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Abstract
This study presents a planar dual-band multiple-input multiple-output (MIMO) 
antenna design for the prospective fifth-generation (5G) frequency bands of 28 and 
38 GHz. The antenna element is designed by utilizing a rectangular patch with an 
offset microstrip feeding technique. A dual-band response is achieved by placing 
semi-circular slots on each side of the patch element. To tune the frequency response 
and improve impedance matching, vertical rectangular slits are etched in the rec-
tangular patch and the ground plane, respectively. The results show that the single 
antenna element offers an impedance bandwidth of 2.52 GHz (26.32–28.84 GHz) 
and 7.5 GHz (34–41.5 GHz). In addition, a MIMO configuration based on pattern 
diversity using four antenna elements is designed and fabricated. The designed 
MIMO configuration achieves an impedance bandwidth of 3 GHz (27–30 GHz) and 
5.46 GHz (35.54–41 GHz) at operating bands of 28 and 38 GHz. The peak realized 
gain for the single element at 28 and 38 GHz is noted to be 7.4 dBi and 7.5 dBi, 
respectively. Furthermore, the polarization diversity configuration illustrates an iso-
lation of > 15 dB and > 25 dB for the 28 and 38 GHz frequency bands, respectively. 
Moreover, the MIMO configuration attains appropriate values for the envelope cor-
relation coefficient (ECC) and diversity gain (DG), Total Active Reflection Co-effi-
cient (TARC), Channel Capacity Loss (CCL) and Mean Effective Gain (MEG) for 
the operating frequency bands. The proposed MIMO system based on results seems 
to be potential choice for mmwave Ka Band Applications.

Keywords  Dual-band · Fifth generation · MIMO · Planar antenna · Pattern diversity

1  Introduction

Fifth Generation (5G) technology has gathered significant attention from 
researchers, propelled by the relentless pursuit of enhancing both infrastructure 
construction and terminal installations. This heightened interest stems from the 

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s10762-024-00983-0&domain=pdf
http://orcid.org/0000-0002-5004-9350
http://orcid.org/0000-0001-6352-1207
http://orcid.org/0000-0002-1664-8544
http://orcid.org/0000-0002-5881-1557
http://orcid.org/0009-0005-8843-259X


522	 Journal of Infrared, Millimeter, and Terahertz Waves (2024) 45:521–537

1 3

continuous exploration and refinement aimed at bolstering the capabilities of 
5G networks, fostering a landscape where faster data speeds, lower latency, and 
increased connectivity are not only sought after but also imperative for meet-
ing the evolving demands of our interconnected world [1]. 5G technology cur-
rently uses lower frequencies (sub-6 GHz) for wide-area coverage, while higher 
frequencies, or millimeter-wave (mmWave) bands, are still being developed for 
local area networks and short-range indoor communications [2, 3]. Because of its 
broadband and consequent ability to provide multigigabits per second data speed, 
the intended exploitation of the mmWave band will unquestionably boost the 
efficient communication experience compared to the sub-6 GHz band [4, 5]. To 
build their own standards, many nations have chosen specific frequencies for 5G 
mmWave applications, such as 27.5–28.8 GHz for Japan, 28 GHz for Korea, and 
24.2–27.5 GHz/37–43.5 GHz for China [6]. In October 2015, the Federal Com-
munications Commission (FCC) suggested a careful examination of the spectrum 
at 28 GHz, 37 GHz, 39 GHz, and 64–71 GHz. Therefore, devices for these bands 
are essential for 5G communication systems [7, 8].

The mmWave antenna design faces significant challenges, primarily focus-
ing on bandwidth enhancement and size reduction while maintaining low pro-
file, multiple resonance capabilities, and cost-effectiveness. Adhering to interna-
tional standards for the mmWave band, the adoption of dual-band realization is 
prevalent, offering advantages such as improved signal strength, reliability amidst 
interference, expanded coverage in challenging terrain, and reduced interfer-
ence through separate frequency bands. Dual-band antennas contribute signifi-
cantly to enhancing the performance and reliability of wireless communication 
systems, making them indispensable in modern communication technology. In 
mmwave spectrum, Intelligent Reflective Surfaces (IRS) hold immense poten-
tial. In IRS through deploying reflective surfaces can overcome fading effects 
hurdles effectively. By manipulating and redirecting mmWave signals, IRS opti-
mizes their propagation, extending coverage and enhancing signal strength. How-
ever, IRS technology can be expensive, particularly in large-scale deployments 
where numerous reflective elements are required. This cost may pose a barrier to 
widespread adoption, especially for smaller operators or in resource-constrained 
environments [9–11]. In [12] authors presented an IMS-based pattern and beam 
reconfigurable antenna designed for diverse IoT applications, including V2X 
communication and 5G Small Cell deployment, both indoors and outdoors. This 
antenna system combines a wideband monopole with a programmable IMS acting 
as a reflector, offering versatility in radiation pattern control. Utilizing a single-
layered metasurface comprising a 4 × 4 array of square ring-shaped unit cells, 
each controllable by four diodes, the system enables precise manipulation of 
the reflector’s shape and size, resulting in various radiation patterns from omni-
directional to broadside, with single or dual beams and beam-steering capabili-
ties in both elevation and azimuth planes. Despite its advantages, challenges such 
as complexity in design and calibration, power consumption due to active com-
ponents, and potential high costs associated with sophisticated IMS technology 
remain to be addressed for wider practical adoption in IoT and 5G applications.
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Despite its appealing features, 5G faces a significant drawback of signal weak-
ening during transmission due to low penetration power. To address this, multiple-
input multiple-output (MIMO) technology is crucial, enhancing data rates and com-
munication quality by increasing antenna components on transmitters and receivers. 
Efforts have been made to enhance radiation performance and propose metrics for 
5G massive MIMO mmWave antennas. In [13], the authors used a complex mul-
tilayer substrate integrated waveguide (SIW) transmission line-fed coupling-based 
technology to get MIMO characteristics at 28 and 38 GHz frequency bands. Simi-
larly, in [14], a dual-band MIMO antenna was designed for the microwave and 
mmWave bands by utilizing SIW aperture-based technology. Multilayer adaptation 
was used to achieve a wide impedance bandwidth with minimal coupling loss. The 
authors in [15] achieved dual-band resonance in the mmWave band by using LTCC-
based technology. A 450-polarized patch antenna fed by two pairs of differential 
L-type probes was used to implement the filtering antenna element. Each probe was 
coupled to an additional square ring and open strips, which produced radiation nulls 
and achieved a low and high stopband rejection level of > 24 dB with excellent selec-
tivity. Resonant cavity antenna (RCA) technology was used by the authors in [16] to 
attain a high gain. To cover the 28 and 38 GHz frequency bands, the heights of the 
second- and third-order resonances in the RCA were optimized. Stepped rings were 
added to the metal ground, and a circular patch was applied to a partially reflect-
ing surface (PRS) to increase the bandwidth and gain in both bands. In a nutshell, 
MIMO technology has many benefits, but it also offers many challenges. To achieve 
the best performance, several MIMO performance parameters must be optimized.

The presented literature study suggests that at the 28 and 38 GHz mmWave fre-
quency bands, many researchers present phenomenal work, but it lacks simplicity 
as most of the discussed literature worked on utilizing multilayer designs, LTCC 
technology, and SIW-based structures that require precise alignments during fabri-
cation, high costs of materials and adhesives, and time consumption due to multiple 
fabrication trials. To cater to this problem of multilayer designs and costly materials, 
in this paper, a novel planar dual-band antenna intended for operation at the 28 and 
38 GHz mmWave frequency bands is presented. Notable contributions and objec-
tives of the proposed work are as follows:

•	 The primary objective is to design a cost-effective planar structure that offers 
a novel design and can resonate at the mmWave frequency bands, i.e., 28 and 
38 GHz.

•	 The proposed single-element design utilizes semi-circular slots on the edges 
of the radiating patch and slots on the radiating structure and ground plane to 
achieve an impedance bandwidth of 2.52 GHz (26.32–28.84 GHz) and 7.5 GHz 
(34–41.5 GHz).

•	 Pattern diversity configuration is utilized for the MIMO antenna design that 
exhibits an impedance bandwidth of 3 GHz and 5.46 GHz at the bands of inter-
est.

•	 The isolation between the antenna elements is noted to be > 15 dB and > 25 dB at 
28 and 38 GHz, respectively.
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•	 The single element of the MIMO configuration achieved a realized gain of 7.4 
and 7.5 dBi at 28 and 38 GHz, respectively.

2 � Proposed Antenna Design

2.1 � Single Antenna Element

Before presenting the design of a four-element MIMO antenna, there is a need to 
discuss the design of a single antenna element and its working principle. The geom-
etry of the proposed dual-band antenna is shown in Fig. 1. The proposed antenna is 
printed on a low-loss Rogers RT-5880 substrate with a height (h) of 0.787 mm and 
a dielectric constant (εr) of 2.2. It is composed of a modified rectangular patch ele-
ment fed by an offset microstrip feed line.

The dual-band response is achieved by placing semi-circular slots on each side 
of the rectangular patch. Furthermore, to achieve maximum impedance matching 
at the desired frequency bands, rectangular slots of different dimensions are etched 
from the rectangular patch and the full ground plane, as shown in Fig. 1. The design 
process for the proposed dual-band antenna is shown in Fig. 2. In the first step, a 
conventional rectangular patch antenna is designed and analyzed, as shown in the 
inset of Fig. 2a. The results show that the conventional patch antenna provides reso-
nance around 28.5 GHz. In the second step, the position of the microstrip feed line 
is changed (see inset of Fig.  2a). This modification tends to achieve a dual-band 
response, but the lower frequency band shifts below 26 GHz, as shown in Fig. 2. To 
tune the frequency response of the antenna at the desired bands, semi-circular slots 
are etched from each side of the patch element, as shown in the inset of Fig. 2. The 
utilization of semi-circular slots helps to achieve resonance at the desired frequency 
bands (see Fig. 2). In the last step, for improved impedance matching, vertical rec-
tangular slots are etched from the rectangular patch and the ground plane, as shown 

Fig. 1   Geometry of the proposed dual-band patch antenna (a) Front (b) Back
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in the inset of Fig. 2. From Fig. 2, one can observe that the use of slots in the radiat-
ing element and the ground plane improves the impedance matching at the 28 and 
38 GHz frequency bands. The impedance bandwidth of the proposed design is noted 
to be 2.52 GHz (26.32–28.84 GHz) and 7.5 GHz (34–41.5 GHz).

Figure 3 illustrates the surface current distributions at resonance frequencies of 
28 and 38 GHz. The surface current indicates that the dual resonances are gener-
ated through the combined effects of slots and semi-circles. Notably, there is a pro-
nounced and constructive concentration of current along all semi-circles and the slot 
patch. Interestingly, at 38  GHz, the current is particularly pronounced on the left 
side of the radiating element.

The results of the parametric analysis for the proposed mmWave antenna are 
depicted in Fig.  4. This analysis specifically explores the effects of variations in 

Fig. 2   (a) Reflection coefficient 
(S11) response for different 
design stages (inset of the figure 
shows design evolution)

Fig. 3   Surface current distribution at 28 and 38 GHz
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patch slot length and ground slot width. Looking at Fig.  4(a), it becomes evident 
that as the length of the patch slot is reduced, the intensity of the first resonance 
weakens and shifts towards lower frequency levels. Concurrently, the second res-
onance becomes more pronounced in this scenario. Turning attention to Fig. 4(b), 
the response of the resonances in relation to changes in the ground slot width is 
presented. Notably, an increase in the width of the slot leads to a notable outcome: 
the second resonance at 38 GHz becomes narrower. Furthermore, a noteworthy phe-
nomenon occurs with the first resonance: as the slot width widens, it transforms into 
a dual-band response. This transformation ultimately results in the complete disap-
pearance of the initial resonance at 28 GHz.

2.2 � Four Element MIMO Antenna

After designing a single antenna element, a four-element MIMO antenna system is 
designed using the polarization diversity technique, as shown in Fig. 5. In MIMO 
configuration, the dimensions of the single antenna element remain the same, as 
shown in Fig. 1.

In MIMO configuration, the board size is increased to 38.6 mm × 38.6 mm. For 
better mutual coupling, a gap of about 20 mm is set between adjacent antenna ele-
ments, and for face-to-face elements, it is equal to 18.75 mm, as shown in Fig. 5. 
The proposed MIMO antenna is designed in CST Microwave Studio. Figure 6 dis-
plays the distribution of surface currents, showcasing minimal interference among 
radiating elements, which signifies the antenna’s favorable isolation characteristics. 
This reduced interference is attributed to the increased separation between radiating 
elements. To improve isolation further, the MIMO system could be designed with 
antennas placed closer together, supplemented by an isolating structure. The fabri-
cated prototype of the proposed MIMO antenna is shown in Fig. 7. The S-param-
eters are measured using Rhode & Schwarz’s (R&S) Vector Network Analyzer 
(VNA) ZVA67 in the frequency range of 25–45 GHz.

Fig. 4   Effect of (a) patch slot length and (b) ground slot width on patch antenna performance



527

1 3

Journal of Infrared, Millimeter, and Terahertz Waves (2024) 45:521–537	

Figure 8 shows the simulated and measured reflection coefficient (S11) response 
of the proposed MIMO antenna. It is observed that the MIMO elements are resonat-
ing well for the bands of interest. Due to symmetry, only the characteristics of two 
antenna elements are presented here. In the case of MIMO configuration, the imped-
ance bandwidth at both bands is noted to be 3  GHz (27–30  GHz) and 5.46  GHz 
(35.54–41 GHz), as shown in Fig. 8. The measured S11 response is also shown in 
Fig. 8, and it is observed that the simulated and measured results are well in agree-
ment. The discrepancies between the results may arise due to connector losses, fab-
rication intolerances, and scattering environment effects.

On the other hand, the isolation performance of the proposed MIMO antenna in 
terms of simulation and measurements is shown in Fig. 9. From both results, shown 
in Figs.  9(a) and 9(b), it is observed that the isolation between the antenna ele-
ments is > 15 dB for the 28 GHz frequency band, while the isolation for the 38 GHz 

Fig. 5   Proposed dual-band MIMO antenna configuration

Fig. 6   Surface Currents of MIMO Configuration
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frequency band is observed to be > 25 dB. The simulated and measured efficiency 
at both resonances of 28 and 38 GHz is found to be greater than 80% as seen in 
Fig. 10. The peak efficiency (simulated) is notes to be 90.5% at 28 GHz. These val-
ues shos that the proposed antenna system is highly efficient. This indicates that the 
designed MIMO antenna can be used in devices where dual-band characteristics 
with low mutual coupling are required. The far-field radiation characteristics of the 
proposed MIMO antenna for xy- and zx-planes are shown in Fig. 11 and 3D radia-
tion patterns are shown in Fig. 12. Here, the radiation characteristics of Ant 1 and 
Ant 2 are presented.

The radiation patterns are plotted for the 28 and 38 GHz frequency bands. From 
the figures, it is observed that the antenna offers directional characteristics for the 

Fig. 7   Fabricated prototype of proposed dual-band MIMO antenna. (a) Front (b) Back (c) Measurement 
Setup
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xy-plane. For Ant 1, the main beam is directed towards 90 degrees, while for Ant 2, 
it is directed towards 180 degrees. Furthermore, for the zx-plane, broadside radiation 
patterns are observed. It is also observed from Figs. 11 and 12 that Ant 1 and Ant 
2 offer pattern diversity for both operating bands. Therefore, the presented results 
further justify the performance of the designed MIMO antenna. From the radiation 
pattern plots, one can also observe that the single antenna element offers a gain of 
7.4 and 7.5 dBi at 28 and 38 GHz, respectively.

Fig. 8   Simulated and measured 
reflection coefficient response of 
the proposed dual-band MIMO 
antenna

Fig. 9   (a) Simulated and (b) measured isolation performance of the proposed dual-band MIMO antenna
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Fig. 10   (a) Simulated Radiation and Total Efficiency (b) Measured Total Efficiency

Fig. 11   Far-field radiation characteristics of the proposed dual-band antenna for (a) xy-plane Ant 1 (b) 
xy-plane Ant 2. (c) zx-plane Ant 1 (d) zx-plane Ant 2
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2.3 � MIMO Performance Parameters

In order to evaluate MIMO performance of the proposed system, several MIMO 
performance parameters studies have been conducted. MIMO parameters are 
essential to analyze antenna performance in real time environments [24–26]. The 
parameters included Mean Effective Gain (MEG), Channel Capacity Loss (CCL), 
Envelope Correlation Coefficient (ECC) and Diversity Gain (DG). The abovemen-
tioned MIMO parameters are conducted using method described in [27, 28]. The 
ECC,TARC, CCL and DG characteristics of the proposed MIMO antenna are 
shown in Fig. 13 while MEG is shown in Table 1. The ECC is calculated using the 
S-parameter characteristics using Eq. (1).

(1)ECC =

���Sii ∗ Sij + Sji ∗ Sjj
���
2

�
1 − ⌈Sii⌉2 − S2

ij

��
1 − ⌈Sji⌉2 − S2

jj

�

Fig. 12   3D Far-field radiation characteristics of the proposed dual-band antenna (a) Ant 1 28 GHz (b) 
Ant 2 28 GHz a) Ant 1 38 GHz (b) Ant 2 38 GHz
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It is observed that the value of the ECC is approximately equal to zero, as shown in 
Fig. 13(a). On the other hand, the DG value is calculated using Eq. (2) for the bands of 
interest is equal to approximately 10 dB (see Fig. 13b). The TARC is also noted to be 
less than 10 dB at desired band of interest and CCL is observed less than 0.4.

The proposed MIMO antenna performance metrics, as presented in Table  2, are 
compared with the state-of-the-art structures reported in the recent literature. The com-
parison is arranged in terms of the antenna type, size, operating frequency, bandwidth, 
isolation, gain, and the MIMO performance parameters, i.e., ECC and DG.

(2)DG = 10

√
1 − ECC2

Fig. 13   (a) ECC and (b) DG (c) CCL and (d) TARC of the proposed dual-band MIMO antenna

Table 1   MEG of proposed 
MIMO antenna system

Frequency 
(GHz)

MEG 1 MEG 2 MEG 3 MEG 4

28 -3.88 -4.22 4.31 -3.90
38 -4.66 -4.01 -3.86 4.17
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3 � Conclusion

A dual-band, four-element MIMO antenna design is presented for mmWave 5G 
communication systems. The single element of the MIMO configuration consists 
of a modified rectangular patch element, while the back side consists of a slot-
loaded full ground plane. It is observed from the presented results that the sin-
gle antenna element offers an impedance bandwidth of 2.52  GHz ranging from 
26.32 to 28.84  GHz, and 7.5  GHz varies in the range of 34–41.5  GHz. After 
that, a MIMO antenna system is designed and fabricated. A pattern diversity 
configuration is utilized for the design of MIMO antennas. The MIMO antenna 
system offers an impedance bandwidth of 3  GHz (27–30  GHz) and 5.46  GHz 
(35.54–41 GHz) with a peak realized gain of 7.4 dBi and 7.5 dBi, respectively. 
The proposed system is novel in terms of wide bandwidth characteristics using 
full ground plane, directional patterns and high achieved gain as compared to 
printed monopole antennas which offer low gain with wideband characteristics 
and narrowband patch antenna structures. In addition, the isolation between the 
antenna elements is noted to be > 15 dB for the 28 GHz frequency band, while for 
the 38 GHz frequency band, the isolation is observed to be > 25 dB. Moreover, 
the MIMO parameter values are within acceptable limits. According to the pre-
sented results, one can conclude that the designed dual-band MIMO antenna can 
be considered a valuable candidate for existing or future ka band 5G communica-
tion systems.
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