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Abstract
The millimeter-wave spectrum is deemed as an attractive solution to deal with the urgency of the high-data-rate needed to 
construct the 5G technology systems. Accordingly, this research work presents a high-isolation ultra-wideband dual-port 
MIMO antenna, and operates at the pioneer 28 GHz band for millimeter-wave 5G applications. The individual antenna 
consists of a new ring-shaped monopole antenna built on the low loss Rogers RT Duroid 5880 laminate, well-refined to bear 
a large bandwidth of 10 GHz from 24 to 34 GHz with suitable radiation features including a high radiation efficiency up to 
99% and good comparable gain reaches to 5.9 dB. The single-antenna unit is carefully investigated, then exploited to propose 
a compact orthogonally placed two-port MIMO antenna with small total volume of 11 × 20.5 × 0.254mm3 while provides a 
strong isolation surpassing 25 dB. The MIMO diversity performance has been neatly evaluated in terms of various essential 
metrics, where an impressive performance has been proven. The simulation results are experimentally validated for both 
single and MIMO structures where a great harmony is demonstrated. Moreover, the impact of connected ground plane scheme 
on the MIMO antenna performance is also discussed, where a gratifying outcomes are accomplished. Besides, the proposed 
two-element MIMO antenna is further extended to four and eight elements MIMO antennas with connected ground plane 
configuration. A pretty simple decoupling structures are used, whereas a very satisfying results are fulfilled. The achieved 
outcomes make the proposed design superior to many existing designs and highly fit for the 5G wireless systems.

Keywords Ring-shaped antenna · UWB · 5G technology · MIMO antenna · Millimeter-wave spectrum · Strong isolation · 
28 GHz band

1 Introduction

In the latest years, the telecommunication industry has 
devoted considerable attention and effort to develop the new 
5G technology. This development is necessary to handle the 
pressing need for very high throughput and wide bandwidth 

to keep pace with the fast and nonstop increase in worldwide 
mobile traffic [1]. Indeed, the limited potentials provided by 
the current generation (4G) will not be able to support the 
modern data-hungry versatile interchanges. Moreover, the 
4G is considered insufficient to bring any further upgrades 
to the mobile communication field, thus necessitating mov-
ing on to a new generation with superior capabilities [1, 2]. 
The fifth generation (5G) is counted as a promising solution 
for users to reach a colossal data rate of multi-Gigabits-per-
second with ultra-low latency, high security, reliability, and 
high-speed connectivity with massive connected devices 
density up to one million per  Km2 [2–4]. In addition, the 
execution of the 5G infrastructure will emerge several 
advanced technologies such as smart cities, smart agricul-
ture, Smart Gaming, 3D live video, device-to-device (D2D), 
cloud services, and enormous machine-to-machine commu-
nication for industrial automation, vehicular communication, 
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autonomous driving, and medical services remoting. [5, 6]. 
Therefore, to realize such advanced futuristic data-hungry 
applications, the employment of multi-input multi-output 
(MIMO) antennas with large band property is inevitable for 
the 5G systems execution. The MIMO system is an efficient 
technology to enhance channel capacity and improve spec-
trum efficiency as multiple antennas involve simultaneously 
in the transmission process, which leads to reliable com-
munication without boosting the input power [7]. Mean-
while, the usage of MIMO antennas sheds light on some 
practical challenges that should be considered seriously, 
including the simple antenna design to smooth its integration 
into MIMO structure besides the compact and small geom-
etry to ease its incorporation into mobile cellular devices. 
Moreover, the high mutual coupling between closely spaced 
elements in the MIMO antenna system is a critical problem 
to be addressed without compromising the overall size, 
which is beneficial to fit the limited area designated for 
antenna placement in wireless devices [8, 9]. The Interna-
tional Telecommunication Union (ITU) and the Federal 
Communication Commission (FCC) have first-ever targeted 
the millimeter-wave spectrum 24–300 GHz for 5G bands 
standardization. Indeed, the centimeter-wave band is already 
saturated by the currently used networks and theoretically 
attained its maximal exploitation where the bandwidth left 
is not sufficient for further advancement beyond the fourth 
generation (4G). The abundantly available bandwidth at the 
mm-wave spectrum has attracted scientists as an effective 
solution to solve the bandwidth scarcity issue and accom-
plish the 5G expectations, including the fast speed and high 
channel capacity [10, 11]. Furthermore, the utilization of 
mm-wave frequencies will inherently result in smaller 
antenna dimensions. Then, multiple antenna elements can 
be placed in a limited space while keeping high isolation. 
[11]. However, millimeter-wave frequency signals are hyper-
sensitive to the weather conditions and experience a high 
propagation loss, where they can resist for just a couple of 
miles. Besides, the high-frequency signals suffer from high 
absorption levels while traversing the different obstacles, 
which drastically degrades the transmission quality [12]. 
Nonetheless, many practical scenarios, such as the employ-
ment of femto-cell and pico-cell base stations, have been 
discussed to address these crippling issues. These solutions 
reduce the cell’s area to a typical distance at which the 
severe absorption losses are not very obvious, which inher-
ently improves the coverage zone of the mm-wave signals 
[13]. Moreover, the bad atmospheric attenuations can be 
countered by using high gain antennas [14]. On the other 
hand, the influence of rain and atmospheric attenuation has 
been experimentally tested throughout the frequency range 
0–400GHz. As a result, the performed study disclosed that 
the minimum signal distortion is obtained in the range 20–40 
GHz, which makes it a promising band to establish the 5G 

mm-wave networks [15]. Accordingly, numerous researches 
have been recently reported in the literature to propose vari-
ous antenna designs operating within the mentioned band. 
For instance, in Ref. [1], authors have suggested dual-band 
MIMO antenna for 27 GHz and 39 GHz bands. The intended 
design had a good bandwidth property; however, the MIMO 
performance was studied only in terms of envelope correla-
tion coefficient (ECC). In Ref. [2], a 2 × 2 millimeter-wave 
microstrip patch antenna array has been designed for 28GHz 
applications. The design was featured with small dimen-
sions, while a low bandwidth was achieved, and the MIMO 
design has not been addressed. Likewise, in Ref. [3], a four-
element linear array slot-loaded microstrip patch antenna has 
been executed at 38 GHz. The array was developed to 
achieve a maximum gain of 7.8 dB. However, the MIMO 
assembly has not been considered, whereas the MIMO sys-
tems are indispensable for 5G systems. In Ref. [7], a very 
wideband four-port MIMO antenna has been presented to 
operate throughout the band 23–40GHz. But, a large area of 
80 ×  80mm2 has been occupied. Similarly, in Ref. [9], a 
four-element MIMO antenna with broadband characteristic 
25–37GHz has been performed. However, the suggested 
structure was marked by a relatively large size of 50.8 × 
 12mm2, while only the ECC was analyzed. In Ref. [10], a 
frequency-reconfigurable folded-slot antenna has been inves-
tigated to resonate at 27.95 GHz and 28.65 GHz, respec-
tively. The antenna had suitable dimensions, but complex 
multilayer structure was adopted and narrow bandwidth was 
attained. In Ref. [16], dual-band mm-wave antenna has been 
presented for 28/38GHz applications using modified patch 
geometry and defected ground structure (DGS). Neverthe-
less, the operating band was just 0.5/0.7GHz respectively. In 
Ref. [17], two-element MIMO antenna has been made for 
the employment at 28 GHz and 38 GHz bands using partial 
ground plane which helps to bear reasonable bandwidth. 
However, a weak peak gain has been achieved of only 
1.83 dB. In Ref. [18], slot-based two-port MIMO antenna 
has been carried out with very wide bandwidth and good 
gain. Nevertheless, the overall area was 53 × 31.7mm2 which 
is not suitable for the small wireless devices. In Ref. [19], a 
multiband dolly-shape millimeter-wave antenna has been 
revealed for the employment at 24/28GHz, whereas low 
bandwidth was offered. In Ref. [20], an inverted C-shaped 4 
× 4 MIMO antenna has been modeled to operate along the 
band 25.5–29.6 GHz with total bandwidth of 3.9 GHz. 
Although the proposed structure was involving DGS to 
improve the elements isolation, the minimum isolation 
achieved was just 10 dB. In Ref. [21], a HP-shape four-port 
MIMO antenna has been designed at 38.5 GHz with wide-
band characteristic from 36.83 GHz to 40.0 GHz. Nonethe-
less, the overall size was 32.5 × 47.4mm2 which needs to be 
further reduced. Likewise, in Ref. [22], a quad-element 
MIMO antenna for dual-band operation at 28/38 GHz has 
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been developed using an inverted I-shaped slots. The MIMO 
elements provided a good gain value, while the relatively 
lower bandwidth and the significant size of 55 ×  110mm2 
constituted its limitations. In Ref. [23], a quad-ports dual-
band slot antenna has been explored for 28/38/39 GHz appli-
cations with a wide bandwidth and maximum gain of 7.2 dB. 
Nevertheless, the overall structure was limited by its bulky 
area of 158 ×  78mm2. In Ref. [24], a substrate integrated 
waveguide SIW-based two-port MIMO antenna has been 
proposed at 28GHz with a maximum gain of 6.9 dB and total 
size of 33 × 27.5mm2. However, the insertion of metallic 
holes have complicated the structure and the operational 
band was only 0.4GHz. Given the above review, various 
constraints have been observed in recently published works, 
as most of the designs discussed are either constrained by 
their low bandwidth or large dimensions. In addition, the 
very low gain, complex structure and high mutual coupling 
constitute some other important vulnerabilities that have 
been spotted in some of the mentioned works. All these con-
straints would impair the antennaperformance and degrade 
its features and strengths, thus reducing its suitability for 5G 
systems. Accordingly, there is still a necessity to develop an 
antenna that would effectively accomplish the essential cri-
teria of small size, simple geometry, large bandwidth, and 
good gain. Besides the strong performance when assembled 
in the MIMO structure indispensable for 5G communication 
systems. Hence, building of such antenna is the main objec-
tive of this research. Thus, given its attractive features, i.e., 
low cost, low profile, lightweight, easiness of fabrication, 
and assimilation into the small electronic devices, the planar 
antenna has been adopted to carry out this study. It is most 
appropriate for modern communication systems [14] and can 
perform efficiently if smartly modeled.

In this manuscript, a comprehensive investigation of a 
compact ultra-wideband (UWB) two-port MIMO antenna 
has been presented. The proposed MIMO antenna reso-
nates at one of the most pioneer 5G bands, namely 28GHz. 
It bears an ultra-wideband from 24 to 34 GHz, desirable 
for high data rate applications, while it covers several 
prominent mm-wave bands. The geometrical layout of the 
MIMO antenna is characterized by straightforward struc-
ture and small dimensions of 11 × 20.5mm2, allowing its 
smooth incorporation. The two elements are perpendicu-
larly assembled on the low loss Rogers RT5880 substrate 
for low mutual coupling consideration. Each element 
consists of a monopole antenna with O-shaped radiating 
patch and backed with truncated partial ground plane for 
wide bandwidth purpose. The MIMO performance has 
been carefully assessed through various essential param-
eters, i.e., the diversity gain (DG), the envelope correlation 
coefficient (ECC), the channel capacity loss (CCL), the 
total active reflection coefficient (TARC), and the channel 
capacity (CC). On the other hand, the proposed MIMO 

antenna is further upgrade into quad-element and octal-
element MIMO antennas. Both expanded configurations 
involve an efficient decoupling structures to boost their 
performance, where a quite good functioning is acquired. 
The benefits of the suggested design can be listed as fol-
lowing: firstly, it features a small dimensions compared 
the other reported designs. Secondly, it provides a large 
operational band and maintains a simple shape. Thirdly, it 
features a high isolation without inserting any decoupling 
structure, which results in strong MIMO performance. 
Fourthly, it offers a high radiation efficiency and good 
comparable gain without introducing any gain improve-
ment technique. Fifthly, it shows a pretty good scalability 
as the extended four-element and eight-element MIMO 
antennas show a very convincing findings. The acquired 
results proved the ability of our design to be a strong can-
didate for 5G systems. This section allowed the readers to 
be aware of the fifth-generation era and its corresponding 
literature. The rest of this study is organized as follows: a 
detailed study of the single antenna is done in Section 2. 
Section 3 addresses the MIMO antenna performance and 
evaluates the diversity parameters. The extended 4 x 4 and 
8 x 8 MIMO antennas is wisely discussed in Section 4. In 
Section 5, a careful comparison with the existing works is 
executed. Finally, Section 6 closes the study.

2  Single‑antenna design and performance

2.1  Antenna configuration

Figure 1 reveals the configuration of the suggested mil-
limeter-wave antenna. As shown, the suggested layout 
consists of a monopole antenna with O-shaped radiating 
element of outer radius r1 and inner radius r2 excited by 
50 Ω microstrip feed-line of length Lf and width Wf and 
built on the low loss Rogers RT5880 laminate which pos-
sess a loss tangent tanδ of 0.0009, a dielectric constant 
εr of 2.2, and thickness of 0.254mm. A partial ground 
plane is employed to back the structure, while a rectangu-
lar open-ended slot is graved straight down the feed-line to 
achieve a good impedance matching. The metallic parts of 
the antenna are made using 0.035-mm-thick copper. The 
antenna structure was neatly modeled, simulated, and opti-
mized with the assistance of the commercially available 
CST microwave studio electromagnetic software where 
the optimization of each parameter was carefully done to 
extract the most refined version of the antenna with the 
sought-after frequency response. The overall design is 
marked by small total area of 8mm × 11mm which allows 
it to be a highly integrable antenna. The final optimized 
values of all parameters are given in Table1.
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2.2  Evolution procedure of the proposed structure

In an attempt to fully understand the working mecha-
nism of the proposed antenna, Fig. 2 depicts the step-
wise geometric design through which the final design 
has been obtained with the desirable frequency response. 
As can be noted, the intended design is the modified ver-
sion derived from the traditional circular patch antenna 
through three basic phases, where Fig.  3 collects the 
reflection coefficient obtained in each phase. As shown 
in Fig. 2a, the design procedure is started by developing 
a conventional circular microstrip patch antenna (CMPA) 
named Antenna-1 with full ground plane and full size of 

8mm × 11mm × 0.254mm. The conventional antenna was 
designed to operate at 28 GHz, defined as one of the most 
important 5G bands, where the radius r1 of the circular 
radiator was initially determined using the well-known 
Eqs. (1, 2) [25], while the overall design parameters have 
been carefully amended inside the CST simulator to get 
the resonant mode at the desired frequency. As shown in 
Fig. 3, a fine adjustment of Antenna-1 has led to get its 
resonance around 28GHz; however, the operating band-
width provided is only 1GHz, with the reflection coeffi-
cient below – 10 dB is taken as reference, which is insuf-
ficient for 5G applications and the impedance matching 
should be further improved. In general, the CMPA is most 
common owing to its attractive radiation features and 
easiness of fabrication and analysis; nevertheless, the low 
operating band consists its main issue. Thus, geometric 
modifications are needed to ameliorate the working band 
of Antenna-1. In this regard, the second phase shown in 
Fig. 2b is executed with the concern to extend the operat-
ing bandwidth where the conventional circular antenna 
is transformed to a circular monopole antenna named 
Antenna-2. As shown in Fig. 2b, a set of three primary 
modifications have been assigned to Antenna-1 to generate 

Fig. 1  Proposed antenna 
geometry

Table 1  Final optimized parameters dimensions

Parameter Value (mm) Parameter Value (mm)

W 8 Lf 6
L 11 Wf 0.87
hs 0.254 Lg 4.4
r1 4 sx 1.52
r2 1.35 sy 1.54

Fig. 2  Step-by-step evolution-
ary design a Antenna-1. b 
Antenna-2. c Proposed antenna
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the large band characteristic. Firstly, the full ground plane 
is converted to a partial ground plane which is useful for 
the bandwidth extension; then, in the second step, a rec-
tangular open-ended slot with dimensions of 1.52mm × 
1.54mm is craved along the higher edge of the ground 
beneath the microstrip feeding line.

The truncated slot plays a crucial role to match the 
antenna input impedance across a long frequency range 
which results in wide operating band. Usually, the band-
width enhancement can be achieved by employing a siz-
able ground plane compared to the radiating element [1]; 
however, in this design, the small etched slot serves to 
extend the bandwidth without enlarging the ground dimen-
sions which contributes to preserve a small antenna dimen-
sions. It is worth mentioning that the dimensions of the 
rectangular slot and the length of the partial ground plane 
have been attentively optimize through simulations to 
achieve the best antenna performance. In the third step, 
an extensive study have been performed on the feed-
line width to well-suit the changes made on the antenna 
ground plane so Antenna-2 can finally fulfill the large band 
behavior as shown in Fig. 2. Nevertheless, the resonance 
at the desired frequency is lost which necessitates further 
changes to restore the resonating frequency. Therefore, the 
final phase is came with the aim to retrieval the antenna 
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resonant mode at the coveted frequency. Thus, in order to 
force the monopole antenna to manifest its fundamental 
resonance, it is requisite to upsurge the electrical current 
circulation on the radiating patch to more than that on the 
ground plane. For this reason, a circular cut is made inside 
the resonating patch which gives the final proposed design 
shown in Fig. 2c.

As anticipated, the reflection coefficient of the proposed 
antenna, presented in Fig. 3, shows that after etching the 
circular slot the antenna can finally recover the resonance 
frequency at 28 GHz with low reflection coefficient up to 
− 65 dB resulting in high impedance matching which is 
attained by a fine-optimization of the circular slot radius 
r2. The latter is fixed at 1.35 mm which is the eighth wave-
length ( �

8
 ) at 28 GHz. To gain better comprehension about 

the antenna behavior, Fig. 4 exposes the current distribution 
at the resonant frequency 28 GHz of Antenna-2 (without the 
circular slot) and the proposed antenna (with the circular 
slot). As demonstrated, for both designs, the ctric current 
flow tends to concentrate around the truncated slot in the 
ground, which indicates its primary role for ultra-wideband 
impedance matching. In addition, the insertion of the cir-
cular cut has led to a boost in the electrical current perva-
sion on the patch, where the slot has contributed to adding 
further edges (extra paths) for the current to pass through. 
So, by stretching the radius r2, the electric current trajectory 
is expanding, and the resonant frequency is progressively 
manifesting. Thus, the resonance at the desired frequency, 
i.e., 28 GHz, is finally reached. The reflection coefficient 
along with the input impedance of the proposed design is 
visualized in Fig. 5. As shown in Fig. 5a, the reflection 
coefficient of the proposed antenna is generated using the 
computational electromagnetic simulator CST. As revealed, 
the suggested design assures an ultra-wideband character-
istic where the antenna is resonating at 28 GHz and cov-
ers a large bandwidth of 10 GHz from 24 to 34 GHz. The 
operating band combines several potential 5G bands such 
as 24.25–27.5 GHz, 26.50–29.50 GHz, 27.50–28.35 GHz, 
29.1–29.25 GHz, and 31.4–33.8 GHz which can be used 
for several applications and in various geographical areas. 
The real part Re [Zin] and imaginary part Im [Zin] of the 
input impedance Zin of the antenna over the operating band 
is shown in Fig. 5b. In order to get an excellent impedance 
matching at a certain frequency, the resistance (real part) 
and the reactance (imaginary part) should be near to 50Ω 
and 0Ω, respectively, which is successfully satisfied by the 
proposed antenna at the operating frequency 28 GHz where 
the resistance is 49.95 Ω and the reactance is 0.002 Ω.

2.3  Parametrical study

In antenna designing, parametric analysis is an obligatory 
step to identify the optimum parameters values that will 

Fig. 3  Frequency response of the progressive designs
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allow the best antenna performance to be extracted. The 
objective behind this parametrical study is to demonstrate 
the impact of the parameters related to the circular cut, the 
ground plane and the open-ended slot on the adjustment 
of the antenna resonant frequency at 28GHz with the most 
improved impedance matching. The effect of the radius r2, 
the length of the ground plane Lg, and the dimensions of the 
rectangular slot sx and sy are manifested in Fig. 6. When 
a parameter is altered during the parametric analysis, the 
others remain fixed. As shown in Fig.6a, when the radius 
r2 of the circular slot is swapped from 1.15mm to 1.55mm 
with a step of 0.1mm, the operating frequency is gradually 
decreased from 29.2GHz to 26.5GHz, while, at the opti-
mized radius r2=1.35mm, the resonance of the antenna coin-
cides with the sought-after frequency with the optimized 
impedance matching. The influence of changing the length 
Lg of the ground plane is shown in Fig 6b. As observed, the 
effect of increasing the variable Lg from 4.2mm to 4.6mm 
has led to change the resonant frequency from 27.7GHz to 
28.5GHz,where the desired resonance frequency is achieved 
at the optimal length Lg = 4.4mm. Figure 6c depicts the 

effect of the width sx related to the open-ended slot on the 
reflection coefficient. As demonstrated, a noticeable effect 
is occurred on the resonating frequency when the width sx 
is shifted from 1.32mm to 1.72mm, whereas the resonant 
frequency is moved from 29.5 GHz to 27.2 GHz, while the 
intended resonance at 28 GHz is reached with the lowest 
reflection coefficient of – 66 dB when the width sx gets the 
value of 1.52mm. The impact of the length sy on the fre-
quency response of the antenna is brought in Fig. 6d. As 
seen, in similar way, the variation of the rectangular slot 
length sy from 1.34mm to 1.74mm affects significantly 
the resonant frequency and the impedance matching of the 
antenna where the resonating frequency is altered from 
28.7 GHz to 26.5 GHz, and the optimal response is noted 
at sy=1.54mm. Therefore, the executed parametric study 
has shown that the variables including the circular slot 
radius denoted by r2, the length Lg of the ground plane, 
the width sx and the length sy of the rectangular cut in the 
ground plane play all an essential role in controlling the 
resonant frequency along with providing a proper imped-
ance matching.

Fig. 4  Surface current distribu-
tion at 28 GHz for a Antenna-2 
(without circular slot). b 
proposed antenna (with circular 
slot)

Fig. 5  a Simulated reflection 
coefficient extracted from CST 
software. b Real and imaginary 
part of the input impedance of 
the proposed antenna
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2.4  Equivalent circuit diagram

The equivalent electrical circuit diagram of the suggested 
UWB antenna is shown in Fig. 7 together with its corre-
sponding frequency response. The circuit modeling step 
is performed with the assistance of the advanced design 
system environment software well-known by ADS simu-
lator. One manner to carry out the electric circuit of an 
UWB antenna is to envisage it as a combination of multi-
resonators mounted in series [26]. As shown in Fig. 7a, 
two resonating parallel RLC cells are linked in series to 
establish the antenna equivalent circuit model, where 
the resonant units number can be increased or decreased 
according to the desired resonances. For the proposed 
design, the equivalent circuit is performed based on the 
antenna input impedance shown in Fig. 5b, where the 

number of the resonant cells is related to the number of 
the local maxima in the real part (resistance) of the input 
impedance at which the imaginary part (reactance) is near 
to 0Ω. As the antenna resistance (real part) has two local 
maxima, the electrical circuit is designed using two paral-
lel RLC elements, while  C0 and  L0 denote the capacitance 
and the inductance of the antenna at the maxima with the 
lower frequency [27]. During the simulation process, the 
values of the lumped components are wisely fine-tuned 
to achieve the most matched frequency response with the 
envelope of the reflection coefficient and the resonant peak 
as well. Hence, the following, are the final optimal val-
ues of the lumped components: L0=6.77pH, C0=11.57pF, 
R1=49.98Ω, C1=0.23pF, L1=140.12pH, R2=32.14Ω, 
C2=10.02pF, L2=100.1nH, resulting in a very good coher-
ence with the reflection coefficient extracted from CST 
software as shown in Fig.7b.

Fig. 6  Effect of varying some 
parameters on the reflection 
coefficient behavior a parameter 
r2. b parameter Lg. c parameter 
sx. d parameter sy

Fig. 7  a Antenna equivalent 
circuit diagram. b comparison 
of the reflection coefficient 
response delivered by both CST 
and ADS
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2.5  Measurement results and radiation features

As shown in Fig. 8a, in order to validate the simulated 
results, a manufactured prototype of the final optimized 
antenna is realized and tested. The antenna excitation is 
accomplished using the SMA connector, while the S-param-
eters measurement is done with the assistance of the Key-
sight (Agilent Technologies) E8363A 45MHz–40GHz 
(ENA series) Network Analyzer, as shown in Fig. 8b. A 
comparison of the measured and simulated reflection coef-
ficient is carried out in Fig. 8c. As revealed, the fabricated 
prototype shows a high performance where the measured 
and simulated reflection coefficient are in good accordance 
with slight differences which can be attributed to the fabrica-
tion tolerances, SMA connector soldering, RF feeder cable, 

and the testing environment. The measured reflection coef-
ficient discloses an ultra-wideband functioning from 24 to 
34 GHz with high impedance matching and a low reflection 
coefficient up to – 40 dB at the measured resonant frequency 
around 28 GHz which confirms the proposed design validity.

Figure 9a presents a simplified diagram of the experi-
mental setup used to measure the antenna radiation patterns 
within the anechoic chamber. As described, the radiation 
pattern testing is implemented using two antennas, the first 
one is the standard gain Horn antenna placed in the left 
extremity which is employed as transmitter antenna, while 
the second one placed in the right extremity is the suggested 
antenna defined as the antenna under test (AUT), playing 
the role of the receiver antenna mounted to a controllable 
rotating stand through a stepper motor controller, served for 

Fig. 8  a Suggested antenna 
fabricated prototype. b measure-
ment setup. c comparison of the 
measured and simulated reflec-
tion coefficient

Fig. 9  a Streamlined schematic of the proposed antenna in the anechoic chamber. b measured normalized radiation pattern at 28 GHz in H-plane 
and c E-plane
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the measurement process. The two antennas are situated in 
line of sight aligned to each other, where the Horn antenna is 
connected to the excitation source, and the AUT is linked to 
the other port of the vector network analyzer to measure the 
received power which is recorded using a driving software. 
The far-field normalized radiation pattern is measured at 
the resonant frequency of 28GHz in both principal H- and 
E-planes, where a comparison with the simulated radiation 
patterns is plotted in Fig. 9b, c respectively. As manifested, 
the simulated and measured patterns proved a high conver-
gence level in both planes with good radiation trait, where 
the antenna possess a quasi-omnidirectional pattern in the 
H-plane (xoz) and a bidirectional pattern in the E-plane 
(yoz). In addition, as shown in Fig. 10a, the polar radiation 
pattern have been simulated at various frequencies includ-
ing 24GHz, 26GHz, 30GHz and 32GHz. It is revealed that 
the suggested antenna maintains generally, a notably stable 
radiation pattern property throughout the ultra-wide operat-
ing band which is certainly desired for the good antenna per-
formance. Furthermore, the gain and the radiation efficiency 
of the antenna along the entire bandwidth is configured in 
Fig.10b. A high radiation capabilities are shown, where the 
radiation efficiency is greater than 98.7% in the whole band, 
while a reasonable gain no less than 4.8 dB is reached with 
a maximum value up to 5.9 dB.

3  Proposed MIMO antenna design 
and investigation

The employment of the MIMO systems is considered indis-
pensable to implement the 5G infrastructure owing to its 
ability to significantly increase the channel capacity without 
wasting the bandwidth or the transmitting power. Neverthe-
less, some critical challenges are appearing while designing 
a MIMO antenna such as ensuring to keep a small size to 
suit the restricted space reserved for the antenna placement 
into the wireless devices in addition to provide a highly 
isolated MIMO elements by reducing the mutual coupling 
which badly affects the MIMO performance. Indeed, the 
mutual coupling defines the quantity of energy connected 
to an adjacent antenna when a MIMO antenna element is 
excited. It has a considerable effect on the MIMO diver-
sity performance as well as the impedance and radiation 
characteristics, necessitating to be carefully reduced [28]. 
There is three principal categories to reduce the mutual cou-
pling. The first category includes the decoupling scheme 
using spatial and polarization diversity. The spatial diver-
sity is executed by significantly distancing the MIMO ele-
ments which is impractical and not convenient, while the 
polarization diversity is performed by vertically placing the 
elements which produces an orthogonally polarized MIMO 
antenna elements, leading to create uncorrelated channel 
resulting in low coupling effect. In general, polarization 
diversity is the most attractive method as the antenna ele-
ments can be closely positioned to each other while pre-
serving a weak mutual coupling level. The second category 

Fig. 10  a Simulated normalized radiation pattern at different frequencies within the operational band. b Radiation efficiency and gain versus 
frequency
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involves inserting the decoupling structure such as parasitic 
structure, neutralization line, metamaterial, and defected 
ground structure (DGS) to block or suppress the coupling. 
The employment of such decoupling scheme may require 
additional space and bring a certain degree of complexity to 
the MIMO design if complexly created. However, if appro-
priately developed, it could be a good option when increas-
ing the MIMO elements’ number to concomitantly maintain 
compact size and satisfactory isolation. The third and final 
category is hybrid, and it combines the two previous catego-
ries. In this work, both polarization diversity and decoupling 
structure have been adopted to fulfill high isolation level 
while keeping a compact and simple layout.

3.1  Geometry of the proposed MIMO antenna 
and frequency response

Figure 11a exposes the configuration of the proposed 2 x 2 
MIMO antenna, constructed based on the monopole antenna 
discussed above. As seen, the suggested MIMO system is 
established by vertically placing two units of single antenna 
on the same Rogers RT5880 laminate with a full area of 11 x 
20.5mm2 and a spacing d of 2.5mm, while the structure can 
be further developed by augmenting the elements number. 
As both elements provide linear polarization, the orthogo-
nal arrangement would certainly be responsible to generate 
the polarization diversity, resulting in improved isolation. 

The overall structure as well as the element spacing d have 
been wisely refined through the simulation to find the most 
balanced design that simultaneously combines between the 
sought-after results and the miniaturized dimensions. The 
fabricated model of the final MIMO antenna design is shown 
in Fig. 11b where two SMA connectors have been used to 
excite the structure. The corresponding simulated and meas-
ured S_Parameters are given in Fig. 11c, d, respectively. 
As clearly remarked, the measured and simulated S_Param-
eters agreed very well, where an ultra-wideband operation 
is assured by both elements with good impedance matching 
besides a high isolation exceeding 25 dB along the entire 
bandwidth.

With the intention to highlight the usefulness of the 
arrangement chosen in this study, the two-antenna elements 
have been differently positioned on the same substrate of the 
same size. As shown in Fig. 12, three different placements 
have been considered, the first one is the parallel structure 
(conventional) where the elements are placed in parallel, 
adjacent to each other. The second one (denoted by anti-
parallel structure) puts the elements in opposite position. 
The third one presents the proposed arrangement where the 
elements are situated orthogonal to each other. It should be 
mentioned that for the three configurations, the two radiat-
ing elements were placed at a fixed distance d of 4.5mm. 
The mutual coupling of the three configurations are demon-
strated in the same Fig. 12. As manifested, the conventional 

Fig. 11  a Geometrical layout of the proposed MIMO antenna. b fabricated model. c simulated S_Parameters. d measured S_Parameters
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parallel arrangement has led to achieve the lower isolation 
specifically in the lower edge of the operating band where 
the maximum mutual coupling is near to – 16 dB which is 
expected as both elements have the same plane of polariza-
tion allowing high coupling energy to be induced between 
each other. For the second structure, where the antennas 
have an opposite direction, the mutual coupling is slightly 
reduced to less than – 20 dB along the whole band. However, 
when the antenna elements are perpendicular to each other, 
the isolation is considerably enhanced to more than 25 dB 
in the entire bandwidth with an enhancement amount up to 
9 dB as compared to the parallel structure. Indeed, the reduc-
tion in the mutual coupling is attributed to the orthogonal 
direction of the E-field vectors (cross-polarized orientation 
of the electric field vectors) generated by the perpendicularly 
placed antennas which results in non-overlapping E-field 
components. Therefore, the coupled energy between ele-
ments is inherently weakened, contributing to ameliorated 
isolation.

3.2  MIMO diversity performance

In order to legitimize the MIMO antenna performance, a 
set of some essential metrics have been carefully analyzed, 
which include the envelope correlation coefficient (ECC), 
the diversity gain (DG), the total active reflection coefficient 
(TARC), the channel capacity loss (CCL), and the channel 
capacity (CC). The ECC is deemed a preeminent parameter 
to be calculated to assess the MIMO competency. It defines 
the correlation level between the radiation patterns provided 
by the MIMO antenna elements linked in a single unit when 
they operate simultaneously. In the ideal case, the ECC 

should be 0 which indicates a perfectly uncorrelated system. 
However, in accordance with the 3GPP specifications, for a 
highly uncorrelated system, the ECC should not exceed the 
practical industrial standard specified at 0.5 [29]. It can be 
determined by using the 3D radiation pattern expressed by 
Eq. (3) [30], which is valid for an isotropic wireless environ-
ment and considered the most accurate approach to deter-
mine the correlation for any lossy antenna.

where Ei(�,�) and Ej(�,�) denote the complex 3D radiated 
electric field pattern of the ith and jth antennas, respectively, 
with i, j = 1, 2 for the proposed two-element MIMO antenna. 
The asterisk and the symbol “.” indicate the complex con-
jugate and the Hermitian product, respectively. The solid 
angle is denoted by Ω.

The computed ECC is shown in Fig. 13a. For easiness 
purpose, the ECC has been determined based on simulated 
far-field pattern. As the measurement using 3D radiation 
patterns involves a time-consuming integral computation. 
Hence, through the perusal in the obtained ECC parame-
ter, a high performance can be observed, where the ECC 
is no more than 0.036 across the whole working band 
(24–34 GHz), which greatly respect the agreed threshold 
and prove a highly uncorrelated system.

Diversity gain (DG) is another paramount parameter to 
examine the MIMO diversity performance. The DG presents 
the enhancement amount in the SNR (signal-to-noise ratio) 
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Fig. 12  Configuration of dif-
ferent MIMO arrangements 
accompanied with their related 
mutual coupling
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when a spatial diversity scenario is applied. In other word, 
it is the difference in decibel (dB) between the attenuation 
on a single link and a link with diversity channel in a fad-
ing environment. It can be calculated using Eq. (4) [31]. As 
expressed, the lower is the ECC, the higher is the DG. In the 
practical case, the DG should have a value close to 10 dB for 
high-level diversity performance. As shown in Fig. 13a, the 
mentioned criteria is excellently fulfilled by the proposed 
MIMO antenna, where the DG is more than 9.99 dB in the 
entire bandwidth.

The next essential parameter to be verified is the total 
active reflection coefficient abridged by TARC. For an 
N-port MIMO antenna, this metric is determined by the 
square root of the total outgoing power (reflected power) 
from the all N-port divided by the total incident power to 
the all N-port [30]. It can be understood as the reflection 
coefficient of whole MIMO antenna where it can serve to 

(4)DG = 10
√
1 − ECC2

determine the effective bandwidth of the MIMO antenna 
system [29]. It is a real number varied between 0 and 1 
where 0 signifies a total radiation of the incident power, 
while 1 signifies a total reflection of the incident power. 
For a two-port MIMO antenna, the TARC can be computed 
using Eq. (5) [30], where several parameters are involved 
such as the scattering parameters and the phase of excitation 
θ to consider the random summation effect of the signals at 
each port. The scattering parameters related to the first port 
are assigned with no excitation phase ( ej0) , while the signals 
of the other ports are subjected to arbitrary excitation phase. 
Therefore, the simulated and measured TARC are calculated 
considering six combination cases of the excitation phase, 
where the latter is arbitrary chosen in the range 0–180°. The 
six considered cases are described as follows: case-1: 0°; 
30°/case-2: 0°; 50°/case-3: 0°; 90°/case-4: 0°; 120°/case-5: 
0°; 150°/case-6: 0°; 180°.

As shown in Fig. 13b and c, a good coherence is noted 
between both simulated and measured TARC for all treated 
cases. Indeed, despite the different excitation phases, it can 

Fig. 13  Diversity performance 
assessment a ECC and DG 
using radiated field. b simulated 
TARC. c measured TARC. d 
CCL. e CC
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be clearly seen that the TARC metric has regenerated the 
curve envelope of the reflection coefficient provided by 
the single antenna with a value less than − 10 dB along 
the entire working band, which proves the rigidity and the 
strength of the bandwidth provided. It seems convenient to 
mention that the TARC fastness is due to the low mutual 
coupling assured between the MIMO elements, while the 
slight differences are attributed to the various cases chosen 
where case-6 shows the most optimal result.

One other important metric to be analyzed is the channel 
capacity loss (CCL), it describes the uppermost accepted 
limit of the transmission loss, in bit/s/Hz, at which the high 
data transfer can be done reliably. Practically, to guarantee 
a high transmission rate, the maximum threshold accepted 
for the CCL is set at 0.4 bit/s/Hz [32, 33]. It can be easily 
determined using Eq. (6) where �R denotes the receiving 
antenna correlation matrix. The computed CCL parameter 
from the simulated and measured scattering parameters is 
shown in Fig. 13d. As revealed, a very good agreement is 
proven by the simulation and measurement, where the CCL 
characteristic shows a desirable behavior below 0.4bit/s/Hz 
throughout the whole working band which provides a high 
reliable transmission rate.

Furthermore, to deeply examine the performance of the 
suggested MIMO antenna design, the corresponding chan-
nel capacity has been calculated and compared with that of 
an ideal 2 × 2 MIMO antenna. The channel capacity (CC) 
defines the highest rate (upper bound limit) at which the 
information signal can be reliably transmitted through a 
given communication channel. In a simple term, the CC 
measures the number of bits that can transferred per one 
Hertz of bandwidth. It is employed to appear the capacity 
performance of the MIMO antenna relative to that of the sin-
gle antenna, while it is also used to test the proposed MIMO 
performance in comparison with that of an ideal MIMO sys-
tem. The CC calculation can be performed based on Eq. (7), 
where the identity matrix is denoted by InR , the number of 
transmitting/receiving antennas are denoted by nT∕nR , 
respectively. Hscale denotes the channel transfer matrix deter-
mined using Eq. (8), where �scale,TX∕�scale,RX is the transmit-
ting/receiving correlation matrix, which consider the effect 
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of the total efficiency related to each MIMO element.Hiid is 
the channel matrix constructed based on the independent 
and identically distributed (i.i.d.) Rayleigh channel fading 
environment. The proposed MIMO antenna is taking the role 
of the receiving antenna, while the two transmitting antennas 
are considered ideal and perfectly uncorrelated (ECC = 0) 
with a total efficiency of 100%. It should be mentioned that 
the calculated channel capacity is performed by averaging 
a 10,000 realizations of the Rayleigh channel with a SNR 
of 20 dB. The CC of the proposed MIMO antenna is drawn 
and compared with that of the ideal case in Fig. 13e. As 
clearly remarked, the maximum channel capacity for an ideal 
two ports MIMO antenna is fixed at 11.5 bit/s/Hz, while the 
proposed design achieves a high channel capacity outstrip-
ping 10.87 bit/s/Hz along the whole operating band, which 
is attributable to the highly uncorrelated MIMO elements. 
In addition, a maximum amount of 11.25 bit/s/Hz has been 
reached around the resonant frequency, which approximately 
constitutes 97.8% of the ideal upper bound limit. As a result, 
the suggested MIMO antenna confirms its capability to ful-
fill a high channel capacity level in a fading environment 
with a maximum peak extremely close to the ideal case.

3.3  Connected ground plane effect

Considering the limited applicability of the MIMO antenna 
with separate ground planes, this subsection is dedicated to 
study the proposed MIMO antenna performance in the case of 
connected ground plane. Indeed, a common ground configura-
tion is highly desired in the commercial field and much pre-
ferred to assure a smooth integration and ease operation of the 
wireless device where the MIMO antenna will be embedded. 
Accordingly, the layout of the MIMO antenna with connected 
ground is manifested in Fig. 14a. As displayed, the continuous 
ground structure is realized by linking the separate ground 
planes of elements using a simple 0.2-mm-width metallic 
strip. The strip-width is neatly selected after an intense para-
metric study to preserve a high MIMO antenna performance. 
The S-parameters of the obtained design is shown in Fig. 4b. 
As displayed, the connected ground structure does not sig-
nificantly affect the MIMO antenna performance where both 
elements keep the UWB operation mode with good imped-
ance matching in the band of interest, i.e., 24–34 GHz band, 
while the isolation has remarkably decreased to a minimum 
value of 23.6 dB, particularly in the higher frequency band 
which can be due to the electric current coupling among ele-
ments, engendered by the metallic interconnection. However, 

(7)CC = E
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although the employment of interconnected ground plane, the 
MIMO antenna still retains a high isolation exceeding 23.6 dB 
across the whole working band which is well-below the safe 
threshold determined at 15 dB [39].

The elements’ gain and radiation efficiency across the 
operating band are drawn is Fig. 14c. As depicted, both 
MIMO elements achieve a reasonable gain and high radia-
tion efficiency ranged between 4.2–5.9 and 98.6–99%, 
respectively, which show a decent radiation traits.

To better analyze the competency of the MIMO structure 
with continuous ground plane, the diversity performance has 
been addressed in terms of the crucial metrics, namely DG 
and ECC, where the latter is calculated based on 3D far-field 
patterns by Eq. (3) for an accurate result. Hence, the plot 
presented in Fig. 14d reports a desirable behavior where 
the ECC is remained below 0.044, and the DG is more than 
9.99 along the entire working band which greatly respect 
the practical limits. Consequently, the achieved outcomes 
prove a good performance which ensure the validity and the 
applicability of the proposed design when used with con-
nected ground structure.

4  Extended MIMO antenna array

To well-satisfy the 5G requirements, extending the MIMO 
elements’ number in a system is much preferable, which 
will help considerably to upgrade the reliability and channel 
capacity simultaneously. On this basis, the main aim of this 
section is to carefully investigate the MIMO antenna com-
petency and validity when the elements’ number is extended 

to four/eight-element. Along the performed study, the pro-
posed MIMO systems have been neatly evaluated in terms 
of S-parameters, gain, radiation efficiency, ECC, and DG.

4.1  Four‑element MIMO antenna

4.1.1  Layout configuration and derived S‑parameters

Figure 15 depicts the complete structure of the proposed 
4 × 4 MIMO antenna accompanied with its corresponding 
S-parameters. The four elements are referenced as Ant1, 
Ant2, Ant3, and Ant4. As observed in Fig 15a, the sug-
gested layout can be easily obtained by replicating, shift-
ing, and rotating the single-antenna unit studied above. 
The four elements have been arranged orthogonally on the 
same Rogers RT5880 substrate with a small footprint of 
24 × 24  mm2, while the split ground planes have been uni-
fied using four metal strips with dimensions of 11.6 × 0.2 
 mm2 to meet the common ground plane necessity required 
in a real system. As aforementioned, the orthogonal dis-
position has been chosen as it engenders polarization 
diversity serving to weak the mutual coupling between 
perpendicular elements. Moreover, a fan-like isolating 
structure has been carefully constructed, optimized, and 
centered between the radiating elements on the top-side 
of the substrate to further improve the isolation among 
the elements provide spatial diversity, i.e., non-orthogo-
nal elements (1,3) and (2,4) without extending the overall 
area. As seen, the fan-like decoupler consists of a square-
shaped conductive patch placed in the middle with four 
metal strips attached to its corners, where all related sizes 

Fig. 14  a Schematic of the 
proposed two-element MIMO 
antenna with connected 
ground plane. b Corresponding 
S-parameters. c gain and radia-
tion efficiency vs frequency. d 
ECC and DG
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are displayed with the configuration. During simulations, 
when an element is excited, the other ones are connected 
to 50-ohm matched loads. However, considering the sym-
metrical arrangement and similarity of elements, only the 
S-parameters pertaining to Ant1 are plotted in Fig. 15b 
to describe the achieved results. As shown, the proposed 
MIMO antenna preserves its resonant mode at 28 GHz 
with an UWB operation from 24GHz to 34GHz, besides 
assuring a high isolation where the worst-case isolation is 
more than 22.5 dB.

4.2  MIMO antenna evolution process

In order to well-know the effect of inserting the fan-like 
isolator, Fig. 16 displays the step-wise geometries followed 
to obtain the final design providing an optimized decoupling 
among the four exciting ports, where each step is presented 
with its respective S-parameters. As manifested in Fig. 16a, 
in the initial stage retained as reference, the design evolve-
ment mechanism is started with no decoupling structure 
where the elements are orthogonally disposed. As plotted, 
the respective scattering parameters (S-parameters) shows 
a good reflection coefficient characteristic with high imped-
ance matching. Moreover, a low mutual coupling is achieved 

Fig. 15  a Geometrical layout 
of the proposed 4 × 4 MIMO 
antenna. b Resulting S-param-
eters

Fig. 16  Progressive steps of the MIMO antenna with decoupling scheme and associated S-parameters a stage-1. b stage-2. c stage-3
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between the perpendicularly placed elements (S21 and S41) 
where the maximum coupling is lower than − 22dB and 
the minimum coupling reaches to − 49dB. However, the 
mutual coupling among diagonal elements (S31) is almost 
constant with a slight variation around – 20 dB along the 
entire bandwidth which can be further minimized by using 
a simple decoupling mechanism. Hence, the next steps are 
executed with the intention to optimize the isolation between 
non-orthogonal elements. In the second stage, the decou-
pling mechanism is proceeded by including four conven-
tional metal stubs between each two successive elements 
on the upper side of the substrate where the stubs’ length 
(i.e., 10.9mm) is near to wavelength at 28GHz. The inserted 
stubs act as reflectors and serve to decrease the electromag-
netic energy coupled to the diagonal units. As displayed, 
the related S-parameters response shows a 5 dB reduction in 
the mutual coupling between the diagonal elements where 
the minimum coupling achieved reaches a minimum value 
of – 25 dB while the maximum value still fixed at – 20 dB. 
In the third stage, another geometrical modification is per-
formed to further boost the decoupling ability. As manifested 
in Fig. 16c, the last step is accomplished by combining the 
four isolating strips in the center of the substrate using a 
square-shaped patch which produces the final fan-like iso-
lating scheme. As reported, the resulting structure is well-
succeeded to improve the isolation performance. Indeed, 
the derived S-parameters shows an optimized outcomes 
especially in terms of the mutual coupling among diagonal 
element S31, where the latter is lower than − 22.5 dB across 
the entire band and gets a minimum value up to – 38 dB 

around the resonant frequency. Furthermore, the reflection 
coefficient remains better than – 10 dB over the 24–34 GHz 
band and assures a good impedance matching at the reso-
nating frequency, while the orthogonal elements preserves 
a high isolation level ranging 22–42 dB along the operating 
band. Accordingly, it can be confirmed that the suggested 
fan-like decoupler has convincingly contributed to promote 
the isolation of elements without compromising the design 
simplicity or enlarging the overall area or affecting the band-
width and the resonating frequency. Further evaluation of 
the MIMO performance regarding the radiation traits and 
diversity performance is taken place in the next subsection.

4.2.1  Radiation characteristics and diversity performance

Figure 17 illustrates the 2D far-field radiation patterns of 
the suggested MIMO antenna emitted from the orthogonal 
elements denoted by Ant1 and Ant2 in the two cut planes XZ 
(φ =0°) and YZ (φ = 90°) at different frequencies along the 
operating bandwidth. As reported, the antenna elements pro-
vide a uniform radiation characteristic not distorted by the 
MIMO arrangement where the plotted far-field patterns are 
marked by a stable, focused, and directional radiation behav-
ior at all selected frequencies, where the resulting radiation 
is most often oriented toward broadside direction (around 
0°), which is desirable to assure reliable transmission at mm-
wave spectrum. In addition, it is observed that the radiation 
patterns of Ant1 and Ant2 in XZ and YZ planes are totally 
reversed. More specifically, the E-plane (YZ) and H-plane 
(XZ) of Ant1 are found in opposite order for Ant2 which 

Fig. 17  Polar radiation pattern at various selected frequencies in the two principal XZ and YZ cutting planes
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confirm the existence of polarization diversity phenomenon. 
This in turn could be potentially benefit to achieve uncor-
related far-field patterns, desired to reduce the multipath 
fading happened in a communication system. Next, in order 
to check the other radiation competencies, Fig. 18a depicts 
the gain and radiation efficiency of the MIMO antenna over 
the operational bandwidth. As seen, along the entire band, 
the proposed MIMO system is featured by a high radiation 
efficiency outstripping 98.2% and enhanced gain ranging 
6.5–7.62 dB. Besides, the MIMO diversity performance has 
been evaluated in terms of some essential metrics such the 
ECC and DG determined using 3D far-field patterns. As 
reported in Fig. 18b, for orthogonal elements, the ECC is no 
longer than 0.04, and the DG is more than 9.99 dB, while 
in the case of diagonal elements, the ECC does not exceed 
0.09, and the DG is above 9.96 dB across the operating ultra-
wideband range which largely respect the agreed criteria. 
Thus, the attained outcomes emphasize the legitimacy of the 
proposed design and its appropriateness for employment as 
it combines between the small-dimension trait and the good 
operation behavior while using a quite simple decoupling 
structure.

4.3  Eight‑element MIMO antenna

4.3.1  Proposed configuration and related S‑parameters

This subsection is dedicated to carefully analyze the sug-
gested eight-port extended MIMO antenna and validate its 
practicality. Hence, Fig. 19a depicts the geometrical design 
of the MIMO antenna built using the same aforementioned 
substrate. As manifesting, the radiating elements are posi-
tioned parallel, orthogonal, and opposite to each other 
within a full small-area of 39 × 44.2mm2 where the ele-
ments’ ground planes have been connected using 0.2-mm-
thick metal strips with different lengths of 10.1mm and 
11.1mm for parallel and orthogonal elements, respectively. 
Additionally, a wholly simple I-shaped decoupling struc-
ture is inserted among elements to improve the isolation 
and keep minimized dimensions where the related dimen-
sions are displayed with the MIMO design. It is worth citing 

that the final isolation structure is reached through a careful 
parametric study to find the optimum dimensions allow-
ing the best isolation achievement. The concerned reflec-
tion coefficients are outlined in Fig. 19a where all elements 
show an ultra-wideband response from 24 to 34 GHz by 
reference to – 10 dB with good impedance matching at the 
resonant frequency, i.e., 28 GHz. Moreover, Fig. 19b plots 
the transmission coefficients related to Ant1, while Fig. 19c 
presents the transmission coefficients between other selected 
antennas. As demonstrated, a high isolation performance is 
reported between all pairs of antennas where the minimum 
isolation achieved is more than 21 dB. Moreover, it is found 
that the majority of pairs have an isolation outstrips 25 dB 
in the most parts of the operating bandwidth, which can be 
considered a good compromise combining the high isola-
tion level and the small size requirement for an eight-port 
MIMO antenna.

4.3.2  MIMO antenna evolution procedure

In order to highlight the effect of the decoupling struc-
ture, Fig. 20 displays the evolutionary stages of the MIMO 
antenna design together with their respective isolation 
responses. Given the elements’ symmetrical arrangement 
and the similarity of the opposite elements’ S parame-
ters, only element pairs with non-similar mutual coupling 
responses have been shown, to avoid the congestion and rep-
etition of curves. As shown in Fig. 20a, initially, the MIMO 
antenna design construction is proceeded without including 
any decoupling scheme where the eight-element are distrib-
uted along the substrate borders, while the ground planes 
are connected in the back side of the substrate. Through 
the perusal in the corresponding S-parameters, it can be 
remarked that all element pairs are featured by high isolation 
exceeds 20 dB across the whole spectrum range, except the 
isolation of elements placed in the middle of the substrate 
edges, i.e., the pairs (1, 4), (1, 6), (8, 4), and (8, 6) presented 
by S41 (as they all provide similar coupling effect), which 
reveals a relatively low isolation up to 17 dB toward higher 
frequency band. Accordingly, the next modification step is 

Fig. 18  a Gain and radiation 
efficiency versus frequency. b 
computed ECC and DG based 
on far-field pattern
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performed to further enhance the isolation of the mentioned 
elements.

For this aim, as shown in Fig. 20b, in the second stage, 
two metallic strips of size 1.6 × 25.2mm2 are horizontally 
printed between the concerned elements to absorb the cou-
pling energy and block its propagation from the excited 
antenna to the other elements. As expected, the result-
ing S-parameters proves the effectiveness of the inserted 
metal strips to improve the decreased isolation, detected in 
S41-parameter, from 17 to more than 21 dB in the whole 
band. In contrary, a significant dip is discovered in the isola-
tion among the fourth and sixth elements (S46) after using 
the two horizontal strips which requires additional modifi-
cation to handle this undesirable effect. Consequently, in 
the last stage reported in Fig. 20c, an extra metal strip of 
2-mm-width and 13.2-mm-length is vertically embedded 
between the respective elements where it is connected to 
the two other isolating strips leading to attain the proposed 
I-shaped decoupling structure. The obtained S-parame-
ters disclose a considerable improvement in the isolation 
between the fourth and sixth antenna element, where the 
added strip contributed effectively to capture the coupling 

fields among the two elements which served to convinc-
ingly optimize the isolation to more than 25 dB in the whole 
band, while exceeding 30 dB at the higher frequency range. 
Therefore, the decoupling structure demonstrates its capabil-
ity to guarantee convincible isolation between all the MIMO 
elements along with small size dimensions without yielding 
any design complexity.

4.3.3  Far‑field radiations and diversity performance

Considering the similar performance delivered by symmetri-
cal elements and opposite elements, there is no need to plot 
the radiation performance of all MIMO elements. Hence, 
Fig. 21 exhibits the polar far-field pattern (gain) in E-plane 
(YZ) and H-plane (XZ) for the elements Ant1, Ant2, and 
Ant4 of the proposed eight-port MIMO antenna at various 
selected frequencies, i.e., 26/28/30/32 GHz, where when 
an element is powered, the other ones are ended with 50Ω 
matched loads. As revealed, the radiation behavior tends to 
be directive in both cutting planes at all selected frequencies 
for the majority of elements which is recommended for 5G 
communication. In addition, it is noted that various radiation 

Fig. 19  a 8 × 8 proposed MIMO 
antenna. b reflection coefficient. 
c mutual coupling between Ant1 
and other elements. d mutual 
coupling between other selected 
antennas
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patterns in different directions are acquired by the elements 
at the same frequency which could be helpful to provide 
pattern diversity.

The gain and radiation efficiency over frequency of Ant1, 
Ant2 and Ant4 is plotted in Fig. 22a. As shown, the three 
elements are marked by good gain trait ranging 5.3–7.8 dB, 
6.5–8.5 dB and 6.9–8.3 dB, respectively, while a high radi-
ation efficiency exceeding 98% is offered by all elements 
across the operational band. Furthermore, to legitimize 
the proposed MIMO antenna design and to well-examine 
its competencies, the diversity performance has been also 
analyzed in terms of ECC and DG based on radiation pat-
tern method. As manifested in Fig. 22b, the ECC metric 
is less than 0.065 between all orthogonal pairs such as (1, 
2)/(1, 3)/(1, 4)/(1, 5)/(1, 6)/(1, 7), while it does not exceed 
0.14 between parallel pairs (3, 4)/(3, 5) and opposite element 
pairs (1, 8)/(2, 3)/(2, 4)/(2, 5)/(4, 6). The attained ECC is 
well-below the maximum permissible limit, i.e., 0.5, which 
indicates a low correlated elements, required for good trans-
mission quality. In addition, the DG parameter is higher than 
9.91 dB between all element pairs and reaches a maximum 
value up to 9.99 dB between orthogonal pairs, which shows 
a good MIMO diversity performance. Consequently, the 
achievements of the suggested 8x8 MIMO antenna prove 
its suitability for incorporation in 5G systems. This is attrib-
uted to several sought-after traits including the miniaturized 
dimensions while providing a good operation behavior.

5  Comparative study with the other existing 
works

In order to accentuate the performed work achievements, 
Table 2 brings a detailed comparison of the suggested 2 × 2 
MIMO antenna design with the different state of the art 
including the MIMO and single antennas. Certainly, there is 
a plenty of research that have been reported in the literature 
as candidates for the 5G wireless systems which present var-
ious antenna designs operating in the ka-band (26-40 GHz) 
especially around 28 GHz band. Nevertheless, by review-
ing the comparative table, it can be obviously seen that the 
suggested design outperforms the other MIMO systems by 
possessing the smallest physical dimensions especially com-
paring with those with the same number of elements. Addi-
tionally, despite its small size, the proposed MIMO antenna 
is distinguished by a highly isolated elements with an iso-
lation outpaced 25 dB which strongly competes the other 
works with larger size. In the other side, the robust isolation 
served to provide a stellar diversity performance where all 
the examined metrics have greatly respected the practical 
limits, while the majority of the mentioned works are not 
investigated in terms of the TARC, CCL and CC, and some 
others had not addressed the MIMO structure. Moreover, 
the MIMO elements are featured by the highest radiation 
efficiency, a broad operating bandwidth, and a comparable 
reasonable gain without reference to any gain upgrading 

Fig. 20  Development stages of the 8-port MIMO antenna accompanied by the resulting isolation response a stage-1. b stage-2. c stage-3
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mechanism while keeping a miniaturized and simple geom-
etry. Similarly, the achievements of the proposed 4 × 4/8 × 8 
MIMO antennas have been also presented in the compara-
tive table. As compared with the previous works, it can be 
noted that both structures preserve a small footprint with 

high isolation, enhanced gain, high radiation efficiency, and 
sufficiently good diversity performance. Accordingly, it can 
be concluded that the proposed MIMO system combines a 
set of the most desirable traits which well-positioned it to be 
suitable for the 5G wireless systems.

Fig. 21  Two-dimensional radiation pattern of the proposed 8-port MIMO antenna in XZ and YZ principal planes at various frequencies

Fig. 22  a Gain and radiation 
efficiency vs frequency, b 
computed ECC and DG using 
radiation pattern approach
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6  Conclusion

In this paper, a broadband two-port MIMO antenna design 
has been wisely studied for the utilization in the 5G appli-
cations at the mm-wave spectrum. The suggested design 

was distinguished by a compact, straightforward and small 
layout with a total size of 11 × 20.5 × 0.254mm3, operated 
at 28GHz with a large operating band of 10GHz using 
the appropriate geometrical modifications. The single-
antenna element was marked by a stable radiation pat-
tern throughout the full operating band with a maximum 

Table 2  Results evaluation in comparison with the recently reported research

The bold line is just used to highlight our results compered to the other references

Ref Size  (mm3) No. of 
elemt

Fre-
quency 
range 
(GHz)

Operat. 
BW 
(GHz)

Max. gain 
(dB)/effi-
ciency (%)

Isolation 
(dB)

ECC/DG CCL/CC (bit/s/
Hz)/TARC (dB)

Substrate 
Material

[1] 26 ×  11mm2 2 25–29 4 5.7/ > 97  > 20  < 0.001/ > 9.99 NA Rogers 
4003C

[7] 80 × 80 × 1.57 4 23–40 17 12/ > 85  > 20  < 0.012/ NA NA Rogers 
RT5880

[9] 50.8 × 12 × 0.8 4 25.1–
37.5

12.4 10.6/ > 80  > 20  < 0.1/ NA NA Rogers 
RT5880

[10] 9.88 × 20.4 × 0.91 1 28 GHz-
band

0.5 6.3/ NA NA NA NA Ceramic

[16] 12 × 14 × 0.38 1 27.7–
28.2

0.5 8.2/ > 94 NA NA NA Rogers 
RT5880

[17] 14 × 26 × 0.38 2 26.65–
29.2

2.55 1.83/ > 76  > 20  < 0.001/ > 9.99  < 0.4/ NA/ NA Rogers 
RT5880

[19] 7 × 7 × 1.28 1 28.08–
28.712

0.634 5.51/81
(at 28 GHz)

NA NA NA Rogers 
RO3010

[20] 30 × 35 × 0.76 4 25.5–
29.6

4.1 8.3/ > 79  > 17  < 0.01/ > 9.96  < 0.4/ NA/ NA Rogers
R04350B

[22] 55 × 110 × 0.5 4 27.58–
28.649

1.06 8.2/ > 88.28  > 26  < 0.001/ NA NA Rogers 
RT5880

[24] 33 × 27.5 × 0.76 2 28 GHz-
band

0.4 6.9/87 (at 
28 GHz)

 > 17  < 0.2/ > 9.7 NA TLY-5

[34] 43.6 × 43.6 × 0.4 4 27.4–
28.6

1.2 7.9/ > 96  > 20  < 7 ×  10–4/ > 9.99  < 1.2/ NA/ < − 6 Rogers 
RT5880

[35] 75 × 110 × 0.76 4 26–29.5 3.5 9.53/73 (at 
28 GHz)

 > 22  < 0.005/ > 9.75  < 0.4/ NA/ NA Rogers 
RO4350B

[36] 12 × 25.4 × 0.8 2 26.83–
33.13

6.3 6.4/NA  > 14  < 0.005/
 > 9.5

NA Rogers 
RT5880

[37] NA 2 26.25–
30.14

3.89 5.83/ > 80  > 30  < 0.005/
 > 9.99

 < 0.4/ NA/ NA Rogers 
RO4003

[38] 20 × 20 × 2.8 2 27.25–
28.59

1.34 9/ NA  > 24  < 0.013/ > 9.9 NA/ > 10/ < -5 Rogers 
RT5880

[39] 24 × 24 × 0.8 4 24.8–
44.45

19.65 8.5/ > 85  > 18  < 0.008/ > 9.5 NA Rogers 
RT5880

[40] 135 × 75 × 0.8 2 27.5–31 3.5 10/NA  > 20  < 0.015/ > 9.99  < 0.4/ NA / < 0 Rogers 
RT5880

[41] 120 × 60 × 0.5 2 27.8–
28.3

0.5 8.2/ > 85  > 25  < 0.014/ > 9.99 NA/NA/ < -7 Rogers 
RO4350

[42] 20 × 20 × 0.254 2 27.9–
28.5

0.6 4.5/NA  > 30  < 0.055/ > 9.91 NA/NA/< -10 Rogers 
RT5880

[43] 11 × 21.7 × 0.254 2 25.5–
27.79

2.29 5/ > 90  > 30  < 0.122/ > 9.91  < 0.5/NA/ < -10 Rogers 
RT5880

This 
work

11 × 20.5 × 0.254 2 24–34 10 5.9/ > 98.7  > 25  < 0.036/ > 9.99  < 0.4/11.25/ < -10 Rogers 
RT588024 × 24 × 0.254 4 24–34 10 7.62/ > 98.2  > 22.5  < 0.09/> 9.96 NA

39 × 44.2 × 0.254 8 24–34 10 8.6/ > 98  > 21  < 0.14/> 9.91 NA
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gain reaching 5.9 dB and high radiation efficiency up to 
99%. During this study, we have endeavored to propose 
a highly isolated UWB MIMO antenna system without 
enlarging the overall physical area or compromising the 
design simplicity and the radiation characteristics. This 
aim was successfully realized using polarization diversity, 
leading to provide self-decoupled elements where the iso-
lation surpassed 25 dB without introducing any decoupling 
structure. Thus, a high diversity performance and high 
channel capacity have been proven by the MIMO antenna 
where the examined parameters, i.e., ECC, TARC, DG, 
CCL and CC are all respecting the agreed criteria along 
the entire operating band. The single and MIMO antennas 
have been fabricated and tested to validate the simulation 
results where a good concurrence was achieved. Addition-
ally, the suggested two-port MIMO antenna has been eas-
ily expanded to four-port and eight-port MIMO antennas. 
Both designs exhibited an attractive functionalities while 
keeping a tiny volumes, which was guaranteed by insert-
ing a simply designed efficacious isolating structures. A 
detailed comparison with the other previous works has 
been carried out to emphasize the robustness and the abil-
ity of the suggested design to provide a high performance 
allowing it to be a suitable candidate and highly appropri-
ate for the employment in the 5G systems.
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