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MIMO (Multiple-Input-Multiple-Output) antenna systems are promising for fifth-generation 
(5G) networks, offering lower latency and higher data rates. These systems utilize millimeter-
wave (mmWave) frequency bands for efficient transmission and reception of multiple data 
simultaneously, enhancing overall efficiency and performance. This article presents a compact 
size, wide band tri-circular ring mmWave MIMO antenna with suitable performance characteristics 
for next-generation communication systems. The MIMO system consists of a tri-circular ring 
patch with slots on a ground plane. The four elements of the antenna are arranged together 
in the polarization diversity configuration with overall dimensions of 23×18×0.254 mm3, and 
designed on a 0.254 mm thin, flexible RO5880 substrate with a relative permittivity of 2.3 using 
Computer Simulation Technology (CST) 2022. The proposed antenna design shows the impedance 
bandwidth of 14 GHz with isolation >18 dB throughout the 26-40 GHz resonance band. The 
obtained gain is 6.6 dBi at 28 GHz with radiation efficiency > 90%. Several MIMO parameters are 
also investigated, such as Envelope Correlation Coefficient (ECC), Mean Effective Gain (MEG), 
Diversity Gain (DG), Total Active Reflection Co-efficient (TARC), and Channel Capacity Loss 
(CCL), and are found to be within the accepted limits for a practical MIMO system. Furthermore, 
the fabricated MIMO antenna was tested, and the measured results aligned favorably with the 
simulated results, confirming the suitability of the proposed design. Through the obtained results, 
the mmWave MIMO antenna is suitable for practical 5G as well as mmWave applications due to 
its lightweight, simple design, and wideband characteristics, which cover the 5G frequency bands 
of 26, 28, 32, and 38 GHz.

1. Introduction

Antenna engineering has gained significant popularity due to its wide-ranging applications in several fields, such as remote sens-
ing, imaging, defense systems, satellite communication, healthcare areas, wireless communication, and radio frequency identification 
(RFID) tags. The exponential growth in mobile data consumption and the widespread adoption of smart devices pose significant issues 
for wireless service providers in addressing a global scarcity of bandwidth. Recently, mobile network operators are making efforts to 
offer high-quality video and multimedia apps with minimal buffering to mobile customers. However, such efforts are constrained by 
a carrier frequency range that ranges from 700 MHz to 2.6 GHz. Mobile network providers are restricted from utilizing frequencies 
within this range for their communication services. They are allocated a certain bandwidth within this frequency range to transmit 
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and receive the signals [1]. Advanced technology in 5G wireless communication systems offers increased data capacity, low latency, 
and improved system reliability. This technology surpasses predecessors like 4G and 3G in bandwidth and beam-forming capabilities. 
Current antenna systems lack infrastructure for real-time video streaming, cloud storage, and social applications, requiring access 
to significantly more data simultaneously. Applications like real-time video streaming require a significant amount of data to be 
transmitted and received continuously to ensure smooth playback and seamless user experience. Similarly, cloud storage and social 
applications involve the transfer of large volumes of data, such as files, photos, and videos, between users and remote servers [2].

Wireless communication has been given a new direction to Multiple-Input-Multiple-Output (MIMO) antennas, and these antennas 
have become particularly desirable for use in 5G applications. In the current environment, developing a small MIMO antenna for 5G 
networks is an extremely difficult task. MIMO antennas are initially used to enhance spatial diversity as an approach to mitigate the 
effects of channel fading. The data is being evaluated within the framework of a Rayleigh fading environment, where it is transmitted 
by antennas that follow distinct paths to autonomously reach the receiving antenna. In this scenario, there is an increase in the highest 
possible diversity, which is known as spatial diversity. Spatial multiplexing refers to the technique of increasing the transmission 
rate by transmitting different information through multiple antennas. In the scenario of MIMO antennas, it is essential to minimize 
both mutual coupling loss and correlation coefficient between the antennas. The upgraded MIMO antenna specifications for the 5G 
wireless communication networks have been officially released by the 3rd Generation Partnership Project (3GPP) in its seventeenth 
version [3]. The primary areas of emphasis for 3GPPP encompass several key aspects. These include the investigation of multi-beam 
formation techniques, the provision of extra-terrestrial coverage below 7 GHz, the enhancement of efficiency through antenna tuning 
systems in mobile devices, the expansion of spectrum allocation from 24.25 to 52.6 GHz, extending up to 71 GHz, the optimization of 
bandwidth allocation to support Internet of Things (IoT) devices at 20 MHz/100 MHz in emerging Sub-7 GHz/mmWave frequencies, 
and the development of mobile MIMO antenna systems [4]. The basic principle of MIMO technology is to use multiple antennas 
to transmit and receive signals simultaneously, which can increase the data rate and improve the reliability of the communication 
system. In a four-port MIMO mmWave 5G antenna system, four elements are connected to four transceivers, which can transmit 
and receive signals independently. These mmWave MIMO 5G systems are typically designed to have a directional radiation pattern, 
which means that they can transmit and receive signals in a specific direction. This is attained by designing the shape and size of 
the antenna to control the direction of the electromagnetic wave. During the transmission, each element in the four-port 5G system 
transmits a signal simultaneously, which can be combined at the receiver to increase the data rate and improve the reliability of the 
communication system. This is achieved by utilizing signal processing techniques, such as spatial multiplexing, which separates the 
signals transmitted by each antenna and combines them at the receiver to increase the data rate. During reception, each antenna in 
the four-port MIMO 5G system receives a signal simultaneously, which can be combined at the receiver to improve the quality of 
the received signal. This is achieved by using beam-forming techniques, which focus on the received signals in a specific direction to 
improve the signal-to-noise ratio [5].

5G-powered systems facilitate the use of compact devices and achieve high data transfer speeds by utilizing wider bandwidth and 
lower latency. The standards provide data rates of up to 1 Gigabit, ensuring minimal delay along the communication path. As the 
demand for communication facilities grows, academic research institutes and commercial appliance makers focus on 5G technology 
for new call management solutions. Data transmission speeds have increased with each new iteration of communication technologies, 
which has also introduced improved connection quality and unique services. The currently used 4G technology was commercially 
deployed in 2009. 4G technology has revolutionized mobile telecommunications, offering faster data rates, enhanced network capac-
ity, and superior performance. Widely adopted globally, it provides seamless experiences for data-intensive applications like internet 
browsing, video streaming, and online gaming. [6]. The 5G system includes several new facilities, such as the concept of smart cities 
and those related to the IoT. The installation of a broad 5G network requires the establishment of antenna infrastructure and the 
implementation of novel technical specifications. One potential approach for installing 5G-enabled devices is the incorporation of 
highly directional antennas that fulfill the requirements for a 5G wireless network [7]. The Sub-6 GHz region and the mmWave 
region are the two categories that are used to classify 5G technologies. It has been determined that the mmWave band is a more 
promising and possible candidate for use in upcoming cellular devices. The mmWave band, which covers the starting frequency of 
24 GHz and above, can be utilized for future 5G networks [8]. The mmWave spectrum is well-known for its capacity to provide high 
transmission rates in the multi-gigabit per second range and offers an increased bandwidth allocation to meet the requirements of 
5G networks. The International Telecommunications Union (ITU) has allocated the frequency bands centered at 26, 28, 32, 38, 60, 
and 73 GHz for the allocation of 5G mobile networks. These frequency bands are currently unlicensed and can be used without any 
restrictions [9].

The paper layout is organized as follows: Section 1 covers the introduction of the 5G antenna. Section 2 discusses the literature 
review of previously published techniques related to the research work. Section 3 focuses on the single-element antenna design. 
Section 4 explains the MIMO antenna configuration. Section 5 reports the results with a discussion of antenna design. Section 6
explores the MIMO performance parameters and a compression table of obtained results with previously published research. Finally, 
Section 7 concludes the research work.

2. Related work

The antenna that is designed specifically for wireless networks is responsible for transmitting or receiving power based on 
the spatial parameters that have been defined for a particular network. Each particular network is responsible for transmitting or 
receiving the signal to the specific user location. The optimization and commercialization of 5G communication devices in mmWave 
2

is a challenging task due to the smaller wavelength and the need for point-to-point communication. Highly directional antennas are 
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desired for effective communication services in the mmWave region, ensuring efficient and effective communication for individual or 
group users. [10]. Several designs in [11], [12], [13], [14], [15], [16], [17], [18], [19], [20], [21], [22], [23], [24], [25], [26], [27]
and [28] have been presented; each design addresses the issues and challenges efficiently. In [11], a compact antenna is presented 
with minimum transmission line losses. The physical length of the antenna design is 28.8×28.8 mm2, with a 57-71 GHz frequency 
range and a maximum gain of 26.7 dBi, due to the employing bonding films and the inclusion of a multi-layer substrate, this antenna’s 
design configuration is quite complicated. Moreover, the assembly of this antenna is exceptionally challenging. A dual-band response 
is established in a four-port planar MIMO antenna array at mmWave bands such as 27.6 GHz and 38.6 GHz is noted with a gain 
of 7.1 and 7.9 dBi [12]. The assembly of the proposed antenna system is simple. However, the bandwidth response reported in the 
proposed literature is too low for practical use in 5G services. The authors have introduced a four-port MIMO system in [13] that 
uses an arc-shaped design to achieve wideband characteristics. The MIMO antenna exhibits a gain of 12 dB, which is considered 
beneficial and reliable for 5G applications. The MIMO antenna, designed for mmWave systems, measures 80×80 mm2, making 
it suitable for practical use. However, the proposed orthogonal MIMO assembly does not display pattern diversity characteristics. 
In [14], a four-port antenna is introduced for future mobile phone applications in the mmWave frequency range. The resonance 
frequency of the proposed antenna ranged from 27.5 to 40 GHz. The antenna exhibited a peak gain of 7.2 dB and an isolation level 
of -17 dB. However, regarding user mobile terminals, the radiation efficiency was measured at 65% at a frequency of 28 GHz, which 
is insufficient for practical applications.

Similarly, in [15], the proposed metamaterial dual band antenna, operating at sub6GHz and mmWave regions, offers good 
performance when integrated with a single negative (SNG) metamaterial. It is helpful in mmWave and Sub-6 GHz applications, but 
artificially constructed metamaterials increase fabrication complexity and system cost. Furthermore, the SIW array is presented in 
[16] with dimensions of 70×63.5 mm2. The covering frequency of the antenna is 27.3-29.6 GHz with a radiation efficiency of 60%. 
Due to its large size and low radiation efficiency, the antenna isn’t appropriate for a useful smart mobile device. Similarly, in [17], 
a SIW array antenna was introduced with a total size of 45×20 mm2. The antenna’s planned operational frequency ranges from 
25.05- 34.92 GHz, exhibiting a significant gain of 12.15 dBi and a radiation efficiency above 85% across the whole bandwidth. 
Despite the good performance of the SIW array in terms of narrow beam width, it is interesting to note that the vias assemblies 
exhibit a compactness issue, which makes it difficult to use this prototype for practical applications. Furthermore, the complex 
geometry of the structure, characterized by a high density of vias in close proximity, contributes to the increased complexity of 
the SIW antenna. A MIMO infinity-shaped antenna was designed in [18] for future 5G devices. The proposed antenna is suitable 
for mmWave devices operating at a frequency range of 27-30 GHz. It has a maximum gain of 6.1 dBi, and the ECC is below 0.16. 
However, the antenna system exhibits a relatively lower gain when applied to MIMO systems. The authors of [19] offered a MIMO 
system that operates at both 4G and 5G frequencies. The proposed work covered the Global System for Mobile Communications 
(GSM)/Universal Mobile Telecommunications System (UMTS) spectrum for 4G and the Sub6GHz frequency for 5G applications. A 
massive MIMO array designed for 5G devices was proposed in [20]. The designs cover only the lower frequency bands, resulting 
in a comparatively lower gain and isolation. Specifically, in the 4G and 5G bands, the antenna achieves peak gains of 4 dBi and 8 
dBi, respectively. However, no specific solution is proposed for 5G MIMO applications. Furthermore, the research presented in [21]
also offers commendable performance characteristics, including high gain and broad bandwidth, specifically catering to the desired 
frequencies of both 4G and 5G. However, it is worth noting that the investigation of MIMO configuration is not included in the 4G 
and 5G designs proposed in the study. Similarly, in [22], the mmWave band antenna achieved a high gain of 7 dBi. However, the 
suggested approach has significant errors, including insufficient information on gain and radiation efficiency for the lower band. 
Moreover, there is no proposed solution for MIMO applications. Dielectric Resonator Antenna (DRA) is presented in [23] and [24]
with a limited data rate of approximately 1 GHz for 5G applications. The proposed antenna is based on the SIW technique with a 
maximum gain of 7.73 dBi.

A reflector-based antenna system on Electromagnetic Band-Gap (EBG) offered a wide bandwidth band of 20-33 GHz with a high 
gain of 11.5 dBi. The evaluation of the suggested MIMO system focused solely on the ECC and diversity gain (DG). The antenna’s 
complicated structure renders it unsuitable for practical implementation in devices supporting 5G. Moreover, in [25], a nature-
inspired MIMO antenna is introduced for 5G technologies. The antenna operates within a frequency range of 26-30 GHz, with a 
central frequency of 28 GHz. It exhibits a narrow bandwidth of 4 GHz. The physical dimensions of the antenna are 30×30 mm2, 
and it achieves an Envelope Correlation Coefficient (ECC) of less than 0.2. In [27], the author introduces a MIMO system designed 
specifically for upcoming 5G devices. The proposed design operates within a 24-39 GHz frequency range and achieves a peak gain 
of 7.1 dBi. The antenna has compact dimensions, measuring 24x24 mm, and exhibits a high total antenna efficiency of 92%. The 
ECC is impressively maintained below 0.001, indicating minimal correlation between the antenna elements. To enhance isolation 
and reduce mutual coupling among the radiating elements, an isolating structure is introduced, and the proposed MIMO antenna 
elements are arranged orthogonally to one another. A four-element MIMO antenna was presented in [28] using a defective ground 
structure for 5G mmWave applications. The proposed antenna size is 30 ×35 mm2 with an operating frequency range of 25.5–29.6 
GHz. The maximum gain achieved by the antenna is 8 dBi with a total efficiency of 80%. Furthermore, the ECC was evaluated in order 
to measure the MIMO capability of the suggested antenna system. A new design for a compact MIMO antenna has been developed 
to enhance gain across a wide bandwidth [29]. The antenna consists of two identical elements, spaced at half a wavelength, and 
uses a Y-shaped power divider to feed two modified Vivaldi radiators. A square-ring unit cell metasurface and a U-shaped slot are 
incorporated to optimize performance. The prototype has an impressive impedance bandwidth of 11.5 to 21.3 GHz with a total 
antenna size of 36 × 33 × 20 mm3, isolation of ≥24.92 dB, maximum gain of 10.6 dBi, and radiation efficiency ranging from 
3

88.01% to 90.02%. The antenna’s potential applications in frequency-modulated continuous wave (FMCW) radar sensors have been 



Heliyon 10 (2024) e28714M.E. Munir, M.M. Nasralla and M.A. Esmail

demonstrated through successful experiments on human subjects. However, due to its larger size, it is not suitable for portable 5G 
devices like smartphones.

The authors present a dual-polarized MIMO Vivaldi antenna for intelligent Internet of Vehicles (IoV) wireless communications 
[30]. The antenna consists of four identical orthogonally-crossed vivaldi radiators, a crossed-fishbone-shaped slot, a metasurface 
lens, parasitic stubs, an electromagnetic wave reflector, and a three-dimensional (3D) printed radome housing a dielectric resonator 
(DR) array. The antenna’s performance is optimized by minimizing inter-element mutual coupling and amplifying gain through 
the metasurface lens, parasitic stubs, and DR array. Integrating an EM wave reflector enhances boresight gain and mitigates the 
influence of the vehicle’s body on antenna performance. The antenna’s diversity performance shows improved MIMO capability, and 
the impact of weather conditions is thoroughly investigated. The proposed antenna strongly agrees with measured and simulated 
results, with an impedance bandwidth of 7.55 to 22.85 GHz and port isolation of 18.05 dB with a total antenna size of 138.2 ×
69.6 × 31.7 mm3. The antenna’s radiation efficiency ranges from 85.05% to 90.27%, demonstrating its potential for various wireless 
applications, especially in IoV. However, the larger antenna size makes it unsuitable for portable 5G devices like smartphones.

The eight-element MIMO antenna designed for 5G terminals with a total antenna size of 50 × 3 mm2, operating in the sub-6 GHz 
band of 3.4 -3.6 GHz [31]. The antenna is a loop type connected through a 50 micro-strip line and mounted on side-frames. It achieves 
an isolation of 14.8 dB at the operating frequency and at least 62% efficiency for all antennas. The array has a low ECC of less than 
0.1, indicating minimal correlation between antenna elements and excellent MIMO performance. However, the antenna targets the 
sub-6 GHz frequency band with a narrow impedance bandwidth of 0.2 GHz. A coplanar waveguide (CPW) 1×4 array antenna was 
presented in [32]. The antenna was developed for 28 GHz and 38 GHz applications. The antenna covered the frequencies from 27.5 
GHz to 30.9 GHz and from 37.3 GHz to 44.6 GHz, with peak gains of 5.7 dBi and 6.28 dBi, respectively, having a total antenna 
size of 40.4 × 20 mm2. It is important to note that the optimal number of antenna elements in a system depends on several factors, 
including the specific application, desired data rates, system requirements, and deployment constraints. As technology advances 
and communication requirements evolve, the number of antenna elements in next-generation communication systems will likely 
increase. However, a four-element antenna system can still offer valuable benefits and be a practical solution in certain situations. 
1) In the early stages of deploying next-generation communication systems, such as 5G, starting with a smaller number of antenna 
elements may be more practical. This allows more straightforward implementation and compatibility with existing infrastructure 
while providing improved performance compared to previous generations. As the technology matures and evolves, the number of 
antenna elements can be increased to meet growing demands. 2) A four-element antenna system can provide diversity reception, 
where multiple antennas receive the same signal from different spatial paths. This helps combat fading and improves the reliability 
of the received signal. Diversity techniques mitigate the effects of multipath propagation, ensuring more consistent and robust 
communication, especially in challenging environments. 3) While higher data rates may necessitate a more significant number of 
antenna elements, there are scenarios where a four-element antenna system can provide a compact and cost-effective solution. For 
example, in portable devices with limited space or applications where cost constraints are a significant factor, a four-element antenna 
system can balance performance and practicality.

This work presents a tri-circular ring shape, wideband four-element MIMO system design for mmWave communication systems. 
The polarization diversity method is used in the proposed design with an overall size of 23×18×0.254 mm3, which can easily be used 
in portable communication systems. The wide band response is achieved by using a defected ground structure (DGS) technique. The 
MIMO antenna operates in the range of 26-40 GHz with wide-band characteristics of 14 GHz. This antenna offers various remarkable 
characteristics, such as increased gain, improved radiation efficiency, enhanced isolation, improved diversity performance, and 
compact size compared to antennas mentioned in the current literature. The proposed MIMO system has wide-band features that 
cover the four mmWave 5G allocated frequencies of 26, 28, 32, and 38 GHz. The main goal of this antenna design is to provide a 
compact solution that is easy to fabricate, making it well-suited for portable 5G devices requiring compact antennas.

3. Antenna design (single element)

The mmWave antenna was developed using Computer Simulation Technology (CST) 2022, microwave studio, to design and 
fabricate it on an ultra-thin RO5880 substrate with a thickness of 0.254 mm and a relative permittivity of 2.3. The antenna design 
incorporates tri-circular rings on the patch, along with a square slot located at the top middle section of the ground plane, which 
contributes to achieving the desired bandwidth, as illustrated in Fig. 1. Fig. 1a presents the front view of the antenna, while Fig. 1b 
displays the ground view. The overall dimensions of the antenna are 7×11×0.254 mm3. The Anritsu Shock Line MS46122B Vector 
Network Analyzer (VNA) is used to measure the S-parameter response, revealing that the reflection coefficient response of a single 
element matched the measured response, as shown in Fig. 1c. The antenna demonstrated an operating band with an overall efficiency 
exceeding 89%, along with a peak gain of 3.8 dBi and 5.36 dBi at 28 GHz and 38 GHz, respectively, as displayed in Fig. 1d, while 
the comparison between the simulated (Sim) and measured (Mea) results of Gain over frequency can be observed in Fig. 1e. Fig. 1f–g 
depicts the radiation pattern in the principal planes, specifically the zx plane Φ = 0◦ and zy plane Φ=90◦. In the zx plane, the main 
lobe is oriented at 0◦, exhibiting a 3 dB angular width of 139◦, and in the xy plane, the main lobe exhibits a slight tilt towards 
358◦, while the side lobe level measures -1.3. The simulated and measured outcomes of the single-element antenna align well with 
the requirements for 5G mmWave devices. The individual element antenna possesses the following dimensions: A=0.3 mm, E=6.75 
4

mm, M=7 mm, N=11 mm, DD=1 mm, O=4.75 mm, as depicted in Fig. 1a–b.
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Fig. 1. Proposed Single Element Design(a) Front side; (b) Back side; (c) Simulated and Measured S(1,1); (d) Simulated Gain, Radiation and Total Efficiency; (e) 
Simulated and Measured Gain Over Frequency; (f) Radiation Pattern 28 GHz Φ=0◦ ; and (g) Radiation Pattern 28 GHz Φ=90◦ .

4. Antenna design (MIMO configuration)

The proposed MIMO antenna with a tri-circular ring configuration is designed on an RO5880 substrate. The substrate has a relative 
permittivity of 2.3. The design and analysis of the antenna are performed using Computer Simulation Technology (CST) software, 
specifically version 2022. [33]. The substrate height is set to 0.254 mm, ensuring the desired characteristics and functionality of the 
antenna design. The proposed resonator structure includes three configurations: 1) the first circle with microstrip line, 2) Inserting 
the middle circle and partial ground plane, and 3) inserting the top circle and square slot on the partial ground plane. The first circle 
is attached to a microstrip line operating at 26-31 GHz frequency bands. The middle circle and a partial ground plane on the back 
side enhance the impedance bandwidth for wide-band operation, covering 26-34 GHz frequency bands. The top circle and the square 
slot on the partial ground plane achieve broadband characteristics spanning 26-40 GHz frequency bands. The proposed antenna 
layout offers two advantages: the integration of thin microstrip lines, forming a tri-circular-shaped radiator, and the use of a partial 
ground plane, enhanced by a small square slot, promoting wide impedance bandwidth and high isolation characteristics. The partial 
ground plane on the bottom side of the substrate improves isolation between antenna elements and enhances impedance matching, 
resulting in a broader bandwidth. The proposed partial ground plane also incorporates a thin square-shaped slot, expanding the 
antenna’s bandwidth. The MIMO antenna has following dimensions: U=0.3 mm, V=6.75 mm, Y=9 mm, X=1 mm, W=4.75 mm, 
R=5.5 mm, S= 0.8 mm, T= 2.4 mm and U= 0.8 mm, as shown in Fig. 2a–b.

The proposed MIMO antenna elements are organized orthogonally, utilizing a polarization diversity configuration to simultane-
ously transmit and receive multiple independent data streams in the mmWave frequency, as depicted Fig. 2a. The proposed antenna 
features partial ground planes with square-shaped slots on its backside as shown in Fig. 2b, with a total size of 23×18 mm2 while 
Fig. 2c shows the back view with connected ground plane. Also, the figure shows that in our design, to obtain high isolation and 
reduce the mutual coupling among radiating elements, there is no need to design the decoupling structures between the antenna 
elements. The equivalent circuit model of the proposed MIMO antenna is shown in Fig. 3. A qualitative analysis of the four antenna 
elements reveals that all the antenna elements are identical using the concept of parallel RLC resonator circuits Fig. 3. 𝑅𝑑 denotes 
the loss that occurs due to the decoupling structure, while 𝑅𝑎 signifies the radiation resistance. The capacitance and inductance were 
denoted, respectively, by the symbols 𝐿𝑎 and 𝐶𝑎. Furthermore, the inductance and capacitance values associated with the complete 
decoupling configuration were denoted by the symbols 𝐿𝑑 and 𝐶𝑑 . The coupling signal can transmit electromagnetic energy to 
the adjacent antenna element during the operation state of the antenna. Nonetheless, it is observed that electromagnetic energy is 
transmitted in both directions between the two antenna elements. Hence, 𝐾12 and 𝐾21 denote the coupling energy between antenna 
1 and antenna 2, whereas 𝐾34 and 𝐾43 indicate the coupling energy across element 3 and element 4.

The proposed MIMO antenna has a symmetrical structure, with equal coupling between port 1 and port 2, as well as between 
5

port 3 and port 4. Furthermore, it is noted that the coupling coefficients 𝐾12 and 𝐾21 are identical, just as 𝐾34 is equal to 𝐾43 .
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Fig. 2. Proposed MIMO antenna (a) Front side; (b) Back side Separate Ground Plane ;and (c) Back side Connected Ground Plane.

Fig. 3. MIMO antenna equivalent circuit model.

The calculation of the RLC parameters can be performed using the expression provided in [34]. Specifically, the resistance can be 
calculated from (1)

𝑅 = 1
𝑤𝜎cond𝛿

(1)

where, 𝜎cond denotes the transmission line conductivity and 𝛿 denotes the skin depth while 𝜔 represents the angular frequency which 
is expressed by

𝛿 = 1√
𝜋𝑓𝜇0𝜎cond

The internal inductance per unit length can be expressed as (2)

𝐿 = 1
𝑤𝜎cond𝜔𝛿

(2)

where w denotes the width of the transmission line and the capacitance is calculated from (3)

𝐶 = 𝜀𝑤

𝑑
(3)

where, 𝜀 represents the permittivity of the dielectric medium and finally, per unit length conductance is expressed as (4)

𝐺 =
𝜎dielec𝑤

𝑑
(4)

The S-Parameters of the proposed antenna show a wide-band response from 26 to 40 GHz, as shown in Fig. 4 with suitable 
performance characteristics. Fig. 4a shows the simulated S-parameters of the four elements, which shows the frequency response of 
S (1,1), S (2,2), S(3,3) and S(4,4). In the S(1,1) and S(2,2) curves, the peak reflection coefficient of 30 dB is observed at 38 GHz, 
while 23.5 dB is noted at 28 GHz, which covers the frequency range of 26-40 GHz. Furthermore, in S(3,3) and S(4,4) curves, the 
6

peak reflection coefficient of 33.46 dB is noted at 38 GHz, while 22.23 dB is observed at 28 GHz with an impedance bandwidth of 14 



Heliyon 10 (2024) e28714M.E. Munir, M.M. Nasralla and M.A. Esmail

Fig. 4. Simulated MIMO S-parameters (a) Reflection Co-efficient with Separated Ground Plane ; (b) Ports isolation with Separated Ground Plane; (c) Reflection 
Co-efficient with Connected Ground Plane; and (d) Ports isolation with Connected Ground Plane.

GHz. The simulated results of port isolation are shown in Fig. 4b. The isolation is found to be great at -18 dB at the 28 GHz frequency 
band, while -19 dB is noted at the 38 GHz band, confirming the effective isolation between the antenna elements. Fig. 4c shows 
the S-parameters of the four elements with connected ground plane while Fgure 4d shows the simulated results of ports isolation 
with connected ground plane. According to the simulation results, the designed MIMO antenna shows acceptable resonance behavior 
throughout the specified frequency bands. It offers sufficient isolation between the antenna elements, ensuring reliable and effective 
communication performance.

5. Prototype development and measurement

Leiterplatten-Kopierfrasen (LPKF) machine was used for the fabrication of the proposed tri-circular MIMO antenna [27] and [35]. 
The testing and validation were performed using in-house facilities of Pakistan Aeronautical Complex (PAC), Kamra, Pakistan. The 
fabricated prototype is shown in Fig. 5. Fig. 5a shows the front view of the MIMO antenna without connectors, and Fig. 5b shows the 
back view of the antenna without connectors while Fig. 5c shows the front view with Sub-Miniature Push-on Micro (SMPM) male 
connectors. A scale and coin have been placed close to the fabricated prototype in order to confirm its physical length.

The simulated and measured MIMO antenna S-parameters of the four antenna elements are shown in Fig. 6a–d. The solid-red 
curves show the simulated results, whereas the dotted-black curves show the measured results. The measured results show some 
ripple disruptions from the simulated results, but overall, the results are well agreed upon for a good MIMO system. The reflection 
coefficient of the measured results shows that the MIMO system is operating at 28 and 38 GHz, and the return loss is less than -10 
dB over the desired band (i.e., 26-40 GHz).

Slight disruptions are also observed from measured results of port isolation, but these results matched the simulated results 
achieved from simulations. The port isolation measured results are shown in Fig. 7. In Fig. 7a, it can be clearly seen that the 
measured isolation value is obtained from S(2,1) as -19 dB at 28 GHz and -19.5 dB at 38 GHz. Fig. 7b shows the measured port 
7

isolation obtained from S(3,1) where -17 dB is achieved at 28 GHz and -18 dB at 38 GHz.
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Fig. 5. Prototype of the proposed antenna: (a) Front view without connectors (b) Back view without connectors (c) Front view with connectors.

Fig. 6. Measured S-parameters of the MIMO antenna (a) S(1,1) (b) S(2,2) (c) S(3,3), and (d) S(4,4).

The simulated (Sim) and measured (Mea) radiation patterns of two planes, Phi (90◦) and Theta (90◦), for two arbitrary antenna 
elements, element 1 and element 2, are shown in Fig. 8. Where (Sim) shows the simulated results while (Mea) presents the measured 
results. In Fig. 8a, we indicate the radiation pattern for element 1 at 28 GHz and Phi (90◦). The results indicate that the main lobe 
direction is at 169◦. For element 2 and using the same frequency, Fig. 8b shows that the main lobe is at 35◦. Fig. 8c and Fig. 8d 
display the radiation pattern for elements 1 and 2 at 38 GHz frequency and Theta (90◦). The main lobe direction is at 51◦ for element 
1 while for element 2 is at 318◦. Again, there are slight disruptions in the measured results, but the results are successfully matched 
8

with the simulations.
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Fig. 7. Measured ports isolation of MIMO antenna (a) S(2,1); (b) S(3,1).

Fig. 8. MIMO antenna simulated and measured radiation pattern (a) Element 1 at 28 GHz and Phi (90◦); (b) Element 2 at 28 GHz and Phi (90◦); (c) Element 1 at 
38 GHz and Theta (90◦); (d) Element 2 at 38 GHz and Theta (90◦).

The 3D gain of the proposed MIMO antenna at 28 GHz is shown in Fig. 9a–d for the four elements. The obtained gain for the 
elements 1, 2, 3, and 4 are 4.7 dBi, 6.09 dBi, 4.66 dBi, and 6.6 dBi, respectively. Each antenna element gain is satisfactory for the 
frequency band of 28 GHz.

Antenna gain is an important parameter in antenna design, which refers to the antenna’s ability to focus the radiation in a par-
ticular direction compared to an isotropic radiator. A higher gain value indicates that the antenna is more effective at concentrating 
energy in the desired direction, resulting in increased coverage, improved signal strength, and better communication range. Fig. 10a 
shows the simulated and measured gain of the proposed antenna. The measured gain varies between 4 dBi to 6.1 dBi. At 28 GHz, 
the gain of the antenna is observed as 4.5 dBi, while at 38 GHz, the antenna gain is noted as 6.1 dBi, which is suitable for smart 5G 
9

devices.
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Fig. 9. The gain of the proposed antenna in 3D at 28 GHz: (a) Element 1, (b) Element 2, (c) Element 3, and (d) Element 4.

Fig. 10. (a) Simulated and measured gain, and (b) Radiation and total efficiency.

Radiation efficiency measures the effectiveness of an antenna in converting input power into radiated electromagnetic waves. A 
higher radiated efficiency indicates that a larger portion of the input power is effectively radiated, resulting in better overall antenna 
performance. Furthermore, total efficiency represents the ratio of the total power radiated by the antenna to the total input power 
supplied to the antenna, considering the radiated power and the mismatch loss throughout the antenna system. The total efficiency 
is calculated from (5) as follows [36]

𝜂total = 𝜂radiation × 𝜂conduction × 𝜂dielectric × 𝜂mismatch (5)

where,

• 𝜂radiation is the radiation efficiency, which accounts for how efficiently the antenna radiates energy into space.
• 𝜂conduction is the conduction efficiency, which takes into account the losses in the conductive elements of the antenna, such as 

metallic components.
• 𝜂dielectric is the dielectric efficiency, which considers losses in the dielectric materials, such as insulators or substrates used in 

antenna construction.
• 𝜂mismatch is the mismatch efficiency, which quantifies the losses that occur when there is a mismatch between the antenna and 

the transmission line or an impedance mismatch within the antenna.

It’s worth observing that achieving high efficiency in mmWave antennas is a challenging task due to various factors, including 
the compact size of the antenna elements, high operating frequencies, and the potential for increased losses at these frequencies. 
Design considerations such as antenna geometry, substrate materials, feeding techniques, and impedance matching can influence the 
efficiency of an mmWave antenna. The radiation and total efficiency of the proposed antenna are presented in Fig. 10b, where the 
(Sim) shows the simulated results and (Mea) presents the measured results. The results show that the minimum radiation and total 
efficiency are achieved on element 2, which is observed as 92% at 28 GHz and 95% at 38 GHz, while the total efficiency is noted as 
10

89% at 28 GHz and 90% at 38 GHz, respectively.
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Fig. 11. MIMO antenna ECC parameter results (a) ECC (Sim); (b) ECC (Mea); (c) ECC (Sim) from Radiation Pattern; and (d) ECC (Mea) from radiation Pattern.

6. MIMO performance parameters

The most important parameters of the MIMO system are the ECC, DG, Mean Effective Gain (MEG), Total Active Reflection Co-
efficient (TARC), and Channel Capacity Loss (CCL). ECC is defined as the impact of one antenna on the performance of another 
antenna in a MIMO system. In practical scenarios, ECC values are preferred to remain below 0.5 [37]. It can be derived using (6)
and is given mathematically by [37]

𝐸𝐶𝐶 =

||||∬ 4𝜋

(
⃖⃗𝛽𝑖(𝜃,∅)

)
×
(
⃖⃗𝛽𝑗 (𝜃,∅)

)
𝑑Ω

||||
2

∬ 4𝜋
||||
(
⃖⃗𝛽𝑖(𝜃,∅)

)||||
2
𝑑Ω∬ 4𝜋

||||
(
⃖⃗𝛽𝑗 (𝜃,∅)

)||||
2
𝑑Ω

(6)

where, 
(
⃖⃗𝛽𝑖(𝜃,∅)

)
and 

(
⃖⃗𝛽𝑗 (𝜃,∅)

)
represents the 3D radiation pattern established when the ith and jth antenna elements are excited, 

respectively, while Ω denotes the solid angle. ECC simulated results are compared with measured results as shown in Fig. 11. Fig. 11a 
shows the simulated results while the measured results are shown in Fig. 11b. In both figures, it can be seen that the simulated and 
the measured ECC results are less than 0.5. The ECC values at 28 GHz and 38 GHz are 0.0017 and 0.0016, respectively, which show 
that the antenna elements are well isolated within the frequency range of 26-40 GHz and can be used for practical 5G devices. The 
highest ECC of 0.020 and 0.018 were observed outside the frequency range at 22 and 23 GHz, respectively, which shows that the 
antenna elements are not properly isolated at these frequency bands. ECC is also calculated with the help of radiation pattern for the 
frequency band of 24-38 GHz, as shown in Fig. 11c and Fig. 11d.

Spatial diversity uses the multipath channel to prevent multipath fading by sending different sorts of the same transmitted signals 
to the receiver. The receiver can use one of the diversity coupling methods to improve the wireless network’s reliability. This 
11

improvement is calculated using the DG metric. The DG is calculated from (7) as follows [36]
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Fig. 12. DG parameters results of the designed antenna.

Table 1

Proposed MIMO Antenna MEG.

Frequency (GHz) MEG 1 (dB) MEG 2 (dB) MEG 3 (dB) MEG 4 (dB)

28 GHz -3.16 -3.21 -3.19 -3.73
38 GHz -2.98 -3.62 -3.51 -3.31

𝐷𝐺 (𝑑𝐵) = 10 ×
√

1 − (𝐸𝐶𝐶)2 (7)

The standard range for DG in MIMO systems typically lies between 9.95 to 10 dB and can be used for practical 5G devices. The 
DG results are presented in Fig. 12, where it can be observed that at 28 GHz, the DG is noted as 9.98 dB while at 38 GHz, it is 
observed as 9.9 dB, which shows that the results are within the acceptable limits. The ability of an antenna to receive microwave 
energy in a multipath environment is evaluated by MEG. MEG is defined as the proportion of the antenna’s mean received power to 
its mean incident power [38]. It can be obtained from (8) and expressed mathematically by

𝑀𝐸𝐺 =

𝜋

∫
−𝜋

𝜋

∫
0

[
𝑟

𝑟+ 1
𝐺𝜃(𝜃,𝜙)𝑃𝜃(𝜃,𝜙) +

1
1 + 𝑟

𝐺𝜙(𝜃,𝜙)𝑃𝜙(𝜃,𝜙)
]
𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜙 (8)

where, 𝐺𝜙(𝜃, 𝜙) and 𝑃𝜃 (𝜃, 𝜙) represents the angle of arrival and r denotes the cross-polar ratio which can be mathematically stated 
as

𝑟= 10𝑙log10
(
𝑃𝑣𝑝𝑎

𝑃ℎ𝑝𝑎

)
where, 𝑃 𝑣𝑝𝑎 and 𝑃ℎ𝑝𝑎 represent the power with vertical and horizontal polarization antenna.

It can be noted that at 28 GHz, the MEG of element 1 is observed as -3.16 dB, element 2 is -3.21 dB, element 3 is -3.19 dB, and 
element 4 is -3.73 dB, while at 38 GHz, the MEG of element 1 is noted as -2.98 dB, element 2 is -3.62 dB, element 3 is -3.51 dB, and 
element 4 is -3.31. These values are well below the practical value threshold of 1 dB at the desired frequency bands. Table 1 shows 
the MEG of the proposed MIMO system of each antenna element, i.e., elements 1, 2, 3, and 4 at 28 GHz and 38 GHz.

The CCL is a significant performance parameter that defines the maximum achievable transmission rate while maintaining a loss 
of less than 0.4 bits/s/Hz. It is a crucial metric for assessing diversity performance in practical MIMO systems. [39]. The CCL is 
calculated from (9)

𝐶𝑙𝑜𝑠𝑠 = −𝑙𝑜𝑔2det
(
𝛼𝑅

)
(9)

where, 
(
𝛼𝑅

)
} represents the correlation matrix defined by

𝛼𝑅=
⎡⎢⎢⎣
𝛼11 ⋯ 𝛼14
⋮ ⋱ ⋮
𝛼41 ⋯ 𝛼44

⎤⎥⎥⎦
where 𝛼ij=S∗iiSij+S

∗
jiSij and 𝑆𝑖𝑗

denotes the measured S-parameters. The simulated and measured results of the performance of the 
proposed antenna in term of the CCL parameter are shown in Fig. 13a. It can be noted that the simulation and the measured results 
12

of the CCL parameter are less than the threshold value of 0.4 bits/s/Hz in the operating frequency band, i.e., 26-40 GHz. Moreover, 
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Fig. 13. (a) Performance of the MIMO antenna in terms of CCL, (b) MIMO antenna parameters TARC.

Table 2

Comparison with other published work.

Ref O.F B.W Size Size Ground Gain Isolation Eff. ECC Comm.
(GHz) (GHz) (mm2) (𝜆) Plane (dBi) (dB) (%)

[12] 27.6-28.6/ 1/ 20×24 0.18×0.23 C 7.9 28 >85 0.001 mmWave
37.4-38.6 1.2 5G

[13] 23-40 17 80×80 0.84× 0.84 C 12 >20 >70 0.0014 5G devices
[14] 1.8-2.6/ 0.8/ 25×12 0.18×0.08 C 7.2 >17 65 0.01 4G and 5G devices

25-40 15
[18] 27-30 3 30×30 0.28×0.28 NC 6.1 <29 92 0.016 mmWave devices
[26] 26-30 4 31×31 0.27×0.27 NC 3.2 <22 80 <0.015 mmWave devices
[27] 22.4-31.6 9.23 30×30 0.21×0.21 NC 5.6 >25 >80 0.16 mmWave devices
[30] 7.55-22.8 15.3 138×69 6.9×3.45 C 6.9 >18 85 0.061 Vehicular devices
[31] 1.95-6.25 4.3 50×50 0.64×0.64 C 3.3 16.5 88.5 0.028 5G devices
[33] 27.5-30.9/ 3.4 40.4×20 3.77×1.86 C 5.7 20 85 0.001 5G devices

37.3-44.6 7.3 9.5 18 88.2
Prop. 26-40 14 23×18 0.26× 0.20 NC 6.6 >18 >90 0.001 mmWave 5G portable devices

O.F=Operating Frequency, B.W=Bandwidth, Eff.=Efficiency, C=Connected, NC=Not Connected Comm.=Communication.

at 28 GHz the simulated CCL is noted as 0.1 bits/s/Hz while at 38 GHz it is indicated as 0.16 bits/s/Hz, which satisfies the acceptable 
limit condition of a MIMO system.

The TARC is a metric used to assess a MIMO system’s power efficiency and performance. It measures the ratio between the total 
power reflected by the antennas and the actual power incident on the antennas. A low TARC value indicates the efficient transmission 
of signals in a MIMO system with minimal losses caused by reflection, which leads to better signal quality, faster data rates, and 
improved capacity in the system for outstanding communication. It is expressed using (10) and calculated for a four-port MIMO 
antenna by [39]

𝑇𝐴𝑅𝐶 =

√√√√√√√√√
||𝑆11 +𝑆12𝑒

𝑗𝜃1 +𝑆13𝑒
𝑗𝜃2 + 𝑆14𝑒

𝑗𝜃3 ||2
+||𝑆21 +𝑆22𝑒

𝑗𝜃1 +𝑆23𝑒
𝑗𝜃2 +𝑆24𝑒

𝑗𝜃3 ||2
+||𝑆31 +𝑆32𝑒

𝑗𝜃1 +𝑆33𝑒
𝑗𝜃2 +𝑆34𝑒

𝑗𝜃3 ||2
+||𝑆41 +𝑆42𝑒

𝑗𝜃1 +𝑆43𝑒
𝑗𝜃2 +𝑆44𝑒

𝑗𝜃3 ||2√
𝑁

(10)

where 𝜃 denotes the phase angle of the MIMO system, and N represents the number of antenna elements. It is clear from Fig. 13b 
that the TARC is less than -10 dB in all the frequencies of the desired band. Moreover, in Fig. 13b the impact of 𝜃 is studied, where
𝜃 is increased from 60◦ to 180◦ with a step size of 60◦. It is observed that as 𝜃 increases, the TARC value drops below -10 dB, which 
shows the signals are efficiently transmitted from a MIMO system.

Finally, the proposed antenna is compared with previously published literature as shown in Table 2. It is noted that the proposed 
MIMO system delivers good gain with a minimum antenna size of 23×18 mm2 and wideband characteristics. All the investigated 
performance parameters have been determined to fall within acceptable limits and satisfy the performance requirements for the 
13

proposed MIMO system, which is appropriate for both realistic 5G and mmWave applications.
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7. Conclusions

This design presents a MIMO tri-circular shape mmWave antenna with orthogonal MIMO assembly on a thin RO5880 with a 
permittivity of 2.3, and substrate height is kept at 0.254 mm. The antenna showed a wide frequency range of 26 to 40 GHz, with 
gain varying between 4 and 6.6 dBi. At 28 GHz, it was noted to be 6.6 dBi with radiation efficiency greater than 90%. In addition, 
it is noted that improved isolation is found among radiating elements, which indicates minimal coupling or interference between 
the radiating elements and enables better independent transmission and reception of signals, leading to improved performance. 
The dimension of the MIMO antenna is 23×18 mm2 with an impedance bandwidth of 14 GHz, which is smaller than compared to 
previously published techniques and covers the 5G frequency bands of 26, 28, 32 and 38 GHz. In addition, for the proposed MIMO 
design, the performance parameters MEG, ECC, DG, CCL, and TARC are also calculated. The simulated and evaluated results are 
compared with the stated literature and are found to be in acceptable agreement. The proposed antenna system is found to be an 
appropriate candidate for practical future 5G and mmWave applications.
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