technique
based on woven screen and different densities. To fabricate a design pattern, a squeegee blade and
screen with ink are used [117]. This fabrication technology is useful for polyester and stainless steel.

The laser-milling machines are commonly used for rigid and flexible substrates for mm-Wave
antennas. It provides precise fabrication with high accuracy for commercially available copper cladding
and different variations in the thickness of substrate [118]. Printed circuit board (PCB) milling machines
are highly efficient for electronic circuits and antenna fabrication. It is an automated system with
milling/routing/drilling bits to etch the copper in a require manner from the surface of copper cladded
PCB board. This technology became popular and well suited for mass production due to low cost and
accurate antenna fabrication on a flexible substrate [119–120].

4.4. Specific Measurement Techniques of mm-Wave Antennas

Antenna measurement plays an important role in the antenna design cycle. The parameters of antenna-
under-test (AUT) such as directivity, gain, reflection co-efficient, polarization, impedance, and efficiency
are measured in the far-field region of an antenna. In measurement setup, the AUT can be used as
either transmitting or receiving antenna, but for making easy measurement of the AUT, it is mostly
used as a receiving antenna. For mm-Wave applications, the size of antenna element becomes very small
and creates minor reflections as compared to microwave antennas. The challenges in the measurement
of antenna need to address judiciously. Firstly, there are larger losses due to transmission line such as
coaxial cable and waveguide. Secondly, the size of cable, connector, and probe used with AUT is larger
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than antenna size. Thirdly, the fabrication demand of mm-Wave antenna is increasing due to using
LTCC [121]. The various measurement setups for mm-Wave antennas are as follows.

4.4.1. Measurement Setup for Ka-Band

The measurement setup used for Ka-band is designed with a probe station, a GSG probe, a 2-port
network analyzer, and a horn antenna as depicted in Fig. 24(a). A coplanar strip (CPS) balun structure
fabricated on Si wafer is used to extract the antenna S-parameters. The distance between the horn
antenna and AUT is about 40 cm. One port of network analyzer is connected to the horn antenna, and
the other port is used to measure the differential S-parameters [122]. Gain is a standard parameter to
analyze the antenna performance. Basically, gain is related to its direction of maximum radiation of
antenna. The AUT is calibrated with a reference antenna in an anechoic chamber. The gain is measured
in dBi by rotating the antenna in different directions, and a radiation pattern plot is created [123]. The
radiation pattern measurement setup for Ka-band is shown in Fig. 24(b).

(a) (b)

Figure 24. (a) Reflection coefficient measurement setup for Ka-band [122] and (b) radiation pattern
measurement setup for Ka-band [123].

4.4.2. Measurement Setup for V-Band

The reflection coefficient measurement setup for V-band and 60GHz is depicted in Figs. 25(a) and (b),
respectively. A vector network analyser (VNA) with infinity I-67 ground signal ground (GSG) probe
is used for reflection coefficient measurement. Line-reflect match method is used to calibrate the GSG
probe with VNA [124, 125].

(a) (b)

Figure 25. Reflection coefficient measurement setup (a) for V-band [124] and (b) for 60GHz [125].
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(a) (b)

Figure 26. MIMO OTA setup (a) MPAC method [129] and (b) RTS method [130].

4.4.3. Measurement Setup for 5G-Massive MIMO Antennas

Massive MIMO is more mature for sub-6GHz frequency band than mm-Wave. Over-the-air (OTA) tests
are standardized methods for cellular telecommunication and internet association (CTIA) to measure
the performance in wireless systems. OTA measurement system is useful for SISO antenna [126]. The
measurement of MIMO antenna parameters is a critical and challenging task for 4G and upcoming
5G wireless technologies because they are very sensitive to noise, coupling, and correlation effect. The
transmitted power levels in MIMO technology are different for different types of devices which change
the device physical temperature. This temperature increases the noise temperature and is responsible
for changing the throughput of the device under test (DUT) [127]. Two standard methods used in
literature for MIMO antenna parameters measurement are multi-probe anechoic chamber (MPAC) and
radiated two-stage (RTS) methods as shown in Fig. 26.

Figure 26(a) shows the standard MPAC measurement method for 4G MIMO OTA and 5G MIMO
antennas. For measurement in MPAC method, the DUT is placed in the centre of an anechoic chamber
with minimum eight dual-polarized probe antennas within a ring to imitate the model. The signal
is delivered to probe antennas to create propagation with DUT by rotating for different angles after
simulation of the signal by channel emulator. The MPAC method is not practical to perform 3-D
MIMO test due to complexity and high cost [128]. Due to lower complexity and cheaper cost than
MPAC method the RTS method is the favorable approach for future 5G MIMO antennas measurement
as shown in Fig. 26(b). It has two measurement stages as in the first stage; the antenna pattern and
inverse matrix of the propagation channels are measured. In the second stage, to generate the test
signal, the pattern is loaded into the channel emulator. This test signal is then applied OTA to the
receiving antennas and finally applied into the DUT to perform measurement [129, 130].

5. CONCLUSION

Due to attractive features of 5G technology, the researchers explored this technology for 5G applications.
The concise study of this article makes it useful for academicians, researchers, and antenna designers
to choose a suitable antenna to fulfill all the consumer requirements. The focus of this article is to
investigate the design challenges and substrate selection at mm-Wave frequency band. The researchers
have investigated various techniques to achieve high gain, high isolation, and circular polarization
behavior. It is found that signal fading due to poor weather condition is resolved by using AMC reflector
surfaces, antenna array, SIW antenna array, and multilayer structures techniques to achieve high gain.
The MIMO antennas and massive MIMO antennas at base station are the possible solutions of NLOS
propagation. The multipath propagation problem can be minimized by designing circularly polarized
antennas. The measurement setup is set to compensate these challenges with reflection coefficient, gain,
and radiation pattern measurement. This article explains the research trends and developments made
in the fabrication and measurement of 5G mm-Wave antennas. In a nutshell, this article is expected
to provide an excellent platform to inspire the researchers to bring forward valuable solutions for 5G
technology. In future, more studies need to explore the research in revolutionary field of smart phones,
5G IoT, base stations, and mobile terminals. The 5G antennas will play a vital role in 5G technology,
and by the inclusion of 5G technology with artificial intelligence (AI) system, a smart environment can
be developed to realize smart things.
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