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Abstract
The present work proposes a novel design of a dual-band-printed antenna for operation 
at the millimeter-wave frequencies 28 and 38 GHz that are utilized for the modern and 
future generations of mobile communications. The antenna is composed of two radiating 
elements. The first element is the main patch that is fed through a microstrip line with 
inset feed, and the second element is a parasitic element that is fed through capacitive 
coupling with the main patch. The design parameters of the proposed antenna are 
optimized through a complete parametric study to give excellent impedance matching 
at 28 GHz over the band 27.7–28.3 GHz and at 38 GHz over the band 37.7–38.3 GHz. 
The surface current distributions at the two operational frequencies are investigated. 
The designed antenna is used to construct a four-port efficient multi–input–multi–output 
(MIMO) system. The MIMO system performance is investigated regarding the envelope 
correlation coefficient (ECC), diversity gain (DG), and the channel capacity loss (CCL) 
showing very good performance. The single-element antenna and the MIMO are 
fabricated and experimentally evaluated showing excellent impedance matching over the 
lower and higher frequency bands, which come in agreement with the simulation results. 
It is shown that the antenna produces maximum gain of 7.4 and 8.1 dBi at 28 and 38 
GHz, respectively. The average radiation efficiencies of the proposed antenna are 88% and 
88.8% over the lower and higher frequency bands, respectively. In addition, the coupling 
coefficients between the MIMO antenna systems are measured experimentally showing 
very low coupling values resulting in an efficient MIMO system that is suitable for future 
millimeter-wave (mm-wave) applications.
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1 Introduction

The high demand for high-speed wireless communication has led to the development 
of millimeter-wave (mm-wave) frequency band (30–300 GHz) utilization. Among 
these bands, communication over the 28-GHz and 38-GHz spectra has garnered 
significant attention of researchers due to the wide bandwidth, fast data transmission, 
and low absorption rate [1]. The 28-GHz and 38-GHz frequency bands offer 
superior data rates and increased network capacity, making them ideal for 5G and 
beyond systems. The antennas working in these bands must be carefully designed 
to overcome challenges such as higher propagation losses and wider beam widths 
associated with mm-wave communications [2]. Additionally they must meet other 
requirements such as compact size, increased gain, and improved radiation patterns, 
while also ensuring efficient power transmission and reception.

Multiple-input-multiple-output (MIMO) antenna systems have led to the development 
of the communication systems. These systems depend on multiple antennas working 
simultaneously, to increase the capacity and allow high-speed data transmission. In 
addition, MIMO antenna systems provide several advantages such as spatial diversity 
and reduction of both fading and interference effects, thereby improving the reliability of 
wireless communications [3, 4]. MIMO antenna systems in the mm-wave band represent 
a key technology in 5G networks. Several antennas working at 28 GHz and 38 GHz have 
been introduced by researchers.

In Liu et al. [5], a multi-layer antenna structure based on a square patch radiator 
with a pair of shorting pins and an H-shaped slot achieves an impedance matching 
for 28-GHz and 38-GHz bands. The antenna is fed through a substrate-integrated 
waveguide (SIW) transmission line by means of a coupling slot. The antenna 
achieved gains of 9.0 dBi at 28 GHz and 5.9 dBi at 38 GHz. In Farahat et al. [6], 
an antenna based on a Yagi-Uda structure is presented. This antenna is used to 
operate at 28-/38-GHz bands. The antenna achieved gains of 9 and 10 dB at 28 
GHz and 38 GHz, respectively. In Sehrai et al. [7], a tree-shape antenna structure 
operating from 23 to 40 GHz with dimensions of 40 × 40 mm is presented. A 
quad-port MIMO antenna with orthogonal element arrangement and dimensions 
of 80 × 80 mm is printed on an RT-5880 substrate with a loss tangent equal to 
0.0009 and a relative permittivity of 2.2. The MIMO antenna system achieved a 
maximum total gain of 10.58, 8.87, and 11.45 dB, at 28 GHz, 33 GHz, and 38 
GHz, respectively. The total efficiency of the antenna is 70%. In Halaoui et al. [8], 
an antenna with an inverted-F shape is presented to work at both frequency bands 
of 28 GHz and 38 GHz. The antenna is printed on FR4 substrate with dimensions 
of 5.5 mm × 4 mm × 0.2 mm. An antenna array with 32 elements is deployed 
to achieve a gain of 16.52 dB at 28 GHz and 15.35 dB at 38 GHz. A dual-band 
antenna operating at 28 and 38 GHz is presented in Farahat et al. [9]. The design 
is mainly based on two coupled elements, primary and secondary elements. 
The primary antenna element is fed through a microstrip line, while the second 
element is capacitively coupled to the primary element. The antenna gain is about 
6.6 dBi and 5.86 dBi at 28 and 38 GHz respectively. Two antenna elements are 
arranged side-by-side or front-to-front to establish a MIMO antenna. Khan et al. 
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[10] presented a wideband S-shaped four-port MIMO designed on RO5880 with 
bandwidth of 25–39 GHz. In Munir et  al. [11], planar wideband multi-circular 
loop antenna mm-wave applications are introduced. The antenna has three circular 
rings with a partial ground plane with a square slot matched between 26.5 and 41 
GHz, with a peak gain of 4 dBi and radiation efficiency of 96%. A four-element 
array system is designed with a total size of 18.25 × 12.5 × 0.254  mm3 and a 
peak gain of 11 dBi. An antenna with a vertically stacked dipole is introduced 
in [12]. It operates at two bands: 28 GHz and 38 GHz. The achieved gains are 
about 4.8 dBi and 4.6 dBi at 28 and 38.5 GHz, respectively. A wideband antenna 
that operates between 26.5 and 43.7 GHz is presented in Hussain et al. [13]. The 
antenna structure is based on a rectangular patch and a circular patch loaded with 
two stubs. Four antenna elements with orthogonal arrangement are used to get a 
MIMO antenna. The antenna gain is 8.4 dBi, and the channel capacity loss (CCL) 
is 0.001. In Raheel et al. [14], the authors introduce a dual-band antenna operating 
at 28 GHz and 38 GHz, simultaneously. Their antenna is simply based on a square 
patch with an E-shaped aperture and an H-shaped slot on it. Four antenna elements 
are arranged in an orthogonal order to constitute a MIMO antenna. The overall 
MIMO antenna dimensions are 20 × 24 mm and a gain of 7.9 dB is achieved.

The dielectric resonator (DR) is adopted to design a dual-band antenna [15]. A 
rectangular DR with a coplanar waveguide (CPW) feeder with cross and square slots 
is presented. A MIMO structure of two DR elements is established. The achieved 
diversity gain (DG), envelope correlation coefficient (ECC), and CCL are 9.98 dB, 
0.007, and 0.06 bits/s/Hz, respectively. In Iqbal et  al. [16], a single-fed dual-band 
circular polarized DR antenna is presented for dual-function communication, such 
as GPS and WLAN. The design achieved wideband impedance bandwidths of 6.4% 
and 25.26% and 3-dB axial ratios (ARs) of 21.26% and 27.82%, for the upper and 
lower bands, respectively. In Tadesse et al. [17], an antenna with a rectangular shape 
and an additional split-ring resonator unit cell are incorporated to resonate at 28 and 
38 GHz. A MIMO antenna with quad ports is printed on Rogers RT5880 substrate 
with dimensions of 14 × 14 × 0.8 mm. The antenna achieved an ECC less than 0.005, 
a DG close to 10 dB, and a CCL less than 0.35 bits/s/Hz. An antenna with a circular 
patch structure with additional rectangular slot is used to operate at 38 GHz [18]. 
The antenna bandwidth ranges from 36.6 to 39.5 GHz. A quad-port MIMO antenna 
with dimensions of 25.95 × 25.95 × 0.238  mm3 is designed to work at frequencies 
from 37.2 to 39.2 GHz. The MIMO antenna satisfies an isolation of less than 25 
dB. The antenna peak gain is close to 10 dBi; this is due to using a large-frequency 
selective surface (FSS) layer below the MIMO antenna. The ECC and DG values 
are < 0.005 and around 9.99, respectively.

One of the primary challenges associated with MIMO antenna systems is the 
antenna coupling, which can lead to interference between the closely spaced 
antenna elements and, consequently, degradation of signal quality, increase 
of interference, and reduction of channel capacity [19]. The isolation between 
MIMO system elements is an important issue. It is needed to be high to 
minimize the coupling between the MIMO system elements and consequently 
enhance the overall performance. Coupling reduction methods in MIMO 
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antennas have been extensively studied in recent research works. Several 
techniques have been presented to minimize mutual coupling between adjacent 
antenna elements. Among these methods, band-pass filter (BPF) is used to 
select a desired band [20]. Electromagnetic band-gap (EBG) [21–23], stub [24], 
microstrip resonator [25], meander-line [26], neutralization line [27], shorting 
pin [28], and metasurfaces [29] are used in the antenna design.

The present work depends on a composite antenna structure with a primary and 
a coupled parasitic patch. This antenna structure supports the operation at 28-GHz 
and 38-GHz bands. Both the main patch and the parasitic element cooperate to 
allow the radiation at 28GHz . The main patch alone allows the radiation at 38 GHz. 
The antenna parameters are optimized to get an optimal antenna design considering 
the impedance bandwidth, gain, and efficiency. A quad-port MIMO antenna system 
with orthogonal antenna elements arrangement is established. The performance of 
the single antenna as well as the MIMO system is investigated and compared with 
other published work.

The paper is organized as follows. Section  2 presents the single element of 
the proposed dual-band antenna design. Section  3 describes the proposed MIMO 
system configuration. Section 4 illustrates the single-element antenna performance 
and the MIMO system characteristics. The fabrication and experimental work are 
investigated in Sect. 5. A comparison between the proposed antenna and the MIMO 
system is presented in Sect. 6. Finally, the conclusions of the work is summarized in 
Sect. 7.

2  Design of the Single‑Element Dual‑Band Antenna

In this section, the geometrical structure of the proposed single-element 28-/38-GHz 
antenna is illustrated and the optimum design parameters are selected.

2.1  Geometry Description

The antenna is first constructed from a circular patch with radius RP as the main 
radiator according to the following equations [30]:

where �r and h are the substrate dielectric constant and substrate height, respectively.
Two side-ring extensions (with internal radius RE and external radius RA ) have 

been attached to the main patch to add inductive loading to the main patch. Two 

(1)
RP =

F

{

1 +
2h

π�rF

[

ln
(

πF

2h

)

+ 1.7726

]} 1∕
2

(2)F =
8.791 × 10

9

fr
√

�r



1020 Journal of Infrared, Millimeter, and Terahertz Waves (2023) 44:1016–1037

1 3

symmetric holes are included within these extensions. The radius of each hole is 
RA. The main patch element is circularly clipped from the top. A crescent-shaped 
parasitic arc has been added to the antenna structure to add two types of loads to the 
main patch: first, a capacitive load through the semicircular slot of width WS and, 
second, an inductive load as the crescent acts as semicircular turn of a coil, thereby 
adding an inductance effect to the antenna impedance. The crescent comprises a cir-
cular strip ring of outer radius Ro and inner radius Ri . Inside the circular ring, a 
circular patch exists. This circular patch is separated from the circular ring through a 
circular slot of width WR to be coupled to each other. A small circular patch is placed 
at the center of this ring to be coupled to it through a circular slot of width WR.

The main patch is fed through a microstrip line with an inset feed. This geometri-
cal shape comprise the main patch, the inductive and capacitive loads, and the inset 
feed which provides a variety of dimensional parameters that enables the antenna 
designer to satisfy the antenna design goals at 28 GHz as well as 38 GHz.

The geometry of the proposed dual-band antenna is presented in Fig.  1. The 
antenna impedance is to be matched to 50Ω source over the desired frequency bands. 
The proposed patch antenna is printed on a Roger’s RO3003 substrate of dielectric 
constant �r = 3 , loss tangent tan� = 0.001 , and thickness h = 0.25mm.

Another way to simplify the geometry description is to view the antenna as com-
posed of two main radiating elements: the main patch and the parasitic element. The 
main patch is circular of radius RP and has two side extensions. Each side extension 

Fig. 1  Proposed dual-band antenna. a Feeding the antenna through microstrip line, b details of the radi-
ating patch with the dimensional parameters
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can be viewed as a small circular patch of radius RE that is merged into the main 
patch and has a circular hole of radius RA . The main patch is truncated at its upper 
part with a semicircular slot of width WS to be coupled to the parasitic element. The 
parasitic element can be viewed as a crescent; a circular strip ring of outer radius Ro 
and inner radius Ri is merged into the crescent at its center. A small circular patch 
is placed at the center of this ring to be coupled to it through a circular slot of width 
WR . The main patch is inset fed through a microstrip line. The inset length is LI and 
the width of the side slots of the inset is WI.

Such composite structure of the antenna allows the dual-band operation. The 
size of the overall surface of the main patch together with the parasitic element 
allows the formation of the resonant cavity field and the surface current that 
are responsible for radiation at the lower frequency (28 GHz). The surface of 
the main patch without the parasitic element allows the formation of the fields 
and surface currents of the resonant mode at 38 GHz. Thus, the resonance at 28 
GHz is attributed to the existence of the two elements, namely, the main patch 
and the parasitic element, which allow radiation at 28 GHz. Both elements form 
a resonant cavity field at 28 GHz with a surface current that leads to radiation. 
On the other hand, the main element only allows a surface current that leads to 
radiation at 38 GHz. The geometrical design parameters shown in Fig. 1 are to be 
optimized through a complete parametric study to arrive at the final design with 
satisfactory performance regarding the impedance matching bandwidth, the gain, 
and the radiation efficiency.

The antenna has many curvatures that affect the antenna performance. The effects 
of these curvatures vary according to the role of each curved part. For example, the 
crescent subtending the main patch acts like a semicircular turn that adds inductive 
load on the main patch. The crescent curvature, RC , controls the value of this 
inductive load, and, hence, it can be used to match the antenna input impedance 
to 50Ω and to increase its bandwidth at the lower and higher resonant frequencies. 
Also, the circular ring crossing the crescent has two radii describing its curvature: 
Ri and Ro . The two radii control the inductive coupling between the crescent and the 
main patch and play a major role in realizing the impedance matching at the higher 
resonant frequency (38 GHz). The curvature of the main patch itself has the radius 
RP . This curvature has a major effect to set the resonant frequencies exactly at 28 
GHz and 38 GHz.

Table 1  Dimensions of the proposed dual-band antenna design shown in Fig. 1

Parameter L LF RP RC RE RA Ro Ri WI WR

Value (mm) 18 13 2.064 2.62 0.9 0.43 1.29 0.7 0.29 0.2
Parameter W

S
W

F
W X

A
Y
C

Y
I

Y
PP

Value (mm) 0.2 0.53 8 1.6 0.5 0.565 2.0
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2.2  Optimum Design Dimensions

The final design dimensions of the proposed millimeter-wave antenna of the geometry 
presented in Fig. 1 are listed in Table 1. It should be noted that these dimensions are 
obtained through complete parametric studies to adjust the operating frequencies at 
28GHz and 38GHz , to minimize the reflection coefficient at the antenna ports, and to 
maximize the gain and radiation efficiency over the two frequency bands. The study 
is made through numerical simulations using the commercial package CST®.

3  Proposed MIMO Antenna System Configuration

A compact four-port MIMO antenna system configuration with the dimension 
26mm × 26mm is proposed for efficient MIMO operation. The system is constructed 
from four dual-band antennas arranged as shown in Fig.  2. Two antennas receive 
in the horizontal direction, and the other two antennas receive in the vertical 
directions. A square gap is created at the center of the MIMO circuit to reduce the 
mutual currents between the antennas. This allows reducing the coupling between 
the antenna elements and enhancing the MIMO performance at high bit rates. 
The MIMO parameters characterizing its performance are studied, including the 
coupling coefficients, envelope correlation coefficient, diversity gain, and radiation 
patterns. This MIMO system configuration is suitable for polarization diversity (as 
it has two vertical and two horizontal antennas that receive and transmit orthogonal 
polarizations) and spatial diversity (as the four antennas has four different spatial 
locations) schemes.

Fig. 2  Proposed four-port dual-
band MIMO antenna system 
configuration
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4  Results and Discussions

In this section, microwave electromagnetic simulations and experimental measurements 
are performed to investigate the single-element antenna performance as well as the 
proposed MIMO antenna system.

4.1  Single‑Element Antenna Performance

The return loss, radiation pattern, gain, and efficiency of the single element are 
studied for the single antenna. Also the current distribution and the radiation 
mechanism are investigated in the following subsections.

4.1.1  Impedance Matching and Operating Bandwidth

The proposed antenna is designed on Rogers RO3003 with epsilon of 3, tangent loss 
of 0.002, and height of 0.25 mm. The patch antenna and the feeding microstrip line 
are made from high-conductivity copper. The antenna is simulated using the CST® 
electromagnetic simulator. Discrete port is attached between the microstrip line 
and the ground plane to form the feeding port. The resulting reflection coefficient 
is calculated numerically and shown in Fig.  3. It is found that the impedance is 
perfectly matched at 28 and 38 GHz with reflection coefficient of − 33 and − 51 dB, 
respectively.

4.1.2  Far‑Field Patterns

The far-field radiation patterns are also calculated numerically using the CST® 
simulator at the two operating frequencies. The normalized patterns are plotted in 
Fig. 4a and b at 28 and 38 GHz, respectively, in the two principle planes � = 0

◦ and 
= 90

◦.

Fig. 3  Reflection coefficient of 
the proposed dual-band antenna
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4.1.3  Gain and Efficiency

The variations of the maximum antenna gain over the lower frequency band 
(27.7–28.3 GHz) and the higher frequency band (37.7–38.3 GHz) are presented in 
Fig. 5. It is shown that the maximum gain monotonically increases with increasing 
the frequency over the operational bands. However, the maximum gain obtained 
at 28 GHz reaches about 7.4 dBi, whereas the maximum gain obtained at 38 GHz 
is about 8.1 dBi. The values of the maximum gain with frequency are calculated 

Fig. 4  Radiation pattern of the proposed dual-band antenna in the two principle planes � = 0
◦ and 

� = 90
◦ , at a 28 GHz and b 38 GHz

Fig. 5  Variation of the antenna gain over a the lower frequency band (27.7–28.3 GHz) b and higher fre-
quency band (37.7–38.3 GHz)
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numerically using the CST and is depicted in Fig.  5a and b for both operating 
frequency bands 28 and 38 GHz, respectively.

The variations of the total and radiation efficiencies of the proposed dual-band 
antenna over the lower frequency band (27.7–28.3 GHz) and higher frequency 
band (37.7–38.3 GHz) are presented in Fig. 6. It is clear that the average radiation 
efficiency is about 88% and the total efficiency is greater than 75% over the lower 
frequency band. On the other hand, the average radiation efficiency is about 88.8% 
and the total efficiency is greater than 77% over the higher frequency band.

4.1.4  Current Distribution and Radiation Mechanism

For understanding the mechanisms of radiation of the proposed dual-band antenna 
at 28 and 38 GHz, the patterns of the surface current on the main patch and the 
parasitic elements should be investigated. As shown in Fig.  7a, at 28 GHz, the 
surface current is concentrated on the main patch and is, also, extending through 
the coupling slot to flow with a significant magnitude on the parasitic element. 
Thus, both the main patch and the parasitic element contribute to the antenna 
impedance and the radiated field at 28 GHz. On the other hand, the surface current 
exists only on the main patch and on the edges of the coupling slot at 38 GHz 
as shown in Fig. 7b. The surface current does not flow on the parasitic element 
at this frequency. This means that the parasitic element affects only the antenna 
impedance at 38 GHz, but it has no contribution to the radiated field at this 
frequency.

Fig. 6  Variation of the total and radiation efficiencies over a the lower frequency band (27.7–28.3 GHz) 
and b higher frequency band (37.7–38.3 GHz)
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4.2  Four‑Port MIMO Antenna System Performance

The most important performance metrics for a MIMO system include the mutual 
coupling between antennas, the envelope correlation coefficient (ECC), the 
diversity gain (DG), the total active reflection coefficient (TARC), and the channel 
capacity loss (CCL). These measures are investigated in this section for the 
proposed dual-band MIMO system.

4.2.1  Impedance Matching and Coupling Coefficient

The self- and mutual-coupling between antennas are calculated through numerical 
simulations and plotted in Fig. 8. The mutual coupling is shown for the first antenna 
since the other antennas will have the same results as the MIMO configuration is 

Fig. 7  The current distribution on the surface of the antenna at a 28 GHz and b 38 GHz

Fig. 8  Self- and mutual-cou-
pling between MIMO antenna 
systems
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reciprocal and all the antennas have the same positioning relative to the others. It 
is clear that the proposed arrangement causes the antennas to maintain very low 
coupling between each other and very good impedance matching at the operating 
frequencies 28/38 GHz. Figure 9 shows the current distribution on the four antenna 
surfaces when one antenna is excited. It is clear that the induced currents on the 
three antennas other than the excited one are very weak proving a very low mutual 
coupling.

4.2.2  Envelope Correlation Coefficient (ECC)

The ECC expresses how the radiation patterns of any two antennas in the MIMO 
system are independent. A low ECC value (preferred less than 0.5) indicates better 
signal quality, as it signifies independent channels with minimal interference and 
high capacity for data transmission. A high ECC means high correlated channels, 
leading to performance degradation. ECC is calculated according to the following 
formula [20]:

In Fig. 10, the ECC is plotted for each two pairs of antennas relative to antenna 
1, (1, 2), (1, 3), and (1, 4). The other antennas 2, 3, and 4 will have the same 
results as antenna 1. From Fig. 10, we can see that the ECC value is almost zero 
at 28 and 38 GHz.

(3)ECC =

|
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|

|

2
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Fig. 9  Current distribution on the four antennas of the MIMO system at a 28 GHz and b 38 GHz
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4.2.3  Diversity Gain (DG)

Arranging the antennas for a MIMO system has a great effect on the signal to 
interference ratio according to the employed diversity scheme. This is measured 
through calculating the diversity gain (DG). It is an important factor for evaluation 
of the MIMO system performance. A higher value of DG means that the MIMO 
system effectively mitigates the adverse effect of the multipath propagation, leading 
to improved signal quality, higher data rate, extended coverage range, and enhanced 
overall system capacity. Thus, the transmitted power can be reduced without affecting 
the performance. It is calculated as follows [20]:

Figure 11 shows the variation of DG with frequency. It is shown that MIMO has a 
value greater than 9.99 at the 28 and 38 GHz bands.

4.2.4  Channel Capacity Loss (CCL)

Channel capacity loss (CCL) is an important parameter to evaluate the MIMO system 
performance in a multipath environment. It is estimated to define the upper limit of the 
data rate for reliable transmission in a communication channel. CCL of less than 0.3 
bit/s/Hz is preferred. It can be calculated as follows [16]:

(4)DG = 10 ×
√

1 − ECC2

Fig. 10  Envelope correlation 
coefficient for the proposed four-
port MIMO

Fig. 11  Diversity gain for the 
proposed four-port MIMO 
system
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where ψR is the correlation matrix that is calculated as:

The CCL is calculated and plotted against frequency in Fig. 12. It is shown that 
the proposed MIMO system has the best CCL (lowest) values at the 28-GHz and 
38-GHz bands. CCL of 0.0064 is recorded.

4.2.5  Radiation Pattern

The far-field radiation pattern of the proposed MIMO antenna system is calculated 
through electromagnetic numerical simulation using the commercial package CST. 
In Fig.  13a and b, the simulated radiation patterns are drawn at 28 and 38 GHz, 
respectively, in the main planes � = 0

◦ and = 90
◦ , when port 1 is excited. It is clear 

from the figure that the radiation pattern is not affected by the neighbor antennas 
(similar to the single element radiation pattern) because of the very week coupling 
between the antennas in the proposed MIMO configuration.

(5)CCL = −log
2
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(
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)
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Fig. 12  CCL variation with fre-
quency for the proposed MIMO 
system
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5  Fabrication and Measurements

In order to investigate practically the performance of the designed antenna with 
the dimensions listed in Table 1 and the constructed MIMO system, the proposed 
dual-band antenna is fabricated for this purpose on Rogers RO3003 with thickness 
of 0.25 mm. The four-port MIMO system shown in Fig.  2 is also fabricated on 
the same substrate. The fabricated antenna and MIMO system are subjected to 
experimental measurements and, its performance is compared to the simulation 
results. The fabricated models are shown in Fig. 14.

Fig. 13  Radiation pattern at a 28 GHz and b 38 GHz, in the two planes � = 0
◦ and = 90

◦

Fig. 14   a The fabricated model of the dual-band antenna, b fabricated MIMO antenna system
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5.1  Reflection Coefficient Measurement of the Single Element

The evaluation of the impedance matching of the proposed antenna is performed by 
measuring the reflection coefficient at the input port of the antenna. In order to measure 
the reflection coefficient using a vector network analyzer (VNA), an end-launcher 
connector is attached to the antenna as shown in Fig. 15a. The VNA ZVA67 is used for 
this function. The connection of the single antenna attached to the 2.4-mm end-launcher 
to the VNA is shown in Fig. 15b with the |

|

S
11
|

|

 displayed on the screen. The measured 
reflection coefficient and the one calculated by the electromagnetic simulation are 
compared and plotted in Fig. 16 showing good consent.

Fig. 15   a Fabricated dual-band antenna attached to an end-launcher connector 2.4 mm from southwest 
microwave, b connection of the dual-band antenna to the VNA ZVA67

Fig. 16  Measured and simulated 
reflection coefficient of the 
proposed dual-band 28- ̸38-GHz 
antenna
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5.2  Measurement of the Reflection and Coupling Coefficient of the MIMO 
Elements

The scattering parameters that are calculated in Fig. 8 are measured experimentally 
in this section. For the fabricated MIMO antenna system, the impedance matching 
for the four elements are measured practically using the VNA ZVA 67 from Rohde 
and Schwarz and plotted in Fig. 17. Also, the coupling coefficient between each two 
antennas is measured and illustrated in Fig. 18. It is clear that the coupling between 
the antennas is very weak, less than − 30 dB for all antenna couples.

Fig. 17  Measured reflection 
coefficient of the four antennas 
of the proposed four-port MIMO

Fig. 18  Coupling coefficient between the antennas of the proposed MIMO system
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5.3  Experimental Verification of the Far‑Field Pattern of the Single Antenna

The far-field radiation pattern of the single-element antenna is measured experimentally 
using the same setup used in Fouad et  al. [31], in the two principle planes. The 
measured patterns are compared to the ones calculated numerically using the CST in 
Fig. 19 showing good agreement.

The antenna maximum gain is measured experimentally as explained in Fouad 
et  al. [31]. The measured gain is depicted in the Fig.  5 and compared with the 
simulated gain showing good agreement with the simulation results.

Fig. 19  Measured and simulated patterns of the far-field radiated by the dual-band antenna at 28 GHz in 
the planes a � = 0

◦ and b � = 90
◦ , and at 38 GHz in the planes c � = 0

◦ and d � = 90
◦
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6  Comparison between the Present MIMO Antenna System 
and the State‑of‑the‑Art Work

The dimensions and some performance parameters of the dual-band ( 28∕38GHz ) 
antenna proposed in the present work are compared to those of other antennas 
of similar features presented in some recently published work. It is shown that 
the antenna proposed in the present work has the small size relative to those 
presented in Table 2. Also, the MIMO system is compared with other systems 
found in literature. The performance is compared from the point of view of 
number of operating bands, size, and isolation Table 3.

Table 2  Comparison between the present antenna design and the state-of-the-art work

Work Dimensions ( mm ×mm × mm) Bandwidth (GHz) Maximum Gain 
( dBi)

Radiation Effi-
ciency (%)

28 GHz 38 GHz 28 GHz 38 GHz 28 GHz 38 GHz

[9] 7.5 × 8.8 × 0.25 1.2 1.06 6.62 5.81 80 85
20 × 20 × 1.57 4.8 3.6 5.75 7.23 NA NA

[6] 21.6 × 20 × 0.25 3.42 1.45 9 8.8 98 96
[32] 20.4 × 26.4 × 0.5 0.7 12 7.03 7.3 86 96
[33] 10 × 10 × 0.254 0.5 0.7 7.4 8.1 77 91

18 × 11.2 × 0.78 1.53 2.2 6.2 5.35 NA NA
[Present] 4.95 × 5.80 × 0.25 0.6 0.6 7.37 8.13 88 88.6

Table 3  Comparison between the present MIMO antenna system and the state-of-the-art work

Work No. of ports Operating bands 
(GHz)

Size (mm×mm×mm) Isolation (dB)

[34] 2 28 15×25×0.203  − 30
[35] 4 28 30×35×0.76  − 17

2 28 33×27×0.76  − 20
[36] 4 28/38 28×28×0.79  − 30
[37] 4 28 30×30×1.575  − 32
[17] 4 28/38 14×14×0.8  − 22
[Present] 4 28/38 26×26×0.25  − 33
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7  Conclusion

A new design of a dual-band 28-/38-GHz-printed antenna is introduced that can be used 
for the millimeter-wave applications in the modern and future generations of mobile 
communications. The antenna is composed of two radiating elements. The first element 
is the main patch that is fed through a microstrip line with inset feed, and the second 
element is a parasitic element that is fed through capacitive coupling with the main 
patch. The design parameters of the proposed antenna are optimized through parametric 
study to give excellent impedance matching at 28 GHz over the band 27.7–28.3 GHz 
and at 38 GHz over the band 37.7–38.3 GHz. The surface current distributions at the two 
operational frequencies are investigated showing that the main patch is responsible for 
the radiation at the 28-GHz band, while the main and parasitic patches are responsible 
for the radiation at the 38-GHz band. The designed antenna is used to construct a four-
port efficient MIMO system. The MIMO system performance is investigated regarding 
the envelope correlation coefficient (ECC), diversity gain (DG), and the channel capacity 
loss (CCL) showing very good performance. The ECC is about 0.0005 at both bands, the 
DG is less than 9.99, and the CCL is less than 0.0064. The single-element antenna and 
the MIMO are fabricated and experimentally evaluated showing excellent impedance 
matching over the lower and higher frequency bands, which come in agreement with the 
simulation results. It is shown that the antenna produces maximum gain of 7.4 and 8.1 
dBi at 28 and 38 GHz, respectively. The average radiation efficiencies of the proposed 
antenna are 88% and 88.8% over the lower and higher frequency bands, respectively. 
Also, the coupling coefficients between the MIMO antenna systems are measured 
experimentally showing very low coupling resulting in efficient MIMO system for future 
millimeter-wave communications.
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