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mmWave streaming demands higher data rates. The current 4G has reached the bottleneck, due to which it

MIMO antenna
Slot antenna
DGS

may not be able to fulfill the high data demand, so the focus is drifting toward millimeter wave
(mmWave). The mmWave spectrum ranging from 30 to 300 GHz offers wide bandwidth with low
EBG-Based antenna latency, which finds its application in various communication fields, including 5G cellular.
Vivaldi antenna Despite its atmospheric attenuation and non-line-of-sight (NLOS) propagation, most countries are
Metamaterial currently adopting mmWave 5G at the 28/38 GHz band due to less atmospheric attenuation, low
path loss exponent, and low signal spread at these bands. The single-element patch antenna is a
compact solution for mmWave applications, but its performance is inferior in terms of bandwidth,
gain, and radiation efficiency. The array antennas have overcome these demerits, as it has shown
a significant increase in bandwidth, gain, and radiation efficiency. Still, it has a limitation on data
rate support. As a result, Multiple-Input-Multiple-Output (MIMO) technology can increase the
data rate to 1000 times through spatial diversity and multiplexing techniques. So, to refine the
performance further, there is a need to comprehend the MIMO antenna structures designed so far
at mmWave. This paper presents the planar MIMO antenna structures developed so far, catego-
rized here as slot, coplanar waveguide, defected ground structures, tapered/Vivaldi, meta-
surface/metamaterial, dielectric resonator, and flexible antennas. The performance of these de-
signs is compared based on bandwidth, gain, isolation, efficiency, and radiation pattern. This
article also discusses the effects of slots, partial ground, and decoupling structures on impedance
matching, bandwidth, and isolation levels. Also, a thorough discussion of the design issues and
future work to be undertaken is discussed in this here.

1. Introduction

There has always been a hunger for a higher data rate, which imposes the challenge for network providers to provide customers
with high mobile internet data. Nowadays, most of the applications are cloud or online-based, which demands uninterrupted, low
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latency, and high-speed data, which can be satisfied through 5G technology. Currently, various countries around the globe are
establishing 5G technology to provide service to customers. In India, a 26 GHz band of mmWave for 5G has been rolled out recently by
the Telecommunication Regulatory Authority of India (TRAI), and the services by vendors may begin soon [1,2].

The International Telecommunication Union (ITU) has approximated that 4.9 billion people of the world’s population will be using
the internet by 2021 [3]. This constitutes approximately 60% of the world’s population. As of Dec 31, 2021, there are 5.2 billion people
around the globe using the internet [4]. The statistics of average data consumption over the past decade and usage of the internet by
various countries are shown in Figs. 1 and 2. Currently, 4G Long Term Evolution (LTE) has reached its saturation limit in data support
due to its limited bandwidth and increased number of subscribers. The rollout of mmWave for 5G enhances the scope for a higher data
rate due to its wide bandwidth despite its limitation. Most countries currently operate 5G at mmWave under Group 30 and 40 bands, as
the World Radiocommunication Conference (WRC) recommended [5]. In Ref. [6], the authors proposed the strategies and policies to
implement 5G for low and lower-middle-income countries based on the studies performed on countries that have already implemented
5G.

The mmWave opens the broad horizon to wireless communication technology by offering a wide bandwidth operating at the
spectrum of 30-300 GHz [7]. The wavelength (1) at the mmWave is about 1 mm (1-10 mm) which falls under the category of
Extremely High Frequency (EHF) as per the International Telecommunication Union (ITU) standards.

Due to the higher wavelength and broad spectrum at mmWave, the Federal Communication Commission FCC has increased the
minimum bandwidth to 400 MHz [9] compared to 4G (LTE), which has a maximum of 100 MHz bandwidth at 2300 MHz and 3300
MHz. The advantages of mmWave are shown in Fig. 3.

As mmWave has a high carrier frequency, the signal baud rate could carry more data, resulting in a high data rate (bits/sec/Hz) and
reducing the buffering time in delivering high-quality videos [10]. The mmWave has a limited range, this help in cellular commu-
nication to expand the network coverage with the concept of frequency re-use through cell splitting and sectoring. The other appli-
cations of mmWave are in radar and image sensing [11,12], next-gen-Wifi (WiGig), Virtual reality for 3D rendering, medical
applications [13,14], military applications [15,16], and IoT applications [17] as mentioned in Fig. 4.

Apart from the advantages mentioned above, there are certain downsides to mmWave, because it suffers from atmospheric
attenuation due to gaseous losses (absorption of radio signals by water vapor and oxygen) and rain [18], and propagation path losses
[19,20]. The mmWave signal experience atmospheric attenuation above 10 GHz due to hydrogen (H20) and oxygen (O2) molecules. At
20 GHz, 200 GHz, and 250 GHz, the signal experience significant attenuation due to Hy0, and at 4 GHz and 100 GHz, attenuation is
substantial due to O2. The mmWave also suffers from signal scattering due to a smaller wavelength than raindrops or foliage [21].
Another drawback of mmWave is that it mainly supports line-of-sight (LOS), due to smaller wavelength signal cannot penetrate
through thicker objects/buildings [22-24]. The analysis of channel measurement in urban/suburban [9,25] areas for non-line-of-sight
(NLOS) mmWave has shown low path loss exponent and signal spread, due to which it has found its prominence at 5G applications.

In a wireless communication system, the antenna plays a pivotal role in transmitting/receiving the signal with high gain and
directivity. In the early stage of mmWave technology, a study [26] revealed the antenna gain enhancement technique through reflector
design, lens, array, and horn techniques.

This paper presents a detailed discussion of MIMO antenna structures developed so far that supports the mmWave band. Therefore,
understanding existing antennas structural behavior and performance help in solving the current issues. The key contribution of this
article is as follows:

e It provides an overview of MIMO antennas at mmWave, and various methods to reduce the surface wave current and isolation
enhancement techniques.

e Analysis of metamaterial structure used to enhance the antenna performance.

o It discusses the importance of slots, slits, and defective ground in designing antenna structures and their effect on antenna
performance.

e It discusses the merits of current designs and challenges to improve the antenna structure for better performance of MIMO
antennas.
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Fig. 1. Statistics of internet usage from ITU [3].
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Fig. 2. Statistics of internet usage by various countries [8].

The organization of this paper is as follows: Section II introduces the types of antennas under the mmWave category. Section III
presents the review of various MIMO antennas for mmWave, followed by a discussion, conclusion and future scope in sections IV and V.

2. Antennas for mmWave

The antenna technology plays a pivotal role in establishing communication. The most straightforward and compact mmWave
antenna is the single-element antenna structure which can be planar [27-30], transparent [31], planar antenna with metamaterial
loaded [30,32], tapered slot antenna [33,34], the bow-tie antenna [35] and so on. But the single-element structure performs poorly in
terms of gain, bandwidth, and efficiency. Also, the radiation pattern is mostly omnidirectional, whereas the 5G mobile application
requires a narrow beam directional radiation pattern.

Array antennas can overcome these issues [36] as it has many advantages, such as wide-angle beam scanning, adaptive beam-
forming, multiple beams, wide bandwidth, and improved gain [37]. The design of a planar array requires proper spacing between the
radiating elements in the x and y direction to reduce the side-lobe level and eliminate the grating lobes [38]. Usually, this spacing
should be less than or equal to A/2 [39]. For wide-beam scanning, radiating array elements are grouped in rows, columns, or areas
called subarrays, which are fed separately through a phase shifter. Though the array antennas have improved the bandwidth, gain, and
radiation performance compared to single-element antennas, there is no significant improvement in data rate. Hence this can be
obtained through Multiple-Input-Multiple-Output (MIMO) antennas at the mmWave band [40]. The discussion of array antennas is out
of scope in this article as these antennas are categories based on feeding techniques [41-44] and reconfigurability [45-47]. Hence, the
focus of this review article is restricted to planar MIMO antennas because these antennas perform better in terms of gain, bandwidth,
directivity, and data rate. Also, these antennas are low profile and easy to implement at 5G handsets. We have categorized the MIMO
antennas based on design structure, as indicated in Fig. 5 Section III discusses various planar MIMO antennas’ performance and design
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Fig. 4. Applications of mmWave.

structure.

The MIMO antennas are very useful in dense environments where LOS communication is impossible. In such cases, the signal
arriving at the receiver through multipath may be in-phase or out-of-phase, resulting in multipath fading [48]. This multipath issue is
mitigated by the MIMO antenna, which is connected to a combiner to get a higher mean signal-to-noise (SNR) ratio resulting in di-
versity gain as shown in Fig. 6. There are four diversity combiners: selection combining, switched, equal gain combining (EGC), and
maximum ratio combining (MRC). In selection combining, the branch with high SNR is selected at any point in time. Switched
combiner selects the signal from the branch which satisfies the minimum threshold value. EGC adds the co-phased branch signals. In
MRC, the phase weights are applied to each branch such that the output will be the sum of their SNR ratios [49,50].

Initially, MIMO antennas are used to increase spatial diversity to counter channel fading. It is considering Rayleigh fading envi-
ronment, where the information is transmitted through m antennas which follow multiple paths to reach the multiple n receiving
antenna independently. In this case, the maximum diversity gain is mn, which is termed Spatial Diversity. In another scenario, when
independent information is transmitted through m antennas, the data rate is increased, which is referred to as Spatial Multiplexing [51,
52]. In Ref. [53], the non-asymptotic approach determines the practical number of transmit antennas required to increase the channel
capacity.

In a MIMO system, mutual coupling loss and correlation coefficient between the antennas must be low. The mutual coupling loss
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Fig. 6. General overview of MIMO.

MIMO Diversity Performance Metrics
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Fig. 7. MIMO diversity parameter metrics.
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gets significant when the antenna spacing d < 0.2\ for M < 4, where M is the number of antennas and A is the operating frequency [54].
The performance of the MIMO antennas is validated through the diversity parameters metrics as presented in Fig. 7. These are En-
velope Correlation Coefficient (ECC), Diversity Gain (DG), Channel Capacity Loss (CCL), Mean Effective Gain (MEG), Total Active
Reflection Coefficient (TARC), and Multiplexing Efficiency. The equations and the minimum threshold value of these parameters are
specified in Refs. [55-58].

The 3rd Generation Partnership Project (3GPP) has issued the enhanced standards for MIMO antennas for 5G in its release-17 [59],
which is summarized in Fig. 8. The focus of 3GPPP as follows: to emphasize the massive enhancement of MIMO transmission and
reception quality, multi-beam formation, support for non-terrestrial coverage at sub-7 GHz, reduced power consumption by antenna
tuning system in mobiles such that power consumption on mobile is low, spectrum expansion from 24.25 to 52.6 GHz up to 71 GHz,
reduced bandwidth support for lower complex IoT devices at 20 MHz/100 MHz in new sub-7/mmWave, mobile MIMO antennas to
support direct satellite communication, support for GNSS positioning system and support standalone broadcast at 6,/7/8 MHz carrier
bandwidth.

3. MIMO antenna for mmWave applications

Various types of antennas are designed for mmWave applications that use MIMO technology. In this article, MIMO antennas are
categorized based on the structural design as a slot antenna, coplanar waveguide antenna (CPW), defected ground antenna, tapered/
Vivaldi antenna, transparent antenna, meta-surface/metamaterial-based antenna, dielectric resonator antenna (DRA), and flexible
antenna, as shown in Fig. 5. Here, MIMO antennas are analyzed based on design, bandwidth at reflection coefficient S;; < —10 dB
(where i is the exciting port), isolation level S; (where i and j are not equal), gain, efficiency, and radiation pattern at half-power-
beamwidth (HPBW).

3.1. Slot MIMO antenna

Most planar microstrip antennas are designed using a single substrate, making them cost-efficient with reduced complexity. In
planar antennas, slots [53] are introduced to obtain multi-band resonance, improve bandwidth, and reduce surface wave or coupling
losses. The most common types of slots are E — shape [60], U - shape [61], and fractal-shape [62] slots in the radiating plane. The
input port of radiating element should match the 50 Q microstrip feed line (which depends on the width) for maximum power coupling
to obtain maximum radiation efficiency. This section discusses various slot MIMO antennas.

The antennas proposed in Refs. [63,64] share the same plane to design the two different types of antenna structure to resonate at

P
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Fig. 8. 3GPP standards for 5G MIMO antennas release —17.
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sub-6 GHz and mmWave, whereas in Ref. [65] single antenna type structure is designed to resonate at multiple bands, which is fed by
two different feeds. In Ref. [63], Rogers 5880 substrate is used, where the ground plane is etched with a T-shaped open-ended slot fed
by a transmission line of L-shape and meander branch to resonate at 1.6-2.2 GHz. Another open-ended inverted L-shaped slot is etched
on the ground plane to resonate at 3.3-5 GHz with a horizontal stub at the center to improve the bandwidth. And to obtain resonance at
mmWave frequency 27-29 GHz, an open-ended rectangular slot is etched on the ground plane with a tilt to the right side. Due to this,
current flow in the anti-clockwise direction with an increase in phase resulting in right-handed circular polarization. In Ref. [64],
Rogers RO4350B is chosen on which a Y-shaped antenna is etched on top to resonate at 5.29-6.26 GHz. A circular slot is etched on the
bottom of the ground plane underneath the radiating element to improve the radiation performance. For the mmWave band, a
rectangular patch is slotted in C-shape and extended to a two-element array connected to a T-junction parallel feed. The isolation
between the two elements is improved by introducing the rectangular slot in the ground plane and the circular slot to improve the
radiation performance.

In [65], the design has four hexagonal shape slots in the ground plane, which are fed by two separate feeds to resonate at different
frequencies placed on the other side of the RO4350 substrate. The open-ended 50 Q transmission line resonates at sub-6 GHz, whereas
a standard 1 x 8 power divider (PD) feed is used to excite at mmWave. The spacing between the PD is maintained at A¢/2 (wWhere A is
the lowest resonating frequency in this article) to provide better isolation between the feed arms. One hexagonal slot is carved with
three other inner hexagonal shapes to obtain the multi-band resonance at sub-6 GHz. The parametric study is performed to tune the
length of the open-end transmission line and PD. At mmWave, the surface area near to outer hexagonal slot is a radiating element, as
most of the current distribution is near it.

The single-element designs of [63,64], and [65] are extended to 16-port, 4-port, and 2-port MIMO. The performance metrics of
these in terms of gain, bandwidth at reflection S < —10 dB, isolation S;;, and radiation at HPBW are 12 dBi, 9.53 dBi, 7.6 dBi, 27-29
GHz, 26-29.5 GHz, 27.7-28.3 GHz, —20 dB, —22 dB, —28 dB, and 10° RHCP [63], broadside radiation with HPBW of 80° & 50° in E—
and H-plane [64], omnidirectional. All these antennas are designed on a large substrate where MIMO port spacing is large, resulting in
better isolation [65].

The designed structures are compact in Refs. [66,67], and [68], resonating at 28 GHz/29 GHz/38 GHz with 2-port and 4-port
MIMO. The S-shape design in Ref. [66] with an inter-element spacing of 0.41A¢. The single element is a rectangular patch etched
on top of the FR4 substrate, which is fed by a 50Q microstrip line, the bottom of the substrate has a full ground plane. The design is
optimized by introducing a horizontal slit on the right of the patch head, which forms an L-shaped slot. Due to this, the resonance has
drifted to a slightly higher frequency. Another slit on the left bottom of the patch forms the L-shaped slit to improve the impedance
matching. With this, a better reflection coefficient Sii of —30 dB is obtained. This design is expanded to 2-port MIMO by placing the
radiating elements in symmetry and asymmetry form. Both arrangements are studied to understand the surface current distribution
and mutual coupling. The maximum current is concentrated near the slits, which reduces the mutual coupling in the asymmetrical
orientation of antennas, making the structure compact and avoiding using a decoupling structure.

Another 2-port, compact rectangular patch with 45° tilt is designed to obtain a higher isolation Sjjin Ref. [67]. The design is etched
on Rogers 4350B substrate. The 50 Q microstrip feed is connected offset to the left of the rectangular patch. The isolation was —16 dB
when the two patches were straight, which is improved by inserting a slit at the top and bottom of the patch and tilting the patch by
45°, Due to this modification, the current path has increased, resulting in improved isolation of —36 dB, and resonance is dropped to
29 GHz from 36 GHz. The design in Ref. [68] resulted in high gain and better bandwidth. Here, the monopole antenna is an arc-shaped
stripe obtained from the evolution of the circular patches. This design has 4-arcs of varied lengths etched on top of the Rogers 5880
substrate. Four such elements are orthogonally aligned to reduce the mutual coupling.

The performance metrics of the above designs are as follows: bandwidth 28-28.6 GHz, 28.8-29.7 GHz, and 24-39 GHz, gain 5.8
dBi, 6 dBi, and 10.5 dBi, isolation —30 dB, —25 dB, and —20 dB, and radiation omnidirectional [66], broadside with HPBW of 40° and
30%in E— and H-plane [67], and broadside with HPBW of 60° in E— and H-plane [68]. The performance metrics of slot MIMO antennas
are shown in Figs. 9-11. The prototype fabrications are shown in Fig. 12(a-f).

3.2. Coplanar waveguide MIMO antenna

Another way to reduce transmission line losses, surface wave, and substrate losses is with a coplanar waveguide (CPW) antenna
[69]. A few planar antennas designed with the concept of CPW/grounded-CPW are [70-73], in which the first two designs don’t share

Bandwidth of Slot MIMO
35
=
S 30 - m R —

w -
5 = e

[63] [63] [63] [64] [64] [65] [65] [65] [65] [65] [65] [66] [67] [68]
References

Fig. 9. Performance metrics in terms of bandwidth of slot MIMO antennas.
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Design Top View

Fabricated View

Fig. 12. Prototype fabrication of slot MIMO antennas, (a) [63], (b) [64], (c) [65], (d) [66], (e) [68], and (f) [67].

common ground between ports, whereas the next two have common ground. The genuine MIMO antenna is one that shares the
common ground point between all ports to maintain the single reference voltage. This subsection will discuss MIMO antennas that
share and don’t share common ground in CPW.

3.2.1. Non-common ground

Most MIMO antennas discussed so far have radiation in omnidirectional/bidirectional. The following design presents the antenna
with an end-fire radiation pattern. The end-fire radiation pattern finds its application in radar and remote sensing. One such pattern is
obtained with a planar helical antenna design in Ref. [70], which is designed to resonate at 28 GHz. Here, the design is optimized in
three stages, beginning with a T-shaped monopole on Rogers RO4003 substrate. Further, it optimized to the inverter — V. monopole
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antenna to obtain the desired bandwidth of 26.5-30 GHz. The power is fed by a 50Q microstrip line, which uses a grounded coplanar
waveguide (GCPW) technique, in which a grounded patch surrounds the transmission line. The feeding point to radiating element is
connected at an offset from the center towards the left to increase the current flow, which could result in end-fire radiation. In
Ref. [71], 2-port MIMO is designed, which has a T-shaped patch as radiating element on top of the Rogers 5880 substrate. The radiating
element is fed by a 50 Q microstrip line supported with grounded CPW. The antenna is optimized by trimming the edges of the T-shape
patch and CPW. Two rectangular slots of square split ring resonators are etched on CPW in a complementary fashion, improving the
impedance bandwidth and gain. The ground plane is optimized to the partial ground with circular split rings, resulting in better
impedance bandwidth at 26.8-37.8 GHz. The performance of these designs are bandwidth 26.25-30.14 GHz and 26.5-32.7
GHz/35-38.4 GHz, gain 5.8 dBi, and 6.4/5 dBi, isolation —30 dB and —13/—24 dB, and radiation is end-fire at 100° with HPBW of 65°
in E— and H-plane [70], and omnidirectional in Ref. [71].

3.2.2. Common ground

A compact, sickle shape, 4 — port MIMO antenna is proposed in Ref. [72] to resonate at wide bandwidth from 1.3 to 40 GHz. The
initial design is a monopole antenna of sickle shape on either side of the ground plane, which is fed by a coplanar waveguide (CPW).
Further, the sickle shape is modified to a self-complementary structure to enhance the bandwidth, and this is done by extending the
ground plane vertically and etching the left side of the sickle shape.

Next, the feed line is modified to tapered feed, and the right side of the ground is extended. In this design, three notch filters are
added to introduce stopband at 2.4 GHz (Bluetooth), 5.5 GHz (WLAN), and 7.5 GHz (X-band). It is achieved by inserting two split ring
resonators (SRR) [74-76] and an L-shaped slit in the radiator. The magnetic resonance, Q-factor, split width, gap, metal width, and
capacitance effect of SRR are studied in Refs. [74,76]. The two SRRs reject 5.5 and 7.5 GHz, whereas the L-shape slit rejects 2.4 GHz.
The comprehension from the current distribution reveals that at 2.4 GHz, the maximum current is at the L-shaped slit. Likewise, at 5.5
GHz and 7.5 GHz, the maximum current is at the outer SSR and inner SSR. The single-element is extended to a 4-port MIMO with
orthogonal orientation for better isolation. The ground plane of all the ports is connected to a circular ring at the center for better
isolation.

In [73], the design has a circular patch with an elliptical slot at the center, and two parasitic elements of a small circular patch on
either side of the feed line, which acts as CPW, etched on top of Rogers 5880 substrate. The radius of the circular patch, parasitic
element, elliptical slot, and the ground plane is varied to get the optimum wide bandwidth. The design is extended to a 4-port MIMO by
placing the antennas orthogonal to each other for better isolation. Due to the interconnection of the ring, a small account of coupling
current can be seen at 26, 30, 32, 36, and 40 GHz. The performance of these MIMO antennas is as follows: bandwidth 1.3-40 GHz and
24.8-44.45 GHz, gain 6 dBi and 5.68 dBi, isolation —25 dB and —20 dB, and radiation is omnidirectional in Refs. [72,73]. The per-
formance metrics of CPW MIMO antennas are shown in Figs. 13 and 14. The design/prototype fabrication of these CPW MIMO an-
tennas is shown in Fig. 15(a-d).

3.3. Defected ground structure MIMO antenna

In planar microstrip antennas, the ground plane acts as a reflector, due to which the radiation will be normal to the radiating
element. But to improve the antenna bandwidth or to obtain better isolation between elements, the ground plane can be optimized
from full ground to partial ground, called defected ground plane structures (DGS). Such structures compromise the directivity of the
radiation pattern. The DGS can be of any geometric shape such as rectangle, circular, E, H, I, or ring shape [77] etched on the ground to
enhance the desired parameter. In this subsection, we will discuss MIMO antennas that share and do not share the common ground of
DGS structures.

3.3.1. Non-common ground

The MIMO antennas designed in Refs. [56,78-86] don’t share the common ground point, which obviously results in better isolation
Sij between the ports. And also, these are arranged in 180°/orthogonal orientation to reduce mutual coupling and enhance isolation.
The 2-port MIMO in Ref. [78] is designed to resonate at 27 and 39 GHz, placed in 180° orientation. Here, a single element is a square
patch with an extended stub along the width to increase the current density over the partial ground plane, resulting in resonance at 31
GHz. The second resonance is obtained by etching the rectangular slot in the radiator, which resonated at 27 GHz. In Ref. [79], two
elements are placed orthogonal to each other. In this case, the single-element design is a rectangular patch that resonates at 28 GHz.

Bandwidth of CPW MIMO

DESDD

[70] [71] [71] [72] 73]
References

Frequency in GHz
bd‘ ~N w »
@ " & &

&

Fig. 13. Performance metrics in terms of bandwidth of CPW MIMO antennas.
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Fig. 15. Design/prototype fabrication of CPW MIMO antennas, (a) [70], (b) [711, (¢) [72], and (d) [73].

The rectangular patch is etched to a hemispherical contour shape to resonate at 38 GHz. Further, the protrusion stub is added at the top
of the element with a slit in the partial ground plane to improve the impedance. Both the designs [78,79] used Rogers 5880 substrate
and fed by 50Q microstrip line. The performance of these designs in terms of bandwidth, gain, isolation, and radiation pattern are:
25-28.2/36.2-41 GHz and 26.65-29.2/36.95-39.05 GHz, 5/5.7 dBi [78] and 1.27/1.83 dBi [79], —30 dB/—25 dB and —20 dB, and
bidirectional/omnidirectional in E— and H-plane.

The MIMO design in Refs. [80-86], and [56] are the 4-port element which is orthogonal/ 180° oriented for better isolation with the
partial ground plane. In Ref. [80], the design has two concentric circular rings on either side of the 50 Q microstrip line. The small ring
connects these concentric circles, forming an infinite shape shell. The semi-circular ring is added to the head of the ground to fine-tune
the resonant frequency at 28 GHz. The design in Ref. [81] has a rectangular patch on Rogers 5880 with an inset feed that resonated at
28 GHz. An H-shape slot is etched on the radiator to enable resonance at 38 GHz. The 50 Q microstrip line is optimized to the
quarter-wave transformer to improve the impedance matching. The element in Ref. [82] has a circular patch on Rogers 5880 substrate
fed by a 50 Q microstrip line. Five circular pedals are connected via a strip line for a circular patch. An angle of 45 deg separates the
circular pedals, and the ground plane is optimized to the partial ground to obtain the desired bandwidth. To tune the resonance
frequency stub of the semi-circular ring is added to the ground plane. In Ref. [83], a rectangular patch is designed on Rogers 5880
substrate to resonate at 28 GHz with an inset feed quarter-wave transformer. A horizontal I-shaped slot is etched on the rectangular
patch to resonate at 38 GHz. The ground plane is optimized to the partial ground to improve the bandwidth with a rectangular slit in
the center to improve the isolation between elements. In this design, pair of elements share ground, but two pairs don’t. An ample
space separates the two pairs of elements with 180° orientation. Similar to the earlier design, a combination of T with a plow-shape
structure is designed on Rogers 5880 substrate in Ref. [84]. The patch radiator is supported by a partial ground plane etched at the
substrate’s bottom to obtain the desired bandwidth. The square slit in the ground plane aided in obtaining the desired resonance. A 50
Q microstrip line feeds the radiator. The plow-shape has an extended stub inverted inside at an angle of 15° for better resonance and
wide bandwidth. A structure is fine-tuned after the parametric study on plow-shape angle and length and on T-shape structure. Further,
the design is extended to 4-port MIMO, which is arranged orthogonally to maintain low surface wave coupling. In another design, a
circular patch is etched on top of the Rogers 5880 substrate [85]. The better resonance at 28 GHz is obtained by introducing an
elliptical slot in the radiator and trimming the sides of the ground plane. The design is extended to 2-port and then to 4-port MIMO. The
radiating elements are arranged orthogonal to each other for better isolation.

In the next design, a line resonator of a fan-shaped decoupling structure is etched on top of the Rogers 5880 substrate to enhance the
isolation [86]. The single-element is designed in three-stages, with the initial design of an I-shape radiator fed by a 50 Q microstrip line.
It resonated at 39 GHz. Next, the design is expanded to an inverted L-shape and then to a 90°-oriented S-shape structure, resulting in
the desired response. Further, four elements are arranged orthogonally to each other, forming a 4-port MIMO. The decoupling
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structure has four arms connected to a 45°-oriented square patch on top of the substrate. The line resonator decoupling structure has
maximum isolation S;; of —55 dB, greater than the structure without decoupling has —40 dB.

Similar to the earlier design, a modified line resonator of a fan-shaped decoupling structure is etched on the top and bottom of the
Rogers 5880 substrate [56]. The single element is an elliptical patch with a 50 Q feed line, this created resonance at 33 GHz and 43
GHz. A rectangular slot underneath the patch has drifted the lower resonance to 28 GHz and higher to 44 GHz. The resonance has
improved with better bandwidth at 28 GHz and 38 GHz with the inset feed technique. The design is extended to a 4-port MIMO with an
orthogonal arrangement. The surface current is reduced further by carving a decoupling structure of four arms connected to a square
patch. It has increased the isolation of —30 dB and higher throughout the band. The performance of these MIMO antennas is as follows:
bandwidth 27.6-29.7 GHz, 27.6-28.4 GHz/37.9-38.5 GHz, 26-29 GHz, 27-28 GHz/37.2-38.8 GHz, 23.6-31.5 GHz, 26.5-30.8 GHz,
24.2-37.8 GHz, and 27-28.8 GHz/36-38.7 GHz, gain 6.1 dBi, 7.9 dBi, 6.5 dBi, 7.95/8.27 dBi, 5.66 dBi, 8 dBi, 6.4 dBi, 6 dBi/5 dBi,
isolation —29 dB, —28 dB, —25 dB, —30/-24 dB, —27.5 dB, —22.5 dB, —27 dB, —30 dB/—32.5 dB and radiation is omnidirectional [80],
broadside with 35° in E— and H-plane [81], omnidirectional [82], broadside with 60° at 28 GHz, 90° at 38 GHz in E-plane [83],
omnidirectional [84], bidirectional with 110° in E-plane [85], bidirectional with 60° and 70° in E— and H-plane [86], 75% and 90° in
E— and H-plane at 28 GHz/90° in E— and H-plane at 38 GHz [56]. The performance metrics of DGS non-common ground MIMO
antennas are shown in Figs. 16-18. The prototype fabrication is shown in Fig. 19(a—j).

3.3.2. Common ground

In [55,87-94], and [95], the designs share the common ground between all ports of MIMO, in which the first four are 2-port, and
others are 4-port MIMO where elements are arranged in orthogonal orientation for better isolation. In Ref. [87], the antenna is
developed in two phases: in phase one, a rectangular patch is etched on top of the Rogers 4003 substrate. In phase two, a rectangular
slit is etched on the radiator, which appears to be a U-shape with a rectangular slot in the ground plane underneath the radiator. Due to
phase two modification, the resonance is shifted from 50 GHz to 26.5 GHz. The parametric study on the slit, slot length, and width is
performed to fine-tune the resonance and improve the bandwidth. This structure has resulted in a bandwidth of 26.5-32.9 GHz.

In [88], an ultra-wideband antenna is designed with a decoupling structure. The single radiating element is a combination of a
rectangular patch and semi-circle, which is fed by a 50 Q microstrip line etched on top of the FR4 substrate. The ground plane is
defected to the partial ground to attain the wide bandwidth. But due to the proximity of two radiating elements, induced mutual
coupling caused by the surface current degrades the MIMO diversity parameters. For this reason, the design is upgraded with a
decoupling stub of I — shape between the two radiating elements in the ground plane. After the parametric study, an elliptical strip was
added to the decoupling structure’s head, further improving the isolation. Both these designs are 2-port MIMO placed symmetrically to
each other. Another compact 2-port MIMO with wide bandwidth is designed in Ref. [89]. The design is evolved in three stages, with the
initial design of head trimmed circular patch etched on Rogers RO-4360B. The ground plane is trimmed to partial ground. Another
circular patch with a trimmed head was added in the second stage, which improved the bandwidth. In the last stage, the cone structure
is etched on top of the radiator, which results in a wide bandwidth. The optimum distance between MIMO resulted in a maximum of
—30 dB. A dielectric layer of 20 mm x 26 mm backs the design at a distance of 4 mm to improve the radiation performance. Similar to
Ref. [88], an inverted L-shape decoupling structure is etched on the ground plane in Ref. [90]. The single-element is a 4-spoke wheel
shape patch etched on top of the FR4 substrate. The partial ground plane is etched at the bottom of the substrate to improve the
bandwidth and multiple resonances. With 12-spoke optimization in the radiator, the antenna resonated at five frequencies. The design
is expanded to 2-port MIMO with an asymmetrical ground plane arrangement. The top center of the ground plane is optimized with a
comb-like structure to reduce surface waves and increase isolation. It has improved the isolation to —26 dB.

The next design extends the two-element array to a 4-port MIMO [91]. Here a single element is a rectangular patch on top of the
Rogers 5880 substrate. The element is modified with a circular slot at the center and semi-circular slits on four sides. A protrusion stub
is added to improve the impedance at the head of the element. The design is extended to two element array fed by the parallel feed of
the T-junction to distribute power with equal magnitude and phase. The spacing between array elements is crucial because it gives rise
to high side-lobe levels and grating lobes if the spacing is less or more. The design is extended to 4-port MIMO, where the substrate is
carved with a cross shape to reduce the mutual coupling. The dual-band resonance at 38 GHz is obtained by etching a circular slot in
the ground plane. This design resulted in a good gain of 7.9 dBi and 13.7 dBi at 28 GHz and 38 GHz.

In [55], a two-element array is extended to a 4-port MIMO. Here, a single element is a rectangular patch on Rogers RO4350B. It is
etched with an inverted C-shape slot and a slit at the left. Two such elements are separated by A distance, fed by a T-junction power
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Fig. 16. Performance metrics in terms of bandwidth of DGS non-common ground MIMO antennas.
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Fig. 17. Performance metrics in terms of isolation and gain of DGS non-common ground MIMO antennas.
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Fig. 18. Performance metrics in terms of efficiency of DGS non-common ground MIMO antennas.

divider. The current coupling between two elements is controlled by etching rectangular in the ground plane and a circular slot to
improve the bandwidth. A zig-zag slot is etched in the center of the ground plane to reduce the coupling effect between MIMO ports.
Another compact design with 4-port MIMO with increased isolation is proposed in Ref. [92]. In this design, the rectangular patch is
modified in 4-stages to attain a shape of H-P, which could able to attain the desired band. The rectangular patch is etched on Rogers
5880 with offset feed, which has five slits on either side of the patch, which results in H-P shape. The single-element is extended to
4-port MIMO, whereas the substrate is trimmed with a z-shape to reduce current coupling between ports is reduced.

In [93], an inverted L-shape strip line is used as a decoupling structure to increase the isolation. The design has 4-port and 8-port
MIMO, where each single element design is a circular arc on top of the FR4 substrate, obtained by subtracting two circles with partial
overlapped. The ground plane has defected to the partial ground with an extended stub of an inverted L-shape and the semi-circular slit
at the center of the ground plane. The design is optimized by varying the diameter of circles, the overlap of circles, and the length of the
ground plane. The single-element is extended to 4 — port MIMO, where radiating elements are positioned orthogonally on plus shape
substrate. The grounds of MIMO are connected through a microstrip line crossing at the center of the substrate. The same concept is
extended to 8 — port MIMO.

Similar to the [55] design, a two-element, 4-port MIMO is proposed in Ref. [94]. A single element is a rectangular patch on Rogers
5880 substrate fed by a quarter-wave transformer. The current path is increased by introducing bow-tie slots at the center and rect-
angular slits at all sides of the patch. This resulted in drifting the resonance to the lower value of 28 GHz. The gain is increased by
extending the design to a two-element array fed by parallel feed. Further, the structure is enhanced to a 4-port MIMO. Etching
rectangular slits in the ground plane and zig-zag decoupling structure on the top layer, isolation have been increased to —40 dB.

Another 4-port MIMO structure is proposed in Ref. [95], with an inverted L-shape patch on Rogers 5880 substrate. The ground
plane is reduced to partial ground to obtain the improved bandwidth. The design is extended to 3-port MIMO arranged orthogonal to
each other. The rectangular slits between elements in the ground plane have increased the isolation S; to —20 dB. Further, the 4-port
MIMO is designed where elements are orthogonal to each other. The ground planes of all ports are connected through a circular ring to
maintain the constant reference voltage. The performance metrics of these designs are as follows: bandwidth 26.5-32.9 GHz, 3-40
GHz, 17-25 GHz, 1-4 GHz/5.5-6.8 GHz/9.5-10 GHz/12-13.5 GHz/14.8-16 GHz, 27.5-28.9/37.2-38.5 GHz, 25.5-29.6 GHz, 37-40
GHz, 2.84-11 GHz, 27.5-28.5 GHz, 27.4-40 GHz, gain 5 dBi, 6 dBi, 6.5 dBi, 3 dBi/4.8 dBi, 7.9 dBi/13.7 dBi, 8.3 dBi, 6.5 dBi, 5.6 dBi,
11 dBi, 9 dBi, isolation —35 dB, —20 dB, —16 dB, —27 dB, —25 dB, —17 dB, —25 dB, —15 dB, —38 dB, —30 dB and radiation broadside
with 90° and 60° in E— and H-plane [87], omnidirectional [88], bidirectional with HPBW of 70° in E— and H-plane [89], bidirectional
[90], omnidirectional [91], broadside with 70° and 55° in E— and H-plane [55], 120° and 60° in E— and H-plane [92], 60° in E-plane
[93], and broadside with 40° and 50° in E— and H-plane [94], omnidirectional [95]. The performance metrics are shown in
Figs. 20-22. The prototype fabrication of DGS common ground designs is shown in Fig. 23(a—j).

3.4. Tapered/Vivaldi antenna
The tapered slot antennas are also called Vivaldi antennas. The tapered slot antenna can be exploited to achieve dual functions. It
works as a decoupling structure at a lower frequency with a length of A¢p/2 and acts as a tapered antenna of 3i long at a higher

frequency. The theoretical modeling of taper shape and electric-field distribution is studied in Ref. [96].
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Fig. 20. Performance metrics in terms of bandwidth of DGS with common ground MIMO antennas.

Here [97,98] are tapered/Vivaldi antennas used to resonate at sub-6 GHz and mmWave band. In Ref. [97], a Rogers 5880 square
substrate is used, on which a monopole antenna is etched on top with a ground plane at the bottom. The substrate’s edges are trimmed,
and the ground plane has a circular slot at the center with a rectangle slot at the corners. The four sub-6 GHz monopole antennas are
extended from the side of the square substrate to the center, each with two arms. Likewise, four L-shape microstrip lines terminated
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Fig. 21. Performance metrics in terms of isolation and gain of DGS with common ground MIMO antennas.
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Fig. 22. Performance metrics in terms of efficiency of DGS with common ground MIMO antennas.
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Fig. 23. Prototype fabrication of DGS common ground MIMO antennas, (a) [87], (b) [88], (c) [89], (d) [90], (e) [911, (f) [55], (&) [921], (h) [93], (1)
[941, G) [95].

with circular stubs for impedance matching at mmWave are etched at the vertices of the substrate. When sub-6 GHz antenna-1 is
excited, the current between antenna-1 and antenna-2 is coupled through the edges of the ground plane slot. The insertion of the slot
between the two antennas in the ground plane reduces the mutual coupling, as this acts as a stopband filter. But this has resulted in a
drift of resonance to a higher frequency due to vertex slots. The vertex slot behaves like a stop band filter and improves the isolation at
sub-6 GHz. The rectangular slot is modified to a tapered slot, which is also used as a wideband antenna for mmWave. The operating
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frequency at mmWave and sub-6 GHz are largely separated, due to which resonance at 28 GHz and band-stop filter at 2.45 GHz are
independent of each other.

Similar to the earlier design [98], uses Rogers 5880 substrate with a rectangular slot of varied width in the ground plane, which is
excited by monopole antennas of sub-6 GHz and mmWave, etched on top of the substrate. The monopole antenna of mmWave is
terminated with a circular stub for better impedance matching, which excites the tip of the tapered slot to resonate from 25 to 40 GHz.
The monopole antenna of sub-6 GHz is placed horizontally at the center of the tapered slot. It excites to resonate at 2 GHz, acting as an
open-ended slot antenna. But the issue is that most of the mmWave power is trapped around the sub-6 GHz feeder, which behaves like
shunt impedance. This issue is addressed by optimizing the thickness of the sub-6 GHz feed line at the slot and introducing a low pass
filter (LPF) to improve the isolation. The performance metrics of [97,98] are as follows: bandwidth 2.45-2.75 GHz/5.3-5.7
GHz/24-28 GHz and 1.9-2.3 GHz/26-33 GHz/37-40 GHz, gain 5 dBi/11 dBi and 3 dBi/6.2 dBi, isolation —16 dB/-23 dB and —15
dB/-25 dB, and radiation is broadside directional (tilt by 90° and 45° in E— and H-plane) with HPBW of 40° in E— and H-plane [97],
and omnidirectional at sub-6 GHz/broadside with HPBW of 60° in E— and H-plane [98]. The performance metrics of tapered/Vivaldi
MIMO antennas are shown in Figs. 24-26. The design/prototype fabrication is shown in Fig. 27(a and b).

3.5. Transparent MIMO antenna

Currently, we notice the mobile phone trend in the market with slim, lightweight, and compact designs. It is expected that futuristic
mobile phones may be transparent in their design. To meet this requirement, the antenna in the phone should also be transparent.
Quite a few research has been conducted in the field of the transparent antenna and tested the design using fiberglass as a substrate
with conducting materials such as indium tin oxide (ITO), and silver-coated polyester film (AgHT) instead of copper. The equations for
current flow distribution and analysis parameters for transparent material are presented in Ref. [99]. Here [100,101] are four-port
transparent antennas that use indium tin oxide and AgHT-8 as conducting layers. The design in Ref. [100] uses a glass substrate on
which two sub-6 GHz antenna and two mmWave antenna are etched. For sub-6 GHz, antenna-1 is a rectangular patch with the full
ground, fed by an inset feed of 50 Q microstrip line. This results in radiation on the broadside with low back radiation in E & H-plane.
The antenna-2 has partial ground, fed by a 50 Q microstrip line, radiates bidirectional in E-plane and omnidirectional in H-plane. For
mmWave, antenna-3 is a rectangular patch with the full ground, fed by an inset feed microstrip line resulting in radiation in a
broadside direction, whereas antenna-4 is a rectangular patch with the partial ground, fed by a 50 Q microstrip line, radiates in
bidirectional. The design maintains the transparency of 84% with ITO conductive film resistance of 6Q/sq at 185 nm thickness and
electrical conductivity p ~9 x 10° S/m.

In [101], a 4-port MIMO antenna is designed on a plexiglass substrate with a thickness of 1.85 mm, whose transparency is around
85%. AgHT-8 is used as a conductive layer with a conductivity of 125,000 S/m and a thickness of 0.177 mm to maintain the overall
transparency. The initial design is a rectangular patch that resonates at 28 GHz and is optimized with an extended rectangular arms
stub in the closed path along the side of a rectangular patch, which generates another resonance at 35 GHz. Further, the single-element
antenna is extended to a 4-port MIMO positioned adjacent and opposite to each other. The isolation parameter characteristic is studied
by varying the distance between the antenna horizontally (d1 = A¢/2, A¢/3, A9/4) and vertically (d2 = 1 mm, 2 mm, 3 mm). The
performance metrics of these transparent MIMO are as follows: bandwidth 4.7-5 GHz/22.7-28.3 GHz and 23.51-26.54
GHz/33.11-44.02 GHz, gain 3.9 dBi/3.7 dBi and 3 dBi, isolation —32 dB/-35 dB and —16 dB, radiation broadside directional with
HPBW of 75% in E— and H-plane [100], and bidirectional with HPBW of 60°in E— and H-plane [101]. The performance metrics of these
MIMO antennas and prototype fabrications are shown in Figs. 28-30(a-b).

3.6. Meta-surface/metamaterial-based MIMO antenna

As we have seen in the earlier section, the design has average gain, average isolation, and a low front-to-back ratio. In antenna
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Fig. 24. Performance metrics in terms of bandwidth of tapered/Vivaldi MIMO antennas.
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Fig. 25. Performance metrics in terms of isolation and gain of tapered/Vivaldi MIMO antennas.
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Fig. 27. Design/prototype fabrication of tapered/Vivaldi MIMO antennas, (a) [97], (b) [98].
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Fig. 28. Performance metrics in terms of bandwidth of transparent MIMO antennas.
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Fig. 29. Performance metrics in terms of isolation and gain of transparent MIMO antennas.

Fig. 30. Prototype fabrication of transparent MIMO antennas, (a) [100], and (b) [101].

design, the better reflection coefficient and isolation are primary requirements that define the bandwidth, gain, and overall perfor-
mance. In MIMO, these scattering parameters are hampered due to the coupling current from the adjacent antenna and surface waves.
Hence, various techniques improve antenna isolation, such as the orthogonal orientation of MIMO elements, parasitic structures, or
adapting decoupling structures to reduce the surface wave current [102,103]. The performance of orthogonal-orientated MIMO has
been discussed earlier in the DGS section.

This section discusses the performance study of the MIMO antenna loaded with meta-material/meta-surface decoupling structures.
The metamaterial structures (such as artificial metamaterial and electromagnetic band gap (EBG)) are etched on the different layers of
antenna structure. In contrast, meta-surface are etched on the same plane as of antenna element. Metamaterial is the artificially made
material designed [104,105] to change the value of permittivity (e), permeability (1), and refractive index to a negative value. This can
be achieved by a thin wire or split ring structure [106].

The metamaterial structure, such as EBG, when used at the backside of the radiating element, it acts as a reflector to enhance the
radiation pattern in the broadside. When the same material is used in the planar structure along with the antenna, then it is referred to
as a metasurface (MS) structure. This MS structure can be used along the radiating element to increase the gain and bandwidth by
exploiting the surface wave resonance. Also, it provides better isolation between radiating elements.

3.6.1. Meta-surface (MS) structures

Here [107,108], and [109] are MS structures, where radiating element and MS are etched on the same layer. In Ref. [107],a 2 x 2
MIMO antenna is designed on Rogers 5880 substrate to operate at 28 GHz with circular polarization. The design has a square patch as a
radiating element, where one diagonal vertex edge is trimmed to change the polarization from linear to circular. Circular polarization
is mostly preferred in satellite communication, WLAN, WIMAX, GPS, and RFIDs [110]. A coaxial feed from the bottom feeds the
radiator. The antenna performance is improved by reducing the surface wave losses, for which the periodic structure of MS surrounds
the radiating element. The surface wave resonances depend on the number (n) and periodicity (p) of MS unit cells, which can be
computed by the transmission line model using equations (1) and (2).

n
= 1
pu=i ™
Legw=pxn (2)

Where f,, is the propagation constant and L., is the total length of the MS cavity. The impedance of the MS structure can be computed
with the equivalent RLC circuit, where the E-field between the MS unit cells, current flow in MS, and resistivity of MS represents
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capacitance, inductance, and resistance effect. After performing the parametric study on the number of MS unit cells, 10 x 10 MS cells
are used with 4-port MIMO.

In [108], a compact 2-port MIMO with a split ring resonator technique is proposed. Here a hexagonal shape radiator is fused with a
square split ring resonator (SRR) on top of the Rogers 5880 substrate resulting in an MS unit designed to resonate at 28 GHz. The MS
refractive index, permittivity, and permeability are set to zero. At 28 GHz, the surface current in SRR and hexagonal radiator are in
opposite directions, which nullifies the current and behaves as a stopband. This design is extended to six-unit MS fed by parallel feed,
which is further expanded to 2-port MIMO.

In another approach [109], gain and bandwidth are enhanced through complementary SRR (CSRR) in 4-port MIMO. A
single-element rectangular patch is etched on Rogers 6002 substrate with a full ground plane. Performance is optimized by trimming
the patch to staircase shape and sides of the ground to partial ground with a rectangular slit at the center. The parametric study on
staircase size and ground length is performed for the best results. The single-unit CSRR with negative permeability is designed for the
stopband characteristic at 28 GHz. Further, the design is extended to a 4-port MIMO with four CSRR units surrounding each radiating
element and one at the ground plane. The performance metrics of these MIMO are as follows: bandwidth 24.5-31 GHz, 24-29.9 GHz,
and 25.91-30.22 GHz/35.46-40.45 GHz, gain 11 dBi, 13.4 dBi, and 7 dBi, isolation —31 dB, —24 dB, and —17 dB, and radiation
broadside at HPBW of 54° in E— and H-plane [107], 70°in E— and H-plane [108], and omnidirectional [109]. The performance metrics
and prototype design are shown in Figs. 31-34(a-c).

3.6.2. Meta-material (MTM) structures

Here [111-114], and [115] presents the MTM structures, which are stacked above or below the radiating layer to improve the
antenna performance. The [111] has three substrates of Rogers 4003 with four-layer. The two inverted M-shape patch is etched on top
of the upper substrate (S1), a 3 x 6 metamaterial structure (EBG) is etched on top of the middle substrate (S2), the ground plane is on
top of the lower substrate (S3) with feed points and ground at the bottom. These three substrates are joined with the prepreg substrate
of Rogers 4450. The metallic vias are used to connect the patch and EBG structure to the bottom of S3. The isolation performance of 3
x 4,3 x 6, and 5 x 6 EBG are studied, where 3 x 6 has shown better isolation in the band of interest at 25 GHz.

In another design approach, a 4-port, two-layer design supported by MTM to improve the radiation pattern and enhance the gain is
proposed [112]. The radiating patch is a combination of two circular rings etched on top of Rogers 5880 substrate. The performance of
the reflection coefficient is improved by inserting a slot in the lower ring and a slit in the upper ring. Further, the bandwidth is
improved by truncating the full ground plane to partial with a notch in the center. The design is extended to a 4-port MIMO with
disconnected grounds. A 2 x 2 MTM layer is stacked below the radiating elements to improve the performance. The MTM structure has
circular patches trimmed on three sides and placed in an orthogonal orientation. The proposed MS unit exhibits negative permittivity
and positive permeability with a high refractive index of 20. The flow of surface current in the radiator and MTM are in opposite
directions, indicating a good stopband performance at the desired frequency of 26 GHz.

In [113], a 4-port MIMO antenna is backed by an MTM structure (Artificial Magnetic Conductor (AMC)) to improve the gain over
the 28 GHz band. The design has a rectangular patch on top of the Rogers RO4003 substrate, fed by a 50 Q microstrip line. The bottom
of the substrate has ground that is optimized to partial ground to improve the return loss. Further, resonance enhancement is obtained
by trimming along the patch width. The design is extended to 2-port MIMO with orthogonal orientation but with disconnected
grounds. An AMC is a square patch with a rectangular slot at the center, which makes it a square SRR, placed on top of the second
substrate with the full ground plane at the bottom, designed to resonate at a single frequency. An AMC of 7 x 7 is stacked below the
radiating layer.

A 9 x 6 circular split ring resonator (SRR) is used as an MTM structure to improve the gain and isolation with the MIMO antenna
[114]. Here, single-element is a rectangular patch with inset quarter-wave transformer feed on top of Rogers 5880 substrate. The patch
is optimized with a bow-tie slot in a horizontal and vertical direction to improve the impedance matching and shift the resonance to a
lower frequency. Further, fine-tuned with a semi-circular slit at the top corners of the patch to obtain the desired band. The design is
extended to two element array fed by parallel feed, which is further developed to a 4-port MIMO that shares common ground. To
improve the isolation between array elements, a rectangular slot is etched on the ground plane. To further improve the isolation, a
layer of SRR-MS is stacked on top of MIMO. The SRR-MS unit cell is made up of two circular split rings with circular geometry designed
to resonate at 26 GHz with zero permittivity and permeability. This makes the current flow in the opposite direction in SRR, by which
the mutual coupling to the adjacent antenna element is reduced.
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Fig. 31. Performance metrics in terms of bandwidth of MS MIMO antennas.
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Fig. 32. Performance metrics in terms of isolation and gain of MS MIMO antennas.
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Fig. 33. Performance metrics in terms of efficiency of MS MIMO antennas.

Antenna

Top View

Fig. 34. Prototype fabrication of MS MIMO antennas, (a) [107], (b) [108], and (c) [109].

Similar to the earlier design, a 2-port MIMO, each with three radiating antenna arrays, is backed by an EBG MTM structure to
reduce back radiation and to improve the front-to-back (F/B) ratio operating at dual-band 28/38 GHz [115]. The monopole antenna
has a rectangular slot in the ground plane and a 50 Q transmission line with a tuning stub on the other side of the Rogers RO4003C
substrate. The stub is added to enhance the impedance match, resulting in a better reflection coefficient Sii of —45 dB and —35 dB at 28
and 38 GHz. A single element is extended to a three-element array and further to 2-port MIMO. Due to the slots in the ground plane, the
coupling current is controlled. The slot antenna tends to radiate bidirectionally. This issue is resolved by stacking a layer 15 x 25 EBG
structure placed below the antenna at a distance of 1o/4 wavelength. The EBG unit is a circular patch with three slits on four sides. The
performance metrics of MTM MIMO antennas are as follows: bandwidth 24.9-29, 23.5-28.5, 26.5-31.5, 24.7-26.7, and 22.5-50 GHz,
gain 7 dBi, 10.4 dBi, 9.6 dBi, 9.3 dBi, and 11 dBi, isolation, —23 dB, —26 dB, —25 dB, —36 dB, and —24 dB, radiation broadside at
HPBW of 40° and 70° [111], 120° [112], 550 [113], 40° [114] and 90° [115] in E— and H-plane. The performance metrics and
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Fig. 35. Performance metrics in terms of bandwidth of MTM MIMO antennas.
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prototype fabrication are shown in Figs. 35-38(a-e).

3.6.3. Meta-lens/Fabry-Perot Cavity structures

In all the above designs, the radiation is in the broadside direction, with wide beamwidth. The 5G application requires a narrow
beam with beam steering ability to support multiusers at a high data rate. Here [116,117] discusses beamforming structures. In
Ref. [116], a meta-lens is used to direct the beam in three directions (—150, 00, +15% with an HPBW of 12° from a 2-port MIMO. The
antenna structure has two substrates of Rogers 5880, where three-square patches are etched on top of the upper substrate. The patches
are fed by a curved microstrip line etched on top of the lower substrate. The patches are optimized with rectangular slot in obtuse
angle, resulting in CP. The meta-lens layer is stacked above the antenna structure at a focal length of 12 mm, which decides the beam
angle. The meta-lens unit has a cross shape dipole with two circular rings which has four slits. A total of 15 x 15 meta-lens units are
arranged with a gap of 0.05-1.42 mm, to obtain desired transmission magnitude and phase.

Another proposed design attempts the narrow beamwidth and high gain by employing a partially reflecting surface (PRS) above the
radiating element by forming a Fabry-Perot Cavity [117]. The Fabry-Perot Cavity antenna has gained attention for mmWave appli-
cations because of its directive radiation and compact dimension [118]. Its characterization is studied in Ref. [119]. In Ref. [117], the
PRS is positioned half-wavelength above the radiating element, which is determined by the reflection phase at resonance frequency
with the thickness of half-wavelength. A single antenna is a square patch on Rogers 5880 substrate whose obtuse angle diagonal
corners are trimmed and has a diagonal slot that results in circular polarization (RHCP). The design is extended to 4-port MIMO, where
antenna elements are placed in orthogonal orientation for better isolation and fed by coaxial feed to reduce transmission line losses.
The partial reflective surface (PSR) is stacked above the antenna layer, separated by an air-filled form. The signal takes multiple
reflectional between patch and PSR, which will then be emitted with high directivity. The performance metrics of these MIMO an-
tennas are as follows: bandwidth 28-31.9 GHz and 25.5-33 GHz, gain 18 dBi and 14.1 dBi, isolation —16 dB and —24 dB, and radiation
in the broadside with HPBW of 12° and 30° in E— and H-plane with circular polarization. The performance metric and prototype
fabrication of these antennas are shown in Figs. 39-41(a-b).

3.7. Dielectric resonator MIMO antenna

Early in the 1980s, the dielectric resonator antenna was demonstrated [120] for the millimeter wave spectrum, which uses the
theory of magnetic wall condition. The typical structure uses low dielectric constant material in the form of cylindrical or rectangular
shapes placed on the ground plane. The DRA can be fed by probe-fed coaxial feed, microstrip transmission line, or coplanar waveguide
(CPW). The details of DRA’s shape and various feeding methods are discussed in Ref. [121]. The radiation pattern in DRA will be
normal in the direction of the ground plane. The DRA can be designed to have linear polarization, or its geometry can be modified to
obtain circular polarization. The DRA with dual-polarized can be obtained by exciting TE mode and TM mode with modified structure
[122]. Further, the gain of DRA can be improved by combining meta-material [123]. In this section, DRA MIMO antenna with different
isolation techniques in Refs. [124,125], and [126] for mmWave applications are presented.

In [124], two rectangular DRA of Rogers 6010 is placed on the ground plane, where the ground plane is printed on top of the Rogers
5880 substrate. The power to DRA is coupled through a 50 Q microstrip line, etched at the substrate’s bottom, coupled through a
horizontal rectangular slot in the ground plane underneath DRA. The two DRA are separated by a distance of 1.27 mm from the edges.
To improve the isolation, two metallic vias are added vertically at the edges of adjacent DRA, which reduces the coupling current. With
two metallic vias, the current coupling to the second DRA is reduced, and the Sij parameter is significantly improved to —50 dB at 26.2
GHz.

In another approach, a metallic strip is pasted on DRA edges to improve the isolation [125]. The design of DRA is the same as in
Ref. [124], where the two rectangular DRA of Rogers 5880 are placed on a ground plane which is fed by a printed microstrip line,
power coupled through a slotted ground plane. To improve the isolation and reduce the surface wave losses, a microstrip line is etched
on DRA. To study the current coupling effect, the 2-port DRA is electrically excited with and without an isolation metallic strip. Due to
the metallic strip on DRA, the current concentration drifted from the edges to the metallic strip and the ground plane because of its
capacitor-like nature.

In another design [126], a metamaterial structure is used to enhance the isolation in DRA. Here, a 4-port rectangular DRA of Rogers
5880 is placed on the ground plane of the FR4 substrate. A microstrip feed line feeds the DRA through a slotted ground plane. A
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Fig. 36. Performance metrics in terms of isolation and gain of MTM MIMO antennas.
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Fig. 37. Performance metrics in terms of efficiency of MTM MIMO antennas.
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Fig. 38. Prototype fabrication of MTM MIMO antennas, (a) [111], (b) [112], (¢) [113], (d) [114], and (e) [115].

Bandwidth of Meta-Lens MIMO

Frequency in GHz
BERRIBERER

[116] [117]

References

Fig. 39. Performance metrics in terms of bandwidth of meta-lens MIMO antennas.

semi-circular shape metamaterial is engraved on top of the DRA to enhance the isolation S12 from —16.07 dB to —29.34 dB and
improve the reflection coefficient S11 from —35 dB to —46.52 dB at 28 GHz. The performance metrics of DRA MIMO antennas are as
follows: bandwidth 25.5-27.2 GHz, 27.5-28.35 GHz, and 26.8-28.8 GHz, gain 6.3 dBi, 8.2 dBi, 5.6 dBi, isolation —32 dB, —24 dB, and
—20 dB, radiation at HPBW is 60° [124], omnidirectional [125], and 60° [126] in E— and H-plane. The performance metrics and
prototype fabrication are shown in Figs. 42-44(a-c).

3.8. Flexible/wearable MIMO antenna
Wearable electronic gadgets are getting more popular day by day. The antenna should be flexible and designed on flexible
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Fig. 40. Performance metrics in terms of isolation and gain of meta-lens MIMO antennas.
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Fig. 41. Prototype fabrication of meta-lens MIMO antennas, (a) [116], and (b) [117].
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Fig. 42. Performance measure in terms of bandwidth of DRA MIMO antennas.

0 Isolation and gain of DRA MIMO 10
-10 8
6 -
)
T .20 %
£ 4 £
-30 2
-40 ]
References
m Isolation = Gain

Fig. 43. Performance measure in terms of isolation and gain of DRA MIMO antennas.

substrates or fabrics for such applications. The flexible antennas used in body-worn applications should have a compact design and
avoid back radiation which could cause harm to human tissue. In this section [127,128], are flexible antennas, where [127] is a
two-element MIMO with a 5 x 5 MTM structure, and [128] is two element MIMO on a felt substrate.

In [127], the single element is a rectangular patch on top of the Rogers 6002 substrate with the full ground at the bottom. The patch
is fed by a 50 Q quarter-wave transformer transmission line. The element is designed to resonate at 24 GHz. The single-element is
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Top View Bottom View

Fig. 44. Prototype fabrication of DRA MIMO antennas, (a) [124], (b) [125], and (c) [126].

extended to two port MIMO, which are placed adjacent at 5.14 mm. The MIMO antenna is backed by EBG (MTM) structure to avoid
back radiations. The MTM unit cell is a square patch with a circular slot at the center, corners are semi-circularly trimmed, and edges
have rectangular slits. Here, the MTM unit structure is characterized by zero permittivity, permeability, and refractive index. The
bending analysis for two-port MIMO with 5 x 5 MTM has resulted in gain and efficiency variation of 6 dBi to 5.8 dBi, and 80.2%-69.8%
over along x and y axis at 60° to 20° and 80° to 60°.

Though SAR is less effective at mmWave, spatial power density analysis is performed in Ref. [127] with and without EBG, which
shows peak power densities of 2428.3 W/m? and 1800 W/m? for 1 W of input power. It indicates that due to EBG, the directivity has
been improved, and radiation spread on the skin has also been reduced. In another design, a Felt substrate is used as flexible material of
1 mm thickness. The conductive material for the radiator and ground plane is ShieldiT superconductor, which has a resistivity of <0.5
Q per square [128]. Initially, the antenna is designed for a single element of sickle shape with the partial ground, fed by a 50 Q
microstrip line. A A/2 long stub is added to the right of the ground plane to improve the impedance match and increase the bandwidth.
The stub is extended to the left to form an inverted L-shape in the ground plane. Due to this extended stub, it resulted in circular
polarization. Finally, a rectangular slit at the center of the ground has resulted in wider bandwidth. The design is extended to two port
MIMO, where the two elements are placed in asymmetrical order. This asymmetrical arrangement has formed the T-shape structure in
the ground plane. The T-shape structure behaves as decoupling element in MIMO, which is further improved by introducing slit at the
center of T-structure. The performance metrics of these flexible MIMO antennas as follows: bandwidth 23.2-24.9 GHz and 3.5-13.5
GHz, gain 5 dBi and 5 dBi, isolation —31 dB and —16 dB, and radiation at HPBW is in broadside at 40° [127] and 90° [128] in E— and
H-plane. The performance metrics of these MIMO antennas are shown in Figs. 45-47. The prototype fabrication is shown in Fig. 48(a
and b).

3.9. Summary

In the above section, various planar MIMO antenna designs and their performances in terms of bandwidth, gain, isolation, effi-
ciency, and radiation pattern are discussed and presented in the figures. Table 1 summarizes the reviewed MIMO antenna performance
along with the structural dimension.

4. Discussions

The focus of this review article is restricted to the discussion of mmWave planar MIMO antenna designs and their performances.
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Fig. 45. Performance metrics in terms of bandwidth of flexible MIMO antennas.
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Fig. 46. Performance metrics in terms of bandwidth of flexible MIMO antennas.
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Fig. 47. Performance metrics in terms of efficiency of flexible MIMO antennas.
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Fig. 48. Prototype fabrication of flexible MIMO antennas, (a) [127] and (b) [128].

The above section already discussed the importance of mmWave in the field of communication, as it offers a broad spectrum and
bandwidth, with which a higher data rate can be achieved with low latency. Most of the countries operating at 5G are working with 28
and 38 GHz band, as this band experience lesser attenuation to atmospheric conditions. At mmWave, as the wavelength gets smaller,
the antenna size also reduces to a large extent. It is challenging to design such a small antenna because it requires a high degree of
precision in etching the conductive layer on the substrate. Any minor modification to the patch or ground will adversely affect the
antenna’s performance. The single-element antenna at mmWave offers low gain, average bandwidth, and radiation is omnidirectional.

The limitation of a single-element antenna has been overcome by array configuration. The array antennas have increased the gain
and radiation performance [37], but the array structure with series-fed and parallel-fed has its limitations in terms of narrow band-
width, transmission line losses, and substrate losses, and also, the overall design structure is larger.

A properly designed MIMO antenna can overcome the above limitations can result in a compact structure with good performance
measures in terms of gain, bandwidth, and radiation. The MIMO antenna with spatial diversity and multiplexing technique can
overcome the issue of path loss propagation and support higher data rates.

In this article, six planar slot MIMO antennas are discussed, in which [63,64] have two different types of antenna to resonate at
sub-6 GHz and mmWave on the same plane. In Ref. [65], a single antenna can resonate at two different bands but should be excited
with two different feeds. The above three designs have larger geometrical structures which is addressed with compact designs in Refs.
[66-68]. The gain increases with the number of MIMO ports, as in the case of [57], 20-ports are designed, resulting in a better gain of
12 dBi. The major challenge in MIMO antennas is to control the surface wave current from the adjacent port, which degrades the
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Table 1

Summary of MIMO antenna performance parameters.

MIMO Based Antennas

Reference  Dimension Center MIMO MS Gain in Bandwidth in GHz Efficiency Radiation Pattern Isolation Beamwidth Polarization
Frequency in antenna elements dBi S12in dB
GHz
Slot MIMO Antennas
[63] 75 x 150 1.8/4/28.6 1x2/2x2/ - 4/7/12 1.6-3.2/2.5-2.7/ - Bi-directional/nearly —20/-15/ 10° for RHCP Circular
mm? 2x8 3.3-5/27 - 29 Omni-directional at sub-6 —20
GHz/RHCP at mmWave
[64] 75 x 110 5.9/28 1x2/2x2 - 5.13/ 5.29-6.12/26-29.5 83/73 Omni-directional at sub-6 —25/-22 80%and 50° in E— and  Linear
mm? 9.53 GHz/Broadside at H-plane
mmWave
[65] 60 x 120 3/28 1x2/1x2 - 5/7.6 1.4-1.58/1.82-2.14/ 86 Bidirectional at sub-6 GHz/ —-28 - Linear
mm? 2.48-2.9/3.1-3.8/ Omnidirectional at
4-4.5/27.7-28.3 mmWave
[66] 12.8 x 26 28 1x2 - 5.8 28-28.6 60 Omnidirectional -30 - Linear
mm?
[67] 11.4 x 5.3 29 1x2 - 6 28.8-29.7 85 Broadside directional -25 40° in E— & 30° in H- Linear
mm? plane
[68] 80 x 80 mm? 28/33/38 2x2 - 10.5 24-39 70 Broadside direction -20 60%in E— & H-planeat  Linear
28 GHz
Coplanar Waveguide MIMO Antennas
[70]1 14.56 x 9.63 28 1x2 - 5.8 26.25-30.14 88 End-Fire radiation at -100°  —30 65° in E— & H-plane Linear
mm?
[71] 12 x 25.4 28/38 1x2 - 6.4/5 26.5-32.7 and - Omnidirectional —13/-24 - Linear
mm? 35-38.4
[72] 56 x 56 mm? 2.4/5.5/7.5/ 2x2 - 6 dB 1.3-40 - Omnidirectional -25 - Linear
28
[731 24 x 24 mm? 31.5 2x2 - 5.68 24.8-44.45 85 Omni-directional —-20 - Linear
Defected Ground Structure MIMO Antennas (non-common ground)
[78] 26 x 11 mm? 27/39 1x2 - 5/5.7 25-28.2/36.2-41 99.5/98.6 Bidirectional in E-planeand =~ —30/-25 80° in E-plane at 27 Linear
Omnidirectional in H-plane GHz
[79]1 26 x 14 x 28/38 1x2 - 1.27/ 26.65-29.2/ 78/76 Omnidirectional -20 - Linear
0.38 mm?® 1.83 36.95-39.05
[80] 30 x 30 mm? 28 2 x 2 - 6.1 27.6-29.7 92 Omnidirectional -29 - Linear
[81] 20 x 24 mm? 28/38 2x 2 - 7.9 27.6-28.4/37.9-38.5 85 Broadside direction —-28 35%inE- & H-plane at Linear
28 GHz
[82] 30 x 30 mm? 28 2 x2 - 6.5 26-29 85 Omnidirectional —-25 - Linear
[83] 110 x 55 28/38 2x2 - 7.95/ 27-28/37.2-38.8 89.89/ Broadside direction —30/-24 60° & 90° in E-plane at Linear
mm? 8.27 88.25 28 GHz & 38 GHz
[84] 24 x 24 mm? 28 2x2 - 5.66 23.6-31.5 85 Omnidirectional —-27.5 - Linear
[85] 20 x 20 mm® 28 2x2 - 8 26.5-30.8 60 Bidirectional —-22.5 110° in E-plane Linear
[86] 24 x 24mm*  28/36 2x2 - 6.4 24.2-37.8 91 Bidirectional -27 60° & 70°in E- & H-  Linear
plane
[56] 14 x 14 mm? 28/38 2x2 - 6/5 27-28.8/36-38.7 98 Bidirectional -30/ 75 & 90° in E— & H- Linear
-32.5 plane at 28 GHz, 90° in
E— & H-plane at 38
GHz
Defected Ground Structure MIMO Antennas (common ground)
[87]1 30 x 15 mm? 28 1x2 - 5 26.5-32.9 84 Bidirectional -35 Linear

(continued on next page)
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Table 1 (continued)

MIMO Based Antennas

Reference  Dimension Center MIMO MS Gain in Bandwidth in GHz Efficiency Radiation Pattern Isolation Beamwidth Polarization
Frequency in antenna elements dBi S12in dB
GHz
90° & 60° in E— & H-
plane at 28 GHz
[88] 18 x 36 mm? - 1x2 - 6 3-40 - Omnidirectional -20 - Linear
[89] 14 x 20 mm? 24 1x2 - 6.5 17-25 80 Bidirectional -16 70°in E— & H-plane Linear
[90]1 30 x 52 mm? 2/6/10/13/ 1x2 - 3/4.8 1-4/5.5-6.8/9.5-10/ - Bidirectional -27 - Linear
15.5 12-13.5/14.8-16
[91] 43.61 x 28/38 2 x 4 (4-port) - 7.9/13.7 27.5-28.9/37.2-38.5 98/92.25 Omi-directional -25 - Linear
43.61 mm?
[55] 30 x 35mm* 28 2x2(8 - 8.3 25.5-29.6 82 Broadside direction (tilted ~ —17 70° & 55° in E—- & H-  Linear
Elements) at —35°) plane at 27.5 GHz
[92] 47.5 x 32.5 38 2x2 - 6.5 37-40 80 Broadside with high side- -25 Appx. 120° & 60° in Linear
mm? lobe level E— & H-plane
[93] 64.2 x 64.2 08 8 - Port - 5.6 2.84-11 - Bidirectional at certain -15 - Linear
mm? frequency and Omni-
directional at certain
[94] 30 x 35mm* 28 4-Port - 11 27.5-28.5 80 Broadside directional (with ~ —38 40°& 50°in E- & H-  Linear
tilt) plane
[95] 24 x 22.5 32 4-Port - 09 27.4-40 42 Omnidirectional -30 - Linear
mm?
Tapered/Vivaldi MIMO Antennas
[971 104 x 104 2.45/28 2x2/2x2 - 5/11 2.45-2.75/5.3-5.7/ 70 Broadside directional (90° —-16/-23 40°in E- & H-plane Linear
mm? 24-28 & 45° tilt at E— & H-plane
[98] 136 x 68 2/28/38 2x2/2%x2 - 3/6.2 1.9-2.3/26-33/ 60/65 Omnidirectional sub-6 -15/-25 60°%n E— & H-plane Linear
mm? 37-40 GHz/Directional at
mmWave
Transparent MIMO Antennas
[100] 150 x 70 4.9/26 1x2/1x2 - 1/3.9/ 4.776-5.052/ - Broadside directional —-32/-35 75° & 60° in E— & H- Linear
mm? 3.7 22.7-28.3 plane
[101] 24 x 20 mm? 28/38 2x2 3 23.51-26.54/ 75 Bidirectional -16 60°in E & H-plane Linear
33.11-44.02
Meta-surface/Metamaterial MIMO Antennas
[107] 27.5 x 27.5 27.5 2x2 10 x 10 11 24.5-31 78 Broadside with low side -31 54% in E— & H-plane Circular
mm? lobes (Tilted by 30°)
[108] 52 x 23 mm? 28 1x2 3x6 13.40 24-29.9 70 Broad side with tilt at + 30 —24 70° in E— & H-Plane Linear
Deg
[109] 30 x 30 mm? 28/38 2x2 4 x4 7 25.91-30.22/ - Omnidirectional -17 - Linear
35.46-40.45
[111] 15 x 12.7 27 1x2 3x6 7 24.9-29 - Broadside directional —-23 40° & 70° in E— & H- Linear
mm? plane
[112] 12 x 10 26 2 x2 2x2 10.4 23.5-28.5 80 Broadside with low minor —26 120%in E— & H-plane Linear
mm?/22 x lobe
24 mm?
[113] 47 x 47 mm? 28 2x2 7x7 9.6 26.5-31.5 91 Broadside with two Major -25 55° in E— & H-Plane Linear
lobes at + 30 Deg
[114] 30 x 43 mm? 26 2x2 9x6 9.3 24.7-26.7 - Broadside directional —-36 40° in E— & H-plane Linear
[115] 28/38 15 x 25 22.5-50 85 Broadside directional —24 90° in E— & H-Plane Linear

(continued on next page)
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Table 1 (continued)

MIMO Based Antennas

Reference  Dimension Center MIMO MS Gain in Bandwidth in GHz Efficiency Radiation Pattern Isolation Beamwidth Polarization
Frequency in antenna elements dBi S12in dB
GHz
53 x 31.7 2-port with 4 11.5/
mm? array 10.9 at
elements 28/38
GHz
[116] 60 x 60 mm? 28 1x3 15 x 15 18 28-31.9 - Broadside directional -16 12%in E— & H-plane Circular
[117] 16.92 x 28 2x 2 1x1 14.1 25.5-33 - Broadside directional —24 30°inE- & H-plane RHCP
16.92 mm? Circular
DRA MIMO Antennas
[124] 21.77 x 11 26 1x2 2 x 2 6.3 25.5-27.2 - Broadside directional -32 60° in E— & H-Plane Linear
mm?
[125] 20 x 20 mm? 28 1x2 1x2 8.2 27.5-28.35 - omnidirectional —24 - Linear
[126] 20 x 40 mm? 28 2x2 2 x 2 5.6 26.8-28.8 88 Bi-directional -20 60°E— & H-plane Linear
Flexible MIMO Antennas
[127] 19.04 x 24 1x2 5x5 5 23.2-24.9 80.5 Broadside directional -31 40° in E— & H-plane Linear
15.06 mm?> (Tilted by 30°)
[128] 42 x 32.5 06 1x2 - 5 3.5-13.5 75 Directional in Broadside -16 90° in E— & H-plane Circular
mm?

with tilt at + 30 deg in E &

H plane
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overall antenna performance. It is evident from Fig. 12 that the asymmetrical arrangement of elements of unique shape in Ref. [66] has
increased the isolation to —30 dB but with reduced gain. The other method to increase the isolation is through the orthogonal
orientation of elements, as in Ref. [68].

The designs in Refs. [70-72], and [73] are CPW structures where the transmission line/radiating element and ground are in the
same plane. The CPW technique reduces the substrate losses, transmission line losses, or ohmic losses which result from the series-fed
or parallel-feed method. In Refs. [70,71], the ground points between ports are not common, which is evident that coupling will be low
and isolation will be high. In this case, it has —35 dB and —25 dB of Sy;, such designs are not preferred in 5G applications. Though [72,
73] share the common ground, isolation level Sy; is higher at —25 dB and —20 due to its unique design structure. It also has resulted in
wide bandwidth as in Fig. 15.

The other method to improve the performance of the MIMO antenna in terms of bandwidth and isolation is through defected
ground structure, where the ground plane is optimized to obtain the desired results. In Refs. [78-86], and [56] are DGS structures that
don’t share common ground, whereas [55,87-94], and [95] has the common ground point. All these designs have shown a good
bandwidth of 1 GHz and above with good isolation S;; level of —15 dB to —35 dB.

In [97], the single tapered structure is designed to resonate at two largely separated bands which are fed by two separate feeds,
whereas in Ref. [98], the tapered structure acts as isolating structure at the lower band (sub-6 GHz) and as a resonator at mmWave.
Both these structures have resulted in good bandwidth and isolation at mmWave as in Figs. 26 and 27.

As the transparent handsets might be futuristic, in Refs. [100,101], transparent MIMO antennas are designed, which used
indium-tin-oxide and AgHT-8 as conductive layers instead of copper, and chose glass substrate for transparency. Both designs have
resulted in good bandwidth and isolation but with low gain, as shown in Figs. 28 and 29. The transparent conducting material is
expensive at present, which is why limited research work can be seen on these structures for mmWave.

As discussed before, orthogonal orientation is one of the methods to reduce the coupling effect in MIMO. The other method is to
adopt for decoupling structure such as meta-surface/metamaterials. The MS units share the plane with radiating elements as in Refs.
[107,108], whereas, in Refs. [111-114], and [115,116], and [117] the MTM structures and meta-lens are stacked above or below the
radiating structure. These designs have improved the isolation, gain, bandwidth, and radiation in broadside directions with a narrow
beam. The reader can find more details on decoupling structures and the characterization of metamaterial structures in Refs. [102,103,
105,106,129].

Due to reduced dielectric losses, the DRA antennas are very well used in mobile, satellite, and radar applications. The performance
of DRA in Refs. [124,125], and [126] is considerably better. The metallic vias and microstrip lines in DRA are implemented to improve
the isolation level in these designs. The body-worn flexible antennas are gaining popularity, because of which flexible substrates like
Rogers 6002 and felt substrates are used in Refs. [127,128].

However, as discussed in section II, the MIMO antenna design must be evaluated based on six diversity parameters, where most of
the designs perform only a few diversity measures. Also, the performance of most designs presented in this article has found wide
beamwidth, average gain, varying isolation throughout the band of interest, and few designs lack a common ground point. These key
observations are summarized in Fig. 49.

5. Conclusion and future scope

The focus of this article is to provide insight into various designs of the planar MIMO antennas for mmWave applications. The
analysis of the existing MIMO antennas highlights the challenges to be overcome. The article has discussed the optimization techniques
and effects, decoupling structures (metamaterial) which enhance the performance of MIMO antenna. The mmWave and MIMO
technology will be a futuristic communication system to support colossal data demand.

Hence, the 5G application requires the MIMO antennas to operate at wide bandwidth, with high gain and narrow directional
radiation. Therefore, future MIMO designs should focus on resolving the issues mentioned in the key observation Fig. 49. For this, the

Lack of All Diversity Performance Check
Scattering Parameter |S12| is not Constant
Throughout the Band

ide Beam-width )

Lack of Common Ground

Fig. 49. Key observation points obtained from the comprehensive review.
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compact MIMO antenna design is essential to meet the diversity parameters. The other key point for MIMO antennas is to maintain the
constant voltage across all the ports through the common ground for efficient performance.

Also, the designs discussed in this article have used Rogers/FR — 4 as the dielectric substrate (except [100,101]). The geopolymers
are other alternatives that can be used as a dielectric substrate to obtain wide bandwidth [130]. Wearable devices are getting popular
these days that demand flexible substrates such as Rogers 6006 or fabrics. These antennas have a major challenge in performance
consistency against bending losses and variations in radiation. Limited work has been contributed to the field of flexible MIMO antenna
at mmWave, and interested researchers can look forward to developing new designs.

The antennas with beam steering capability are the demand for 5G applications which can be performed with the RF p-i-n diodes
[131] or phase shift method, or beam switchable method [132]. Beam steering techniques are currently developed for base stations
with large antenna profiles. Hence there is a need for optimization such that this technique can be implemented in handheld devices.

Also, graphene can be used instead of copper as a conductive layer because it has good electromagnetic properties [133]. Hence,
there is a scope for optimization of the design to fulfill these limitations of earlier methods.
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