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Abstract

In this paper, a simple novel technique to self-isolate multiple-input-multiple-output (MIMO) antenna array elements for mm-
wave applications is proposed. MIMO antenna arrays with inter-element separation of 0.2 mm (0.023\ at 35 GHz) and measured
high isolation (>50 dB) are presented. Several rigorously optimized slots of different shapes, positions, and dimensions are etched
on the radiating patch to enhance the inter-element isolation within 28-37.5 GHz impedance bandwidth.

The surface current distributions, parametric analysis, and two MIMO array configurations are employed to validate the
proposed self-isolation technique. The novel mm-wave antenna exhibits high impedance bandwidth (>29%), high isolation
(>50dB), high efficiency (>90%), high gain (>9.5 dB), and low envelope correlation coefficient (<0.005) throughout the desired
bandwidth.

Two configurations of the MIMO antenna arrays are fabricated and measured to validate the simulation outcomes. To the
best of the authors’ knowledge, the presented design is the first to exhibit such wideband isolation improvement without any

external decoupling structure at the mm-wave frequency range.
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Abstract—In this paper, a simple novel technique to self-isolate
multiple-input-multiple-output (MIMO) antenna array elements
for mm-wave applications is proposed. MIMO antenna arrays
with inter-element separation of 0.2 mm (0.023)\ at 35 GHz)
and measured high isolation (>50 dB) are presented. Several
rigorously optimized slots of different shapes, positions, and
dimensions are etched on the radiating patch to enhance the
inter-element isolation within 28-37.5 GHz impedance bandwidth.
The surface current distributions, parametric analysis, and
two MIMO array configurations are employed to validate the
proposed self-isolation technique. The novel mm-wave antenna
exhibits high impedance bandwidth (>29%), high isolation (>50
dB), high efficiency (>90% ), high gain (>9.5 dB), and low envelope
correlation coefficient (<0.005) throughout the desired bandwidth.
Two configurations of the MIMO antenna arrays are fabricated
and measured to validate the simulation outcomes. To the best
of the authors’ knowledge, the presented design is the first
to exhibit such wideband isolation improvement without any
external decoupling structure at the mm-wave frequency range.

Index Terms—Self-isolated antenna, mm-waves, multiple-
input-multiple-output (MIMO), 5G Antennas.

I. INTRODUCTION

The 5G wireless technology offers high data rate, low
latency, low energy and cost, increased spectral efficiency and
channel capacity, especially when used in MIMO technology
[1] - [2]. Therefore, mm-wave antenna arrays are explored to
meet the user requirements of high throughput, with a very
close distance between antenna elements to enable minia-
turization [3]. However, antenna arrays design at mm-wave
bands has been a growing concern among antenna engineers
because of the inevitable, undesired mutual coupling between
the antenna elements [4].

Various techniques have been reported in the literature to
mitigate mutual coupling at mm-wave bands [5] - [20]. The
defective fractal ground was reported by [5] to achieve 13 dB
isolation improvement between two compact patch antenna
arrays in the 11.4-11.78 GHz range. Metasurfaces have been
used to achieve a maximum of 15 dB isolation improvement
within 27-32 GHz in [6]. A maximum of 31.5 dB mutual
coupling reduction at 60.4 GHz was achieved in [7] using
metasurface shield. The authors in [8] proposed Complemen-
tary Split Ring Resonator (CSRR) as a decoupling element in
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a MIMO array to achieve 31.8 dB isolation improvement and
improved the radiation characteristics within 24.7-25.3 GHz.
Defected Ground Surfaces (DGS) [9] were used to enhance
the isolation of two integrated antenna systems by 3 dB in
the dual-band of 4G (3.8 and 5.5 GHz), and 5 dB in the 5G
bands (24.4-29.3 GHz). Frequency Selective Surfaces (FSS)
was reported to increase the isolation of a dielectric resonator
(DRA) MIMO antenna by a maximum of 30 dB in the 57-63
GHz bandwidth [10]. In [11], a hybrid isolator was used as an
EBG unit cell to improve the isolation of a MIMO dielectric
resonator antenna by a maximum of 25 dB within 59.3-64.8
GHz impedance bandwidth. The authors in [12] have used
metallic vias as a decoupling mechanism to achieve about 19.8
dB isolation improvement in the E-plane, and 22.7 dB in the
H-plane of a 1x2 MIMO DRA antenna at 26 GHz. Metal
strips were printed on a MIMO DRA to achieve a maximum
isolation improvement of 12 dB in the 27.5-28.35 GHz [13].
The authors in [15] used multiple notches structures on the
ground planes of a MIMO Vivaldi antenna to achieve 37.3
dB maximum mutual coupling reduction enhancement within
24.55-28.5 GHz. The feed line structure of a 56.5-64 GHz
slot patch antenna was modified to achieve 38.6 dB maximum
isolation improvement [16]. Several Electromagnetic Band
Gap (EBG) surfaces were employed as decoupling structures
in [17] - [19]. Defective Ground Surface (DGS) was used by
[20] to decouple a slot-array patch antenna by 50 dB between
1.2-1.35 GHz.

Recently, antenna engineers have been considering inher-
ently isolated MIMO antennas which do not require additional
isolating structures. These antennas are more compact with
reduced complexity and cost [21] - [29]. Some literature have
discussed self-isolated antennas. In [21], a slot rotated at
45° was utilized between a substrate integrated waveguide
with two-edged shorted vias to achieve maximum isolation,
efficiency, and ECC of 18.5 dB, 79.2% and 0.02, respectively,
over the 3.45-3.55 GHz. Y. Li et al [22] proposed an eight
open-slot MIMO antenna array for smartphones over 3.4-3.6
GHz with isolation greater than 17.5 dB. Moreover, MIMO
patch antennas for mobile phones with mutual coupling less
than 17 dB over 3.4-3.6 GHz was reported in [23].

This paper presents a simple self-isolated MIMO antenna
array at the 5G mm-wave frequency band for the first time. A
tightly spaced patch antenna array with a maximum isolation
improvement of 35 dB over the 28-37.5 GHz mm-wave
frequency band is achieved. The impedance bandwidth and
isolation improvements are enabled by meticulously introduc-
ing U-slot, H-slot, and five circular slots on the patch; which



are illustrated by studying the surface current distributions.
The authors believe that this is the first time such concept
is reported at the mm-wave frequency band of 28 GHz. 1x2
and 1x4 MIMO antenna arrays are presented to validate the
proposed novel isolation mechanism. The proposed antenna
exhibits high gain, efficiency, low correlation coefficient, and
good radiation properties throughout the working bandwidth.
The proposed highly isolated antenna is fabricated and tested.

The manuscript is organized as follows: Section II describes
the antenna structure, which includes the evolution (i.e., devel-
opment stages) of the proposed antenna array, the concept of
wideband self-isolation, and the parametric analyses. Section
IIT illustrates a 4-element antenna array to verify the MIMO
capability of the proposed antenna, while Section IV concludes
the paper.

II. ANTENNA STRUCTURE AND DEVELOPMENT

In this Section, the antenna array design methodology
is firstly discussed. Then, the self-isolation mechanism is
thoroughly explained through the surface current distributions
and S-parameters results. Rigorous parametric analyses are
also presented to optimize the MIMO antenna performance.
Finally, the far-field results are presented and discussed.

A. Antenna Design and Evolution

Figure 1 depicts the evolution of the proposed antenna
from a simple reference antenna (Ref. A) to the proposed
antenna. Each antenna in Fig. 1 consists of two copper patches
each with 0.035 mm thickness, mounted on Rogers RT5870
substrate of dielectric constant 2.33, loss tangent 0.0012,
height 0.508 mm, and a total size of 19x12 mm?. The patch
dimensions are accurately designed to operate at the mm-
wave frequency band of 28 GHz. The two antennas are placed
side-by-side along the x-axis (H-plane) with an edge-to-edge
distance of 0.2 mm. The two patches are fed with 50 )
microstrip lines, each line with optimized dimensions of 1.11
mm X 3.9 mm and located at L;; = 2.86 mm (See Fig. 2).

From Fig. 1, to realize the proposed antenna with wide
bandwidth and improved isolation between the elements, a
design evolution is performed where the initial reference
antenna is denoted as Ref. A. Then, a U-slot is etched on the
Ref. A antenna to form the Ref. B antenna. Another H-slot
is etched on the Ref. B antenna to form the Ref. C antenna.
Finally, five circular slots are etched on the Ref. C antenna to
realize the proposed structure.

The circular slots have a diameter d;= 0.78 mm, while the
rectangular slots have a thickness L;,= 0.25 mm. The five
circular slots are separated from each other by d,= 0.45 mm
and tilted by ¢ = 5.4°. The effect of the different slot shapes
on the bandwidth improvement and isolation enhancement of
the antenna is thoroughly explained in the subsequent sections.
Fig. 2 depicts the detailed optimized structure and dimensions
of the proposed antenna. Table I shows the dimensions of the
proposed antenna.

Fig. 1: Design evolution of the proposed 1x2 antenna array:
(a) No slots (Ref. A) (b) Ref. A with U-slot (Ref. B) (c)
Ref. B with H-slot (Ref. C) (d) Ref. C with five circular slots
(Proposed design).

A
~
~

Y

N > Ls——, >
Qv W )
Slots T

L, Ls

Liaf
I
Lis

Y < Lio >
—,—> N\
Patch
Feed line—> L1
y
Lo
L. <

Rogers RT5870 | |

z X

Fig. 2: Geometry of the proposed self-isolated 5G mm-wave
antenna.

TABLE I: Dimensions of the self-isolated Antenna Array

Parameters Ly Lo Ls Ly Ls Lg L~ Lg
Values (mm) 10 12 6.5 4 3.5 2.0 3.64 | 1.24
Parameters Lo Lio L1 L1i2 Lis Lig di do
Values (mm) | 1.11 | 5.75 3.9 2.86 | 036 | 0.25 | 0.78 | 0.45

B. Wide Band and Self-isolation mechanism

Herein, we explain the self-isolation technique employing
the surface current distributions. In addition, we demonstrate
how the different incorporated slots can simultaneously in-
crease the matching bandwidth as well as increase the isolation
in a MIMO array configuration.

It is well known that microstrip patch antennas are very ef-
fective because of their simple, robust, and compact structure.



However, microstrip antennas are limited by low bandwidth,
gain, and surface waves [4]. According to [30], the surface
wave is predominant in a microstrip antenna if the normalized
substrate electrical thickness /) is equal to or higher than:

h 03
)\0 N 2w \/a
where & is the substrate thickness, )\ is the wavelength in
free space, and e, is the dielectric constant of the substrate.
Substituting the parameters of our antenna in (1), the left side
and right side of the equation are approximately 0.06 and
0.03, respectively. Therefore, it is clear that the surface wave
is responsible for the coupling in this antenna.

One way to improve the impedance bandwidth of the
antenna is through the use of slots [31]. Slots enable more
resonant modes to be excited in the patch by interrupting
the uniformity of the patch, thereby, inducing perturbations,
counteract or constrain EM waves. This will disturb the surface
current distribution in the patch, resulting in multiple reso-
nances being excited in the patch. The EM wave propagation
can be effectively controlled by meticulously optimizing the
slots dimensions and locations, which can eventually alter
the inductive and capacitive response of the entire patch.
The dimensions and locations of the slots were chosen by
carefully observing the current paths on the surface of the
antenna. The disturbed surface current introduced due to the
slots is responsible for the increase in the isolation between
the antenna elements when the positions and dimensions of
the slots are carefully optimized. To ascertain the impedance
bandwidth improvement and isolation enhancement capability
of the slots, the antenna is arranged in a 1x2 configuration,
as shown in Fig. 3 with dimension L;s = 19 mm X L;s =
12 m, and edge-to-edge separation of d = 0.2 mm, which is
approximately 0.023)\q at 35 GHz.

Fig. 4 depicts the reflection and transmission coefficients
of the reference antenna (Ref. A), Ref. B, Ref. C and the
proposed antenna shown in Fig. 1. It is clear that the reference
antenna (Ref. A) has a limited bandwidth between 37-40 GHz
with a transmission coefficient of -11 dB at 38 GHz. By
carefully introducing the U-slot on the patch at an appropriate
distance (see Ref. B in Fig. 1), the impedance bandwidth of the
antenna is reduced with a resonance around 39 GHz as shown
in Fig. 4a, while the isolation increases to about -22 dB as
seen in Fig. 4b. To further increase the impedance bandwidth
and mutual isolation, another H-slot is inserted at Lg from the
U-slot as shown in Ref. C of Fig. 1 and the antenna geometry
of Fig. 2. The combination of U- and H-slot slots alters the
mean current path of the antenna, which consequently disturbs
the current distribution on the patch, thereby, generating more
resonances and improves the isolation. Clearly, the results of
Fig. 4 show that the working bandwidth of the Ref. C antenna
has been significantly enhanced to include dual bands of 30-35
GHz and 36.5-42 GHz with maximum isolation of -50 dB.

To enable the antenna work over a wider bandwidth, five
circular slots are meticulously optimized and incorporated into
the patch (see proposed in Figs. 1d and 2). It is clear from
Fig. 4 that the antenna now resonates from 30-41 GHz with
a maximum isolation improvement of 67 dB at 33.2 GHz
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Fig. 3: 1x2 MIMO array configuration of the self-isolated 5G
mm-wave antenna (d = 2 mm).
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Fig. 4: (a) S;; and (b) Sy; throughout the antenna evolution
from the reference 1x2 antenna array (Ref. A) to the proposed
1x2 self-isolated antenna array.

compared to the reference antenna (Ref. A). It is worthy
of note that the major contributor to the coupling reduction
and bandwidth enhancement is the carefully placed H-slot in
addition to the U-slot and circular slots. Figure 5 shows a good
agreement between the simulated and measured S, S;;, and
S, of the reference 1x2 array (Ref. A) and the proposed 1x2
self-isolated antenna array.

Figure 6 clearly shows the surface current distribution of
the antenna evolution. The surface current reduces as we
move from Ref. A to the proposed antenna because of the
meticulously optimized slots etched off the antenna. It is also
evident that the surface currents are trapped around the slots
as the number of slots increases, thereby, preventing most of
the surface currents from reaching the other antenna element.
This leads to inevitable increase in isolation. Comparing Fig.
6a (Ref. A) and Fig. 6d (Proposed), the decrease in the surface
current around and between the antenna elements is obvious.
Therefore, introducing the rigorously optimized U-slot, H-
slot slot and five circular slots improves the bandwidth, and
isolation of the mm-wave patch antenna without the need for
any decoupling structure. The effect of changing the number
of circular slots and some key features of the MIMO antenna
array is discussed in the following subsection.

C. Parametric analyses

This subsection highlights the results obtained by a rigorous
tuning of some key parameters of the antenna to improve its
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Fig. 5: Measured and simulated (a) S;;-Sy», and (b) Sy; of
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Fig. 6: Surface current distribution depicting the design evo-
lution of the proposed 1x2 self-isolated antenna array at 33
GHz: (a) No slots (Ref. A) (b) Ref. A with U-slot (Ref. B)
(c) Ref. B with H-slot (Ref. C) (d) Ref. C with five circular
slots (Proposed).

overall performance. The parameters and dimensions of the
antenna in Figs. 2 and 3 are tuned and the results are discussed.
Fig. 7a illustrates the effect of changing the edge-to-edge
distance on the isolation characteristics while keeping other
parameters constant. The isolation increases as the distance
between the two antennas increases. However, the smallest
distance chosen in this work (d = 0.2 mm) still exhibits
very good isolation less than 20 dB throughout the working
bandwidth, which fulfills MIMO isolation requirements. The
reflection coefficient is not affected by the change of the inter-
element spacing, hence, not shown. Fig. 7b depicts the effect
of the number of circular slots on the S-parameters while
keeping other parameters constant. The proposed antenna
with five slots exhibits the best reflection and transmission
characteristics over the 30-41 GHz impedance bandwidth.

Fig. 8a depicts that Lg = 1.24 mm (see Fig. 2) is the best
position to place the H-slot above the U-slot to obtain the de-
sired reflection and transmission characteristics. Furthermore,
Fig. 8b shows that the optimum rectangular slot width L;4 to
obtain the best reflection and isolation characteristics is 0.25
mm, while other parameters are unaltered.
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Fig. 7: Effect of changing (a) the inter-element distance (d),
and (b) the number of circular slots, on the S-parameters of
the proposed 1x2 self-isolated 5G mm-wave antenna.
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Fig. 8: Effect of changing (a) Lg, and (b) rectangular slot width
(L14), on the S-parameters of the proposed self-isolated 1x2
5G mm-wave antenna.

D. Far-field properties

Fig. 9 plots the simulated radiation patterns of the proposed
self-isolated 1x2 5G mm-wave antenna compared with the
reference array (Ref. A) in the E- and H-planes at 31, 35,
and 38 GHz. After inserting the slots and as a result of the
surface current reduction, the radiation patterns of the array
become more directive along the broadside direction over
the frequency band of interest. Furthermore, a slight beam
deflection is observed at 38 GHz, which is expected, because
of the high bandwidth of the antenna. A good agreement
between the simulated and measured radiation patterns of the
proposed self-isolated mm-wave 1x2 antenna at 31, 35, and
38 GHz is depicted in Fig. 10. Fig. 11a shows the fabricated
prototypes of the Ref. A, 1x2, and 1x4 MIMO antennas. Fig.
11b shows the radiation patterns measurements set-up in an
anechoic chamber.

III. MIMO ANTENNA CONFIGURATION

To verify the MIMO capability of the proposed antenna,
a 4-element array is designed and arranged along the x-axis
(H-plane) as shown in Fig. 12 with an edge-to-edge distance
of d = 0.2 mm. The simulated surface current distribution of
the 1x4 antenna when one port is excited, and the others are
terminated with a matched load at 33 GHz is shown in Fig.
13. Fig. 13a shows that the surface current diminishes as the
distance between the excited antenna (Ant.1) and the other
antennas increases. Ant. 4 has almost no surface current when
Ant. 1 is excited. Additionally, when Ant. 2 is excited, Ant.
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Fig. 9: Simulated radiation patterns of the proposed self-
isolated 1x2 5G mm-wave antenna (solid) compared with the
Ref. (A) array (dashed) at 31, 35, and 38 GHz.

1 and Ant. 3 exhibit nearly the same small surface current
distribution, while Ant. 4 reveals minimal surface current, as
shown in Fig. 13b. The same phenomenon is observed when
Ant. 3 or Ant. 4 are excited, as shown in Figs. 13c and 13d.
This shows the effectiveness of the added slots in mitigating
the surface currents.

The measured and simulated S-parameters of the 1x4
MIMO antenna are depicted in Fig. 14. It is apparent that
the reflection coefficient of the antenna remains almost the
same for all the four elements while the coupling effects
are mostly below -20 dB throughout the desired impedance
bandwidth of 30-41 GHz, demonstrating very good MIMO
isolation properties.

The measured and simulated E- and H-plane radiation
patterns of the 1x4 MIMO array at 32 GHz are depicted
in Fig. 15. The MIMO array exhibits consistent broadside
radiation characteristics in both planes with almost no beam
deflection.

Fig. 16a depicts that the 1x2 antenna array peak gain
has been improved compared to the reference antenna (Ref.
A) without slots, owing to the isolation improvement over
the working bandwidth. It is worth noting that the gain
is not improved around 34 GHz due to the low isolation
improvement observed around 34 GHz, as seen in Fig. 5b.

The simulated radiation efficiency of the 1x2 antenna array

(e ()

Fig. 10: Measured (dashed) and simulated (solid) radiation
patterns of the proposed self-isolated 1x2 5G mm-wave
antenna at 31, 35, and 38 GHz.

(ii)

Fig. 11: (a) Fabricated antennas: (i) Ref. A (ii) 1x2, (iii) 1x4
MIMO arrays (b) Radiation pattern measurements set-up.
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Fig. 12: 1x4 MIMO configuration of the proposed self-
isolated 5G mm-wave antenna.




TABLE II: Performance of the proposed mm-wave antenna compared with recent literature

Year/Ref. Type of Edge-to-edge Method of Impedance Peak Efficiency  Peak Gain Maximum
Antenna spacing decoupling bandwidth (%) (%) (dB) isolation improvement
2017 [7] DRA 0.5X0 metasurface 57-64 GHz (11.6%) 91 79 31.5dB
2018 [8] printed patch 0.67A CSRR 24.5-25.5 GHz (4%) - - 31.8 dB
2019 [11] DRA 0.5X0 hybrid isolator 50-65 GHz (26.1%) 69 8.1 33 dB
2019 [12] DRA 0.11X0 metallic vias 25.1-27 GHz (7.3%) - 6.4 30 dB
2017 [13] DRA 0.12X¢ metallic strip 27.5-28.35 GHz (3%) - 10 12 dB
2019 [23]  printed patch 0.014)\g self-isolation 3.4-3.6 GHz (5.7%) 58 - 17 dB
2018 [25] Inverted-F 0.0735\¢ self-isolation 2.4-2.8 GHz (15.4%) 60 - 27 dB
2020 [29]  printed patch 0.5X0 self-isolation 3.4-3.6 GHz (5.7%) - 7.5 37 dB
2020 [32]  printed patch 0.1X0 EBG, CSRR and DGS 3.1-3.4 GHz (9.2%) - 49 12 dB
Proposed  printed patch 0.023\o self-isolation 28-37.5 GHz (29%) 96 9.6 35 dB
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Fig. 13: Surface current distribution of the 1x4 MIMO con-
figuration of the proposed self-isolated 5G mm-wave antenna
at 33 GHz when (a) Ant.1, (b) Ant. 2, (c) Ant. 3, and (d) Ant.
4 is excited.

is shown in Fig. 16b. As expected, the radiation efficiency has
an average value of about 95% compared with 93% of the
reference antenna (Ref. A). The efficiency increase is mainly
due to the isolation enhancement of the antenna. The efficiency
is also observed to be slightly lower around 34 GHz due to
the minimal isolation improvement at this frequency, as seen
in Fig. 5b.

The Envelope correlation coefficient (ECC) is an important

0 R
28 30 32 34 36 38 40 42
Freq. [GHz]

Fig. 14: S-parameters of the 1x4 MIMO array configuration
of the proposed self-isolated 5G mm-wave antenna.

performance criterion in MIMO antennas. It can be deter-
mined using S-parameters or far-field characteristics. The S-
parameter method is useful when the efficiency is considerably
high [33]. ECC based on S-parameters can be expressed by
[34]:

1S11* Sia + S21* Snl” @)
[(1 = 1S112] = [S202)) (1 = [S12?] = [522%])]

The simulated ECC of the reference (Ref. A) and the
proposed 1x2 array, based on S-parameters, is depicted in
Fig. 17a. The proposed MIMO antenna array exhibits ECC
lower than -20 dB throughout the operational bandwidth, with
a considerable coupling reduction compared with the Ref. A
antenna, indicating an isolation improvement. The diversity
gain is another important parameter for MIMO system evalu-
ation, and it can be obtained using [34]:

Diversity gain = 104/1— | ECC'| 3)

Where 10 is the apparent maximum diversity gain. The ECC
of the proposed antenna is less than 0.01, thereby, making its
diversity gain around 10 dB within the operational bandwidth
as depicted in Fig. 17b. This improved diversity gain is a result
of the surface wave suppression.

ECC =
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Fig. 17: (a) Envelope correlation coefficient (ECC). (b) Di-
versity gain of the 1x2 self-isolated 5G mm-wave antenna
compared with the reference antenna.

Table II depicts the comparison of the proposed antenna
with recent literature. The proposed antenna exhibits the
largest impedance bandwidth combined with high efficiency,
gain, and maximum isolation improvement with minimal edge-
to-edge spacing. The proposed antenna is the only design in
Table II that acquires all these attractive features simultane-
ously without compromising any fundamental design objec-
tive.
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IV. CONCLUSION

A novel, simple and low-cost self-isolated mm-wave MIMO
5G antenna with impedance bandwidth of 28-37.5 GHz, 51 dB
maximum isolation, and edge-to-edge spacing of 0.023 )\ has
been presented. No additional or external isolating structures
have been used. Various antenna parameters have been inves-
tigated to achieve high bandwidth and the smallest possible
edge-to-edge spacing. Moreover, a 1x4 MIMO configura-
tion of the antenna has been presented and analyzed. Good
agreement between measured and simulated results has been
achieved. The proposed MIMO antenna exhibited a wide
bandwidth, improved efficiency, minimal envelope correlation
coefficient, and significant isolation improvement with mini-
mal inter-element spacing compared to previously published
designs. The proposed work is the first to develop a simple,
low-cost self-isolated MIMO antenna system at the mm-wave
5G frequency range.
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