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Abstract

The implementation of wireless technology at millimeter wave spectrum is becoming inevitable in the human life to keep
pace with the urgent need of the high throughput and reliable transmission. In this research paper, a new miniaturized
dual-wideband MIMO antenna has been suggested, and strictly studied for millimeter-wave 5G applications. The MIMO
antenna is formed using four identical elements orthogonally placed on the low-loss RTRogers Duroid 5880 substrate with
total area of 14 x 14 x 0.8mm?. Each element consists of an elliptical microstrip patch antenna with inset-feed and slotted
ground plane, developed to provide dual band operation of 3 GHz (26.62-29.71 GHz) and 3.2 GHz (36.3-39.5 GHz) at the
pioneer bands, namely 28 and 38 GHz respectively. The novelty of the suggested design resides in the inclusion of a new
cross-shaped decoupling structure among elements in the upper and lower sides of the substrate to acquire severe isolation
outstrips 30dB while retaining quite simple structure and very small size, besides desirable radiation traits, including high
radiation efficiency exceeding 98%, reasonable gain up to 6.8 dB along with stable and directive patterns. Furthermore, the
diversity performance of the MIMO antenna is also examined in terms of various essential metrics which are all significantly
respected the agreed practical thresholds. The envelope correlation coefficient (ECC) is less than 0.0005, the diversity gain
(DG) exceeds 9.99 dB, the total active reflection coefficient (TARC) is below — 10 dB, the channel capacity loss (CCL)
is no longer than 0.35 bits/s/Hz and high channel capacity (CC) reaches to 22 bits/s/Hz. A detailed comparison with the
existing works confirmed that the intended design blends several essential qualities that already mentioned which making it
a sought-after option for 5G terminals.
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1 Introduction

Due to the fast progress of the universal telecommunication
and the mobile communication systems, the 5G technology
is now becoming in the spotlight to fulfil the fundamental
demands regarding the colossal data rate for the modern
wireless communications. Indeed, various technologies
such as millimeter wave systems have been evolved to meet
the high throughput requirement and will be integrated in
the futuristic wireless devices and mobile networks. The
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currently used wireless networks starting from 300 MHz to
3 GHz is choking up and has normally achieved its upper
limit of exploitation owing to the large number of appli-
cations and there is no sufficient spectrum left for further
upgrading beyond the fourth generation (4G) [1]. Several
bands within the range 3—-300 GHz has been defined by the
Federal Communication Commission (FCC) to implement
the 5G mobile networks and there are two prominent bands
by reference to the scientific reports and studies [2—4], i.e.
sub-6 GHz (3—-6 GHz) and millimeter-wave (24—40 GHz)
frequency bands. However, researchers are fascinated by the
mmWave spectrum due to the abundant spectrum provided
in this range. The essential purpose of the 5G networks is to
allow the operators a reliable connectivity with high band-
width, enhanced data rates and low latency. Such features
would allow the rapid download of high-definition videos
in addition to the promotion of other advanced technologies
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including the Internet of Things (IoT), the smart cities, self-
driven vehicles, and healthcare systems, etc. These tech-
nologies might be achieved in an easy way by exploiting
the mmWave spectrum [5]. Nevertheless, the employment
of high frequency spectrum raises a set of major challenges
regarding the free-space propagation. Among these chal-
lenges is the high sensitivity to the atmospheric attenuation,
rain, snowfall, and fog, etc., which inherently results in high
electromagnetic wave losses and bad wireless communica-
tions. Besides, the signal of high frequency spectrum suffers
from a low penetration power, it can propagates for just a
few miles compared to the low frequency signals and can-
not break through the obstacle such as buildings, trees, etc.
which may severely affect the strength and the quality of the
signal during transmission and leads to smaller coverage
zone [6]. Several scenarios have been discussed to tackle the
propagation loss issues such the creation of small-cell base
stations so-called femto-cells and pico-cells which also help
to raise the frequency reuse [7]. Another key solution is the
utilization of high gain and highly directive antennas which
significantly improves the signal resistance to the atmos-
pheric absorption [8]. On the other side, an experimental
study [9] has been conducted to test the effect of the rain and
atmospheric attenuation on the frequency spectrum between
0 and 400 GHz. It is found that the minimum atmospheric
absorption is reached within the range 20-40 GHz while a
maximum attenuation is noticed at 60 GHz, and 190 GHz,
etc. Accordingly, the FCC has defined several pioneer bands
around 28 and 38 GHz for 5G wireless systems, such as
26.5-29.5 GHz, 27.5-28.35 GHz, and 37-40 GHz. The
Multi Input Multi Output (MIMO) antenna with broadband
characteristic is deemed an imperative part to establish the
transmission chain of the 5G wireless networks which ena-
bles higher data rates with improved spectrum efficiency and
upgraded channel capacity by using the multipath channel
and without increasing the antenna feeding power [10, 11].

Various 5G MIMO antenna designs operating at the
mmWave targeted bands have been recently reported in
the literature. As an example, in Ref. [1], authors have
proposed an HP-shaped four-element MIMO antenna
working in the range of 37-40 GHz. The proposed design
showed a wideband characteristic, however the total area
was 32.5x32.5 mm? which is rather large, while the
isolation was just 15dB. In Ref. [3], an E-shaped quad-
element MIMO antenna resonating at 28/38GHz has been
presented. The MIMO antenna presents a compact size of
20 % 24 mm?2, but the bandwidth obtained was relatively
small for the 5G applications. In addition, only the envelope
correlation coefficient (ECC) has been analysed to evaluate
the MIMO performances. In Ref. [7], a hexagonal-shaped
wire antenna array has been designed to be used at 28 GHz.
A wide bandwidth from 25 to 34.9 GHz has been provided.
Nevertheless, the array had a relatively large dimensions of
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45x20mm? and the vias employment has raised the design
complexity. In Ref. [8], a four-port C-shaped MIMO antenna
with total dimensions of 30 35 mm? has been implemented
to operate along a wide spectrum of 25.5-29.6 GHz.
However, the minimum ports-isolation achieved was
just 10dB and the occupied dimensions is still somewhat
significant. In Ref. [10], a dual-port substrate integrated
waveguide (SIW) MIMO antenna has been proposed for
28 GHz mm-wave applications. The design was marked
by good gain of 6.9 dB and isolation more than 17dB.
Nonetheless, a small bandwidth of 0.4 GHz was attained.
In Ref. [11], 4-element infinity-shaped MIMO antenna has
been suggested to operate at 28 GHz. The MIMO elements
have been placed orthogonally to achieve high isolation
with 2 GHz of bandwidth. However the total size was
30x30mm? which can be further reduced to accommodate
the small wireless devices. In Ref. [12], a tree-shaped quad-
element MIMO antenna working at mmWave spectrum has
been investigated. The antenna-element was bearing a huge
bandwidth from 23 to 40 GHz. But, the bulky dimensions
taken up by the reported design constitute its limitation.
In Ref. [13], a 4-port circular polarization MIMO antenna
design with small size and wide bandwidth of 25-29.6 GHz
has been carried out. However, the resonating elements were
surrounded by a plenty of parasitic element to ameliorate
the radiation property which increased the complexity of
the proposed structure. In Ref. [14], 2X 2 dual-band MIMO
antenna was presented for 28/38GHz 5G applications. The
proposed structure has covered the bands 26.6-29.2 and
36.9-39 GHz. The reported antenna was featured with
relatively compact size and sufficient bandwidth. But, the
peak gain achieved was just 1.83 dB. Similarly, a low profile
dual-band dual-element MIMO antenna with comparatively
low size has been reported In Ref. [15]. The single antenna
element was a slotted monopole antenna resonating at 27
and 39 GHz with wide bandwidth. Nevertheless, only the
ECC and diversity gain were investigated to assess the
MIMO competency. Besides, the radiation pattern resulted
was not much directive. In Ref. [16], an optically transparent
four-port MIMO antenna with dual band property has been
suggested. The antenna-element was a slotted microstrip
patch antenna operating along two wide bandwidths
around 26 and 36 GHz. The MIMO antenna was featuring
a small volume of 24 x 20 mm?, but the maximum gain
reached was comparatively low. The researchers in Ref.
[17] proposed a quad-port planar millimeter wave MIMO
antenna providing 2 GHz of bandwidth from 24.5 to
26.5 GHz. But, the occupied area 30 x43 mm? is deemed to
be comparatively large. Moreover, a metasurface layer has
been used to improve the radiation, which further increased
the volume and the complexity of the structure. In Ref.
[18], a linear 4 x4 MIMO coplanar waveguide T-shaped
antenna has been introduced for 5G wideband applications.
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A peak gain of 10.6 dB was achieved by the MIMO system,
however, a large area of 50.8 X 12 mm? has been exploited.
Furthermore, the ECC was solely studied. In another related
work [19], 4-element MIMO antenna with a full size of
110 x 55 mm? has been created. The elements exhibited
dual band operation at 28/38 GHz with good port-isolation
and enhanced gain. But, the proposed structure was limited
with its great dimensions. In Ref. [20], a 1 X4 hook shape
array has been proposed for 28 GHz applications. The array
was providing 2.4 GHz of bandwidth and marked with
compact dimensions of 26.9 x 18.5 mm?. Additionally,
despite the achievement of satisfactory gain up to 10.3dB,
the capacity supplied by this array antenna is the same as
which of the single antenna due to the use of single-feeding
port. In Ref. [21], a quad elements dielectric resonator-based
substrate integrated waveguide (SIW) MIMO antenna has
been designed for mmWave 5G wireless systems with total
size of 35 % 35x 4.75 mm?>. The proposed structure assured
satisfying bandwidth around 26 and 35 GHz and maximum
gain of 9.9dB. However, the overall size was relatively
large and the employment of vias has further complicate
the structure. Also, the dielectric resonator reduced the
compactness of the system.

Given the state of the art discussed above, there is yet
a necessity to develop a MIMO antenna which can fulfil
at the same time the fundamental requirements regarding
the small size, simple geometry, wide bandwidth, good
radiation properties, high isolation and strong MIMO
performance. Indeed, it is revealed that the majority of the
reported designs are either large in size or possess a complex
structure. Likewise, some MIMO structures are either
limited with their low gain or poor bandwidth. Furthermore,
neither of the mentioned works has used decoupling
structure which can importantly reduce the mutual coupling
without increasing the element-spacing considered as a
constraint for the devices with limited space. Taking into
account the above limitations, the main aim of this study
is the suggestion of a new MIMO antenna design that can
perfectly meet the small size and wideband requirements
without compromising neither the radiation performance
regarding the gain and efficiency nor the mutual interference
nor the MIMO diversity performance.

This study presents a full investigation of a highly small
4 x4 MIMO antenna resonating at 28/38 GHz with dual
wide-bandwidth for 5G wireless devices. The suggested
MIMO antenna is marked by a simple planar configuration
and miniaturized size than the other reported designs. It
consists of four elliptical shape radiating elements each is
backed with slotted ground assembled orthogonally on the
RTRogers 5880 laminate to reduce the mutual coupling.
The proposed design is distinguished from the other
ones by involving a new decoupling structure to acquire
strong isolation level between elements while keeping a

straightforward layout and quite small structure with a total
size of 14 x 14 x 0.8 mm?>, where the MIMO antenna can be
easily incorporated into portable devices. Which constitutes
the novelty and the main contribution of this research.
In addition, the proposed structure maintains a desired
radiation performance including the high radiation efficiency
to assure a minimum loss, the good gain, and the directive
pattern. Furthermore, the essential parameters of the MIMO
antenna including the Envelope Correlation Coefficient
(ECC), Diversity Gain (DG), Total Active Reflection
Coefficient (TARC), Channel Capacity Loss (CCL) and
Channel Capacity (CC) are fully examined to evaluate the
MIMO competency. The achieved outcomes proved that the
suggested MIMO antenna can act as an excellent candidate
for the 5G mmWave wireless communication systems.

This section enables the readers to be familiar with the
5G technology along with the relevant state of the art. The
remainder of this research is structured in the following
manner. Section 2, is devoted to present a detailed study of
the single antenna design including the evolution procedure,
the operation principle and the parametrical analysis.
Section 3, presents the MIMO antenna configuration and
investigates its main achievements including the impedance
and radiation properties. In addition, discussions have
taken place on the evolvement steps of the MIMO antenna
structure and MIMO diversity performance. A comparison
with the other existing literature has been exposed in Sect. 4.
Finally, Sect. 5 summarizes the research work.

2 Single antenna design
2.1 Antenna configuration

The configuration of the proposed mmWave antenna is
depicted in Fig. 1. As can be seen, the antenna structure is
made up of an elliptical radiating element of major-radius
A and minor-radius B, excited by a 50 Q inset-feed micro-
strip line of width Wf and length Lf, while a rectangular-
slot ground plane is used to back the structure. Consider-
ing its low electrical loss, a 0.8 mm Thick RT 5880 Rogers
laminate with dielectric constant er of 2.2 and tangent loss
tan & of 0.0009 is chosen to build the antenna, while the
ground plane as well as the radiating element are made up
of 0.035 mm thick copper. The overall design was carefully
developed, simulated and optimized using the commer-
cially available CST microwave studio simulator, where all
the parameters have been neatly optimized to extract the
better matched version of the frequency response at both
the desired bands. The final parameters dimensions are
saved in Table 1. It is worth mentioning that the designed
antenna is distinguished by a quite simple geometry and tiny
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Fig. 1 Layout of the proposed
antenna

Wf

Top view
Table 1 Antenna parameters dimensions
Parameter Value (mm) Parameter Value (mm)
Ws 5 y0 0.75
Ls 6 Lf 2.14
hsub 0.8 Wt 0.22
A 1.84 sX 3.18
B 1.25 sy 0.6
x0 0.2 yp 22

dimensions of 5x6x0.8 mm® which makes it highly suit-
able for the integration into the 5G wireless equipments.

2.2 Antenna evolution procedure

In order to well comprehend the operating mechanism
of the suggested antenna, Fig. 2 displays the progressive
modifications through which the suggested design got its
resonance in the desired frequency bands at 28 and 38 GHz.
As described, the intended antenna is the adjusted version
of the conventional Elliptical Microstrip Patch Antenna
(EMPA) acquired after three primary stages, where the
reflection coefficient at each stage is plotted in Fig. 3. As
depicted in Fig. 3a, in the first step, a basic EMPA (Antenna
1) with full ground plane has been chosen as a reference
antenna due to the benefits provided such the wider

‘hsub

Side view

Back view

bandwidth and smaller dimensions at a certain frequency
compared to the familiar circular and square patch antennas.
The antenna has a total area of 0.55A x 0.66A x 0.08\
(5 mm x 6 mm x 0.8 mm) where A is the wavelength at its
fundamental resonating frequency.

Initially, the resonant frequency was estimated based on
the approximated Mathieu functions (1)-(4) cited below
[22], Where A, is the effective semimajor axis, f;;” is dual
resonant frequency of the dominant odd and even modes,
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Fig.2 Step-by-step geometric
evolution of the suggested
antenna
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¢}/ is approximated Mathieu function for the dominant
modeTM[} and e is ellipse eccentricity. Whereas, the
resonant frequency has been wisely adjusted by optimizing
the overall antenna dimensions using the computational

software CST studio.

(0.268¢, + 1.65)

As plotted in Fig. 3, the reference antenna (Antenna 1)
generates its first resonance with reasonable bandwidth
at approximately 33 GHz and the range of frequency
was extended farther beyond 33 GHz during simulation
to detect its next higher-order resonance. Indeed, it
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is found out that the antenna excites a second higher-
order resonance around 43 GHz besides its fundamental
resonance. Thus, the first antenna supports two distinct
resonating modes which can be identified by the current
density, illustrated in Fig. 4a, b. As shown in Fig. 4a, at
the fundamental resonance 33 GHz the current passes
over the transmission line and disperses uniformly
across the elliptical patch while the maximum intensity
is mainly concentrated over the patch-edge. Additionally,
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the electrical current spread out continuously along the
ground plane while it is getting more intense beneath
the radiating element which is attributed to the strong
electromagnetic coupling with the resonant elliptical
patch. In contrast, according to the Fig. 4b, a lower
current intensity is remarked over the ground at the
higher resonant frequency 43 GHz which points to a less
coupling effect with the resonant patch, while the current
density is principally intensified on the patch extremity
especially in the bottom edge of the elliptical patch where
the transmission line is connected. However, although the
reference antenna provides a wide band property at both
resonant frequencies, the target frequency bands are not
attained and geometrical modifications are required to
tune the two resonance frequencies at the desired bands.

Accordingly, the second step (Antenna 2) is performed
with the target of adjusting the first resonance at the
desired frequency, specifically 28 GHz. This purpose is
reached by using defected ground structure (DGS), where
a rectangular slot is engraved on the ground straightway
under the resonant patch as presented in Fig. 2b. Indeed
DGS technology has been widely used owing to its easiness
in implementation and its effectiveness to improve and
amend the antenna performance. Generally, the defect may
has a periodic or non-periodic structure which is engraved
either beneath or on the sides of the radiating element. The
inclusion of the defects at the level of the ground plane
changes the effective capacitance and inductance of the
antenna which may generate various responses according
to the position, geometry and periodicity of the defect. It
can be employed for band rejection, multiband operation,
bandwidth enlargement, miniaturization and impedance
matching refinement... etc. While in this paper the DGS
has been used for frequency amendment. As plotted in
Fig. 3, after embedding the slot in the finite ground plane
a new configuration is acquired (Antenna 2) where the
fundamental resonance has shifted from 33 GHz towards
the lower frequencies, settling around 28 GHz by carefully
tuning the slot size and placement. Meanwhile, the upper
resonant frequency is slightly shifted to the higher frequency
side, indicating that the etched slot affects principally the
first resonating frequency.

The surface current flow of Antenna 2 at 28 GHz is
depicted in Fig. 4c. As displayed, loading the rectangular
slot on the ground plane led to distort its uniformity and
create a local loss of conductivity which perturbed the
electric current circulation and broken its continuity. Indeed,
the inserted slot forced the current to flow intensively around
its extremities, dramatically changing the current path along
the ground. This alteration of electric current distribution
has obviously affected the antenna characteristics leading in
turn to shift the lower resonant frequency of the conventional

@ Springer

antenna (Antenna 1) towards the intended band around
28 GHz.

Similarly, the final step is implemented with the intention
to bring the upper resonant frequency of Antenna 2 to
the second desired frequency band, namely 38 GHz. To
achieve that purpose, extending electric current path on
the radiating element at the frequency to be amended is an
effective technique. As presented in Fig. 4d, at the upper
resonance 43.5 GHz of Antenna 2, the maximum current
intensity is transmitted through the feed line and condenses
exactly around the lower-edge linking the elliptical patch
with the latter. Therefore, in order to stretch the electric
current circulation at this frequency, a pair of notches has
been inserted in the radiation patch on the left and right side
of the feeding line as displayed in Fig. 2c, which converts
the excitation technique from an edge feed line to an inset-
feed line, so the proposed antenna is finally attained. As
expected, Fig. 3 reveals that the inclusion of the inset-feed
notches does efficiently result in the switching of the upper
resonance of Antenna 2 from 43.5 GHz to the targeted
frequency band at 38 GHz. According to the surface current
distribution depicted in Fig. 4e, the shift of the second
resonant frequency is ascribed to the electric current path
expansion. Indeed, the added notches served to offer an
extra path (extra edges) for the current flow, which led to
artificially enlarge the electric length of the antenna at the
upper resonance. Which is responsible to reduce the latter
smoothly from 43.5 GHz to 38 GHz. Furthermore, the
employment of inset-feed technique with the fine refinement
of its width x0 and length yO contributed to achieve the best
impedance matching with bandwidth enhancement for both
resonating frequencies. Consequently, the combination of
DGS and inset-feed technique has successfully contributed
to adapt the resonance frequencies of the suggested antenna
at the desired frequency bands without requiring to increase
the antenna dimensions, which kept a miniaturized structure.
The reflection coefficient of the final optimized antenna was
carried out using both CST and High Frequency Structure
Simulator (HFSS) for comparison purpose. As plotted in
Fig. 5a, the S11 curves extracted from both computational
tools are in very good coherence which indicated the validity
of the design. Accordingly, it is noted that the proposed
antenna operates at two prominent frequency bands,
resonating at 28 and 38 GHz with low reflection coefficient
of —35 dB and —52dB respectively. A wideband property
of approximately 3 GHz has been noted at both resonance,
where the first band starts from 26.5 to 29.5 GHz while the
second band starts from 36.15 to 39.3 GHz.

The antenna input impedance Zin can be expressed as a
complex number where the real part is the antenna resistance
(Rin) and the imaginary part is the antenna reactance (Xin).
To achieve a good impedance matching at a given frequency
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the input impedance should be close to 50 Q, meaning that
the resistance should be close to 50 Q and the reactance
should be close to 0 Q. The input impedance of the pro-
posed antenna is shown in Fig. 5b, as seen, the {resistance,

reactance} of the antenna at the resonance frequencies 28
and 38 GHz are approximately found to be {49.5 Q, 0.88 Q}
and {48.8 Q, -0.11 Q} respectively. Which presents a very
good matching.
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2.3 Parametrical analysis

The parametric study is an inevitable step in antenna
designing. It serves to find the optimized parameters
allowing the extraction of the best antenna performance. In
this work, one of the intended outcomes is the adjustment
of the antenna resonance precisely at 28 and 38 GHz. For
that, a detailed study has been carried out to well know the
effect of the parameters related to the inset-feed and the slot
on the reflection coefficient behavior. The effect of the width
x0 and length yO of the inset-feed are plotted in Fig. 6a,
b respectively, while the effect of the width sx, length sy
and position yp of the slot in the ground are illustrated in
Fig. 6¢c—e. During the parametric analysis, when a parameter
is changed the others are kept unchanged. As observed in
Fig. 6a, by switching the inset-feed width x0 from 0.1 to
0.35 mm, the second resonance frequency is swiped right
from 37 GHz to 40.2 GHz.Where the resonance at the desired
frequency is reached with the best impedance matching at
x0=0.2 mm. Similarly, as illustrated in Fig. 6b, when the
inset-feed length y0 increased from 0.55 to 0.95 mm, the
second resonating frequency decreased from 40 GHz to
35.5 GHz. While, at the optimal length of 0.75 mm, the
resonance is occurred at the required frequency of 38 GHz
with the lowest reflection coefficient of -52dB. It is noticed
that the inset-feed parameters have a significant effect on the
upper resonance frequency. Whereas, the lower resonance at
28 GHz kept stable. In contrast, a considerable effect on the
latter is noted when varying the slot parameters. As can be
seen in Fig. 6¢c, the increase of the slot width sx from 2.98
to 3.38 mm led to shift right the first resonance from 26.5 to
29 GHz while the second resonance is swiped from 37.2 to
38.5 GHz. Where, the intended resonance frequencies are
attained at the optimum width sx of 3.18 mm. The impact
of the slot length sy on the reflection coefficient is plotted
in Fig. 6d. As presented, both resonating frequencies show
less sensitivity when the slot width is varied from 0.7 to
1.1 mm. However, it is revealed that the fine-tuned resonant
frequencies are got only when the length sy has the optimum
value of 0.9 mm. A parametrical study has been also carried
out on the influence of the slot position yp on the antenna
response. As clearly remarked, by swapping the slot position
from 2 to 2.4 mm, both resonant frequencies are slightly
switched left from 28.8 GHz to 27.2 GHz and from 38.5 GHz
to 37.5 GHz respectively. Moreover, a profound degradation
of the impedance matching is noted at the second resonance,
where the optimized response is detected when the value
of yp is 2.2 mm. Thus, the performed parametrical study
has proven that the width y0 and length x0 of the inset-feed
notches as well as the slot width sx, the slot length sy and
the slot position yp are all a key parameters to effectively
control the antenna resonating frequencies, the impedance
matching and the operating bandwidth.
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This section allowed us to be aware of the single antenna
design and its operation mechanism. It should be stressed
that the suggested design assemblies the most in-demand
traits including the multi-wideband operation, the simple
planar geometry and the miniaturized structure. These
features are highly required in the futuristic wireless devices
targeting the millimeter wave 5G communications, which
will undoubtedly integrate the antennas in MIMO structures
for the high data rate purpose. Accordingly, the next section
has been allocated to assess the performance of the MIMO
antenna constructed relaying on the single antenna unit.

3 MIMO antenna design

The MIMO is deemed an indispensable technology in the
implementation of the 5G systems to reach the sought-after
capacity and throughput without exhausting the bandwidth
and transmitted power. However, designing any MIMO
system raises two main challenges which are the small size
to accommodate the narrow space in portable equipments
and the fulfillment of high isolation level to decrease the
mutual coupling between the MIMO-element along the
desirable band. In a MIMO system, the mutual coupling
generally presents the amount of energy coupled to a close
antenna when an antenna is powered. It may severely
affect the antenna characteristics such as the radiation, the
reflection coefficient, the input impedance and the diversity
performance if not carefully weakened [23]. To surpass
these issues, many decoupling methods have been discussed
and researched which can be classified into three types. The
first type includes decoupling schemes based on spatial
and polarization diversities, where the spatial diversity
can be implemented by placing the antenna-element with
large spacing which is not practical. Whilst, polarization
diversity can be realized by vertically positioning the
antenna elements to create orthogonal polarization as
a mean to generate uncorrelated channel. Generally,
polarization diversity is most desirable because the elements
can be placed closely to one other. However, the mutual
coupling becomes difficult to handle when more than two
elements is used. The second decoupling type involves
introducing decoupling structure to suppress or block the
coupling among elements, which can be made using various
techniques such as DGS, electromagnetic band gap (EBG),
metamaterial based structure, neutralization line, shorting
pin and parasitic structures, ...etc. [23]. The last type is
hybrid and leading to a high decoupling level, it results
from combining the two former types involving diversity
techniques and decoupling structure, which is adopted in
this work.
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Fig.7 Top and bottom view of

the proposed MIMO antenna
model

Top view

3.1 Layout of the MIMO antenna and S-parameters

The Layout of the proposed MIMO antenna is displayed in
Fig. 7. As depicted, a 4 x4 MIMO antenna is constructed
by orthogonally arranging four units of the single antenna
on the same RTRogers 5880 substrate with spacing d of
3 mm and a full size of 14 x 14x 0.8 mm?>. The vertical
placement results in polarization diversity giving rise to
isolation enhancement. Subsequently, a cross shaped isolator
is centered between elements in the front and rear side to
bring better isolation improvement. The MIMO antenna
design and the decoupling structure are developed and
neatly optimized using CST software. The final geometrical
parameters dimensions are listed as following: W =14 mm,
W1=04 mm, W2=1.1 mm, W3=1.1 mm, W4=1.5 mm,
L1=37 mm, L2=3.4 mm, L3=5.8 mm and d=3 mm.

Reflection Coefficient (dB)

Frequency(GHz)

Bottom view d

It should be mentioned that during the simulations, when
an element is excited the three others are terminated
with 50 Q matched loads. The reflection coefficients and
transmission coefficients (mutual coupling) among elements
of the suggested MIMO structure are plotted in Fig. 8.
As clearly seen, all elements show a similar reflection
coefficient with good performance due to the symmetry
and similarity of the elements. The four elements resonate
exactly at 28 and 38 GHz with a desirable bandwidth of
3 GHz (26.62-29.71 GHz) and 3.2 GHz (36.3-39.5 GHz)
respectively. Furthermore, the worst case mutual coupling
noted between ports is below —30 dB along both operating
bands which proves a very high isolated MIMO elements.
The progressive stages to build the decoupling cross
structure for better isolation are described in the next
subsection.

2309 et poooos pagooc Ppoocac baooas Boacog e

Transmission Coefficient (dB)

Frequency(GHz)

Fig. 8 Reflection coefficient and transmission coefficient of the proposed MIMO antenna
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Fig. 9 Evolution steps of the
proposed decoupling structure
attached with their correspond-
ing S-parameters a Step-1. b
Step-2. ¢ Step-3. d Step-4. e
Step-5
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3.2 Evolution process of the decoupling structure

This subsection is allocated to analyse the evolvement
mechanism followed to reach the isolation structure
allowing an optimized decoupling between all the
excitation ports, which is carefully presented in Fig. 9,
where each step is accompanied with its own S-parameters.
Given the similarity and the symmetrical arrangement of
the MIMO elements, only the S-parameters related to the
first element (S11, S21, S31, and S41) are considered for
analysing the decoupling evolution process out of the
sixteen S-parameters of the four-port MIMO antenna. As
manifested in Fig. 9a, in the initial step taken as reference,
the design was started without any isolation structure
while the MIMO elements are arranged orthogonal to each
other. The reflection coefficient plot of this initial
configuration shows a good bandwidth feature and
maintains a good impedance matching in both bands while
a slight shift has occurred in both resonant frequencies
from 28 to 28.2 GHz and from 38 GHz to 38.4 as compared
to the single antenna which is referred to the variation in
the substrate dimensions and the interaction between the
MIMO elements. More important, the mutual coupling of
adjacent elements (S21 & S31) reports high decoupling
above 30dB in both bands while the transmission
coefficient of diagonal elements S41 shows a minimum
decoupling up to 26dB along the higher band specially
which can be further increased to boost the MIMO
performance. Hence, the next steps are executed with the
intention to reduce the interference among diagonal
elements using an effective isolating structure. As seen in
Fig. 9b, in the second step, the isolation enhancement is
proceeded with four identical simple metallic stubs printed
between the adjacent elements on the top substrate’s layer
where the stubs length of 5.3 mm is near to the guided
wavelength 4, = fcﬁ at 38 GHz where the corresponding
S-parameters is plotted in the same Fig. 9b. As manifested,
the application of the metallic stubs, acting as reflectors,
has contributed to reduce the electromagnetic energy
coupled to the diagonal units leading to decrease the
mutual coupling S41 from —26.5 dB to below —29.5 dB
in the higher band. Nevertheless, the isolating stubs have
badly interacted with the elements in the lower band,
where the impedance matching at the lower resonant
frequency is disturbed conducting to regress the reflection
coefficient to less than —20 dB and the bandwidth is
decreased by 1 GHz from 3.5 GHz (30.1-26.6 GHz) to 2.5
(26.9-29.4 GHz). In addition, the isolation amongst
adjacent elements have relatively decreased. Hence,
further modifications are required to maintain the
improved mutual coupling (S41) and getting back the
enhanced S-parameters in the lower band. Accordingly, in

the third step shown in Fig. 9c, the isolating stubs have
been united at the centre of the substrate so the separated
stubs have been converted to a cross-shaped structure. As
demonstrated by the corresponding S-parameters, the
novel structure helped to ameliorate the impedance
matching in the lower band resulting in low reflection
coefficient up to — 24 dB and enhanced bandwidth up to
2.94 GHz (26.8-29.7 GHz). Moreover both resonating
frequencies has been exactly tuned at 28/38 GHz.
However, the inter-element mutual coupling has been
disturbed and shifted toward the lower values where a
maximum value up to —26.5 dB is reached.

Next, in the fourth step revealed in Fig. 9d, the decoupling
cross has been reinforced by adding four additional stubs
of length 3.4 mm meet at the structure’s center, resulting
in obtaining the suggested isolating structure. Whereas,
the extra metallic strips length is approximately 0.54, and
0.64, at 28/38 GHz respectively. Hence, the new structure
served to further optimize the reflection coefficient to
below —29 dB at the lower resonance, besides restoring
the isolation of adjacent elements to above 30dB in the
whole band and convincingly improve the isolation among
diagonal elements to approx. 40dB in the lower band
while it settled at a minimum of 29.7 dB in the 38 GHz
band. The final step exhibited in Fig. 9e, is carried out by
reproducing the suggested decoupling cross structure in the
bottom substrate’s layer between the ground planes where
the procured S-parameters clearly manifest that the occurred
replication works to strengthen the isolation of diagonal
elements to more than 32.5 dB throughout the entire band
and assuring a maximum isolation of 40dB in both operating
bandwidths besides keeping a high isolation within the range
of 30—40dB between adjacent elements. Furthermore, it is
noticed that the proposed structure does not affect negatively
the antenna frequency response where the reflection
coefficient kept a wide bandwidth property reaches to
3.1 GHz (26.62-29.71) and 3.2 GHz (36.3-39.5 GHz) with
good impedance matching at the respective bands 28/38
GHz. Consequently, it can be concluded that the proposed
structure is succeeded to considerably weak the direct
mutual coupling among elements where further explanation
on its effectiveness to absorb the coupling fields is discussed
in the next subsection.

3.3 Stepwise evolution of the mutual coupling
reduction

In an effort to well known the effectiveness of the proposed
structure to ensure a low mutual coupling, Fig. 10 presents
the mutual coupling of the three stepwise geometries through
which the proposed MIMO antenna design has been attained.
It must be emphasized that the spacing d between the
separated ground planes is fixed at 3 mm during all evolution
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Fig. 10 Mutual coupling behavior of the three progressive MIMO structures a Parallel arrangement. b Orthogonal arrangement. ¢ Orthogonal

arrangement with decoupling structure (proposed)

steps. A preliminary configuration of the MIMO antenna
without isolation structure and polarization diversity has
been produced as can be seen in the inset-image of Fig. 10a,
where all element pair allows spatial diversity. This reference
layout provides a minimal isolation of 21 dB detected
between the contiguous elements (1, 2) and (3, 4) and a
minimum isolation more than 27.5 dB is reached between
non adjacent elements (1, 3), (1, 4), (2, 3) and (2, 4). In order
to better improve the port-isolation between the neighboring
antennas without extending the elements spacing d, a new
plan has been followed. In this plan, the second and third
elements are rotated with 90° clockwise as seen in the inset-
image of Fig. 10b. So, a new configuration is obtained where
each two successive elements are orthogonal to each other.
This arrangement serves to achieve orthogonal polarization
recognized as polarization diversity to weaken the mutual

@ Springer

coupling among orthogonal elements. As displayed in
Fig. 10b, with this new arrangement, the minimal isolation
between perpendicularly adjacent elements is exceeding 30
dB, where the amount of isolation improvement is more
than 10 dB as compared to the isolation among adjacent
components in the first structure. Indeed, the mutual
coupling mitigation is occurred due to the cross polarized
direction of the electric field vectors (orthogonal orientation
of the E-field vectors) produced by the orthogonal elements,
leading to generate non-overlapping E-field. Hence, less
coupling energy is induced between each other. In contrary,
no isolation improvement is noted between non-orthogonal
elements (1, 4) and (2, 3) as they don’t provide orthogonal
polarization.

The strength of polarization diversity to guarantee
high isolated elements can be further demonstrated by
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Fig. 11 E-Field distribution on the Reference and Orthogonal MIMO antenna structures at the resonant frequencies 28/38 GHz

observing the E-field distribution on the MIMO antenna
with and without orthogonal placement at both resonating
frequencies, displayed in Fig. 11. Here, the first element
(port 1) is powered and the others are defined with 50 Q
matched loads. As we can clearly see, when the first element
of the reference MIMO configuration is energized, an E-field
amount with remarkable intensity is spread through the
substrate and coupled into the other elements especially
elements 2 and 4 at both resonant frequencies.

By using the orthogonal configuration, the electric
field coupling amount is considerably minimized specially
between the elements enabling polarization diversity, i.e. (1,
2) and (1, 3) which explains the weak mutual coupling (<-30
dB) achieved among them over the whole frequency range.
However, no decoupling enhancement is noted between
the diagonally placed elements (1, 4), where the coupling
field within the fourth element remains unchanged for both
structures. Which is self-evident as both elements still have
the same plane of polarization.

Accordingly, as shown in the inset image of Fig. 10c, a cross-
shaped decoupling structure has been carefully developed,
optimized and placed in the top and bottom layers of the substrate
with the aim to engender further decoupling between diagonal
elements. As expected, the mutual coupling plotted in Fig. 10c
shows that the application of the isolating structure degrades
significantly the coupling especially between diagonal elements

Without decoupling structure

1'\

(1, 4) and (2, 3), where the mutual coupling is decreased by
7 dB from —26.5 dB to — 32.5 dB in the second bandwidth
and settled below —32.5 dB in the whole frequency range. To
further expound the effect of the cross-shaped isolator on the
isolation performance, Fig. 12 presents the E-field distribution
before and after inserting the decoupling structure. As can be
clearly remarked, the application of the cross shaped isolator
plays a key role to block the propagation of the E-field generated
from the first element and restrict its coupling into the other
elements, where most of the coupling field is focused around the
decoupling cross, which inherently resulted in mutual coupling
minimization. As a result, the suggested MIMO antenna is
marked by excellent isolation exceeding 30 dB and 32.5 dB
between orthogonal elements and diagonal elements respectively
which certainly meets industrial requirement.

3.4 Radiation characteristics

The 2D far-field radiation pattern (gain value) of the proposed
MIMO antenna has been observed in the two cutting planes
@=0° (x0z) and ¢=90° (yoz) at 28 and 38 GHz for the
two orthogonal elements (1, 2) denoted as Ant 1 and Ant 2
respectively. As displayed in Fig. 13, at both frequencies 28/38
GHz, the antenna elements are distinguished by highly directive,
stable and focused far-field patterns in both planes xoz and yoz.
Where, the main lobe radiation is always oriented towards the

With decoupling structure

Fig. 12 E-Field distribution on the orthogonal MIMO antenna with and without decoupling structures at both resonant frequencies 28/38 GHz
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Fig. 13 Two-dimensional radiation patterns of the elements land 2 at both resonating frequencies 28/38 GHz in the principal cutting planes xoz

(phi=0°) and yoz (phi =90°)

broadside direction around 8=0°, which is a required feature in
mm-wave communications for efficacious transmission-reception
ability. Additionally, it is reported that the radiation patterns of
Antenna 1 and Antenna 2 in xz-plane ((p=0°) are totally reversed
in yz-plane ((p=90°) for both frequencies. In another word, the
H-plane (xoz) and E-plane (yoz) of Antenna 1 are found in
reverse order for Antenna 2, which validates the phenomenon
of polarization diversity and confirms that the elements have
different polarization planes.

Furthermore, the simulated 3D far-field radiation patterns
for all elements at both resonant frequencies are shown in
Fig. 14. As displayed, the antenna elements maintain a stable
radiation patterns performance not degenerated by the MIMO
configuration, which indicate the independency of elements in
their individual performance. Also, it is noted that the 3D patterns
of the orthogonal elements are rotated by 90° from each other,
which may be helpful to provide uncorrelated patterns, desirable
to mitigate the multi path effect occurred in communication
systems. Next, in order to verify the other radiation characteristics
of the MIMO antenna, radiation efficiency and peak gain across
the two operating bandwidths are revealed in Fig. 15. A high
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radiation efficiency exceeding 98% is noticed in both bands
by virtue of the low-loss substrate used, where the efficiency
attained at 28 and 38 GHz is 98.8% and 98.5% respectively.
Besides, a good gain characteristic is noted with a maximum
value up to 6.8dB achieved in the first band. While, a peak gain
of 6.33dB and 5dB is reached at the lower and upper resonance
frequencies respectively. Hence, the radiation characteristics
achieved emphasize the practicability and suitability of the
inserted decoupling structure as it does not degrade the radiation
performance which is considered an essential requirement.

3.5 Diversity performance analysis

The diversity performance of the suggested MIMO antenna is
assessed by investigating the essential metrics represented by
Envelop Correlation Coefficient (ECC), Diversity Gain (DG),
Total Active Reflection Coefficient (TARC), Channel Capacity
Loss (CCL) and Channel Capacity (CC). The ECC is considered
one of the most critical diversity parameters to examine in
MIMO antenna designing. It measures the correlation level
achieved between the radiation patterns of the different MIMO
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Fig. 14 Three-dimensional radiation patterns of the 4-element MIMO antenna at a 28 GHz. b 38 GHz
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Fig. 15 Radiation efficiency and gain versus frequency of the pro-
posed MIMO antenna

elements when they are simultaneously excited [1, 8, 24]. In the
ideal case, the ECC should be zero which produces a MIMO
elements perfectly decoupled where the elements radiation
patterns do not affect each other. Hence, in order to assure a
MIMO system with high pattern diversity a low correlation
should be attained and should not exceed the practical limit fixed
at 0.5 for any application. The ECC is calculated between MIMO
antenna elements using Eq. (5) relying on S_parameters whereS;;,
S;; denote the reflection coefficients of the i, i elements
respectively and §;; denotes the mutual coupling between the

i, j™ antennas. As depicted in Fig. 16a, the calculated ECC
between any two elements is less than 0.0005 and 0.00025 across
the two operating bandwidths respectively. The obtained values
are extremely low than the recognized threshold which grantees
high diversity performance.

|2

SiS; + S8
ECC. = iy Jil

v 2 2 2
(=GB ()

&)
Another crucial parameter to be evaluated is Diversity
Gain (DG) which is related to the ECC by Eq. (6). For a
MIMO antenna the DG measures the amount of power
transmission reduction without occurring performance loss
when diversity scheme is employed. In simple terms, in a
multipath environment, the DG of a MIMO antenna can be
presented as the difference between the signal to noise ratio
(SNR) of the combined signals and the SNR of a single
antenna in one diversity channel [24]. For a good MIMO
performance, the diversity gain should be close to 10dB.
As depicted in Fig. 16a, the DG between any two antenna
elements is more than 9.99dB over the whole working
bandwidths and reach to 10dB at the resonance frequencies

which expresses a very good diversity performance.

DG, = 10\/1 - (ECC;)’ 6)
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Fig. 16 Performance diversity of the proposed MIMO antenna. a ECC and

Another important parameter to be examined is the
Total Active Reflection Coefficient abbreviated by
TARC. It defines the square root of the ratio of the total
reflected power to the total incident power for a MIMO
antenna. The TARC has the same meaning of the reflection
coefficient for the single antenna [25]. It can be considered
as the reflection coefficient of the overall MIMO system
and used to determine the effective bandwidth of the
MIMO antenna. It is varied between 0 and 1, where 0
value means the incident power is totally radiated while
1 value means the incident power is totally reflected.
The TARC calculation relies on several parameters
including the mutual coupling, reflection coefficients
and excitation phases to consider the random signals
summation at each port. It is expressed by Eq. (7), where
N is the ports number, a; and b, present the incident and
reflected power at thei'respectively. The b-vector of the
reflected power is calculated using Eq. (8). According to
the formula, all ports are excited with signals of equal
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amplitudea,. Nonetheless, the signal of the first port has
a null excitation phase (), whereas different phases
from 6, to 8y_, are applied to the rest of ports. Here, the
combination of phases applied at each port are arbitrary
selected between 0° and 180°, while six various cases have
been considered as following:

Case 1: 0°; 0°; 30°; 60° / Case 2: 0°; 15°; 45°; 75° / Case 3:
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The TARC of the MIMO antenna is plotted in Fig. 16b.
As revealed, for the six-cases, the calculated TARC main-
tains the original form of the reflection coefficient delivered
by the single element without any impact neither on the
operating bandwidths nor the resonant frequencies. Besides,
a good matching is noticed along the working bands where
the TARC is less than — 10 dB. The fastness of the TARC
is due to the quite weak mutual coupling lower than —30dB
among all elements and the insignificant differences between
the curves is attributed to the different phases taken in each
case, where case-3 yields the optimum TARC result. Conse-
quently, the suggested MIMO antenna has proved the rigid-
ity and strength of the working bandwidths in facing the
diverse excitation phases.

The channel capacity loss (CCL) is the next important
metric to be investigated. The CCL describes the maximum
acceptable threshold of the transmission loss in a high
data rate transfer under which the signal can be reliably
transmitted without considerable loss, which should
not override the agreed limit of 0.4 bit/s/Hz [25]. The
computation of the CCL is performed using Eq. (9) where
aR is the correlation matrix of the receiving antenna. The
computed CCL between each two elements is presented
in Fig. 16¢c. As shown, the CCL is less than 0.35 bit/s/Hz
throughout both bandwidths which respects the agreed
criteria so the proposed MIMO may enables a reliable
transmission.

Coss = —log,det(af) )

Wherea® = [aii aij],aii =1- <|Sii|2 + ’Sij‘2>’ and
%ji jj

ay == (538, + ;8 )

Moreover, in order to further investigate the MIMO
antenna performance, the calculated channel capacity of
the proposed 4 x4 MIMO antenna is plotted and compared
with that of an ideal 4 x4 MIMO system in Fig. 16d.
The channel capacity (CC) defines the upper bound limit
on the transmission rate at which the information signal
transmission can be done reliably over the communication
channel. The CC can be calculated based on Eq. (10)
where /, is the identity matrix, ng/ny is the number of
receive/ transmit antennas, H,.,, is the channel transfer
matrix determined using Eq. (11), psuierx/ Pscatetx are
the receive/ transmit correlation matrix which take into
account the impact of total efficiencies of the MIMO
antenna elements and H;;, is the channel matrix modeled by
the independent and identically distributed (i.i.d.) Rayleigh
fading environment [26]. The four elements of the proposed
MIMO antenna are considered as receiving antennas while
the four transmitting antennas are assumed uncorrelated with
prefect efficiency (100%). The channel capacity calculation

is done by averaging 10,000 realizations of the Rayleigh

fading channel with a SNR of 20dB. As revealed in Fig. 16d,
an ideal 4 x4 MIMO system reaches a maximum channel
capacity of about 23 bit/s/Hz [27]. Whereas the channel
capacity of the proposed MIMO antenna is greater than
20.5 and 21bit/s/Hz over the two operating bandwidths
respectively and attains a maximum value around 22bit/s/Hz
at both resonating frequencies which approximately reaches
95% of the upper limit for the ideal case. Accordingly,
the suggested 4 x4 MIMO antenna shows a high channel
capacity performance in a fading environment where the
upper limit reached is extremely close to that of the ideal
4 x4 MIMO system fixed at 23 bit/s/Hz, so high transmission
rates can be delivered.

CC = E{ log,det <InR + MHSC.a,eHZ;ale) } (10)
nr

Hscale = \/pxcale,RXHiid \/pscale,TX (11)

4 Performance comparison with the state
of the art

In an effort to highlight the outcomes of the executed work,
a detailed comparison of the suggested MIMO antenna with
the other recent published works is brought in Table 2. As
shown, there are certainly several MIMO antenna designs that
have been reported in the state-of-the-art as candidates for the
5G millimeter wave applications at the most prominent bands
28/38 GHz. However, the MIMO antenna design suggested in
this research outperformed the mentioned works in many key
points. Indeed, the proposed MIMO antenna is distinguished
by the smallest size and the highest isolation leading to
achieve the lowest ECC and the minimum CCL, besides a
stellar performance with desirable value in terms of DG,
TARC and channel capacity (CC). Whereas, most cited works
are not analyzed in terms of TARC, CCL and CC. Moreover,
the MIMO elements are marked with the uppermost radiation
efficiency and maintain a good comparable gain level without
referring to any gain improvement technique. In addition to
bearing a large bandwidth at both resonant frequencies while
keeping a quite simple structure. As a result, the suggested
MIMO antenna shows an impressive achievements qualifying
it to be a robust contender and pretty convenient for the
integration in 5G wireless devices.

5 Conclusions
In this manuscript, a novel four-element planar MIMO

antenna has been carefully analyzed for the employment in
5G applications at millimeter wave spectrum. The proposed
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design was featured with simple, compact, and quite small
structure of 14 x 14 x 0.8 mm?>, resonated at 28/38 GHz
using the proper geometric modifications and allowed dual-
wideband characteristic with about 3 GHz at each band. The
elements were characterized with directive patterns, high
radiation efficiency up to 99% and a maximum gain of 6.8dB
which proved a good radiation performance. Throughout this
research, we have aimed to provide a high isolated MIMO
elements without increasing the total size, thing that are
successfully accomplished using polarization diversity and
decoupling structure. In this way, a very high isolation out-
paced 30 dB has been assured between all elements resulting
in very good diversity performance which was examined by
calculating various parameters such as the ECC, DG, TARC,
CCL and channel capacity (CC). All the calculated parame-
ters showed an excellent behavior and perfectly respected the
practical limits along the two bands which would allow reli-
able connection with high data rate. Moreover, a comparison
with the other related works emphasized that the suggested
MIMO antenna combines a set of the most important features
that make it a strong candidate and highly appropriate for the
integration in wireless 5G equipments.
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