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ABSTRACT: This paper presents a super-wideband antenna for operation in X, Ku, K, Ka, V, and W band applications. A monopole
antenna with a semi-circular shape, fed through a transmission line and a Co-Planar Waveguide (CPW), is presented. It has a bandwidth
ranging from 11.5 GHz to more than 100 GHz. A Multiple-Input Multiple-Output (MIMO) system with quad elements is constructed
from the proposed antenna. The MIMO elements are arranged in an orthogonal arrangement to decrease the coupling between them.
The MIMO system performance is investigated. The antenna is fabricated and measured, and it has a maximum gain of 8.37 dBi. The
maximum radiation efficiency of the proposed antenna reaches 95% over most of the band. For the MIMO system, the maximum Envelope
Correlation Coefficient (ECC) is 0.06, and the Diversity Gain (DG) is 9.7 dB.

1. INTRODUCTION

The demand for a compact wide-bandwidth antenna is in-
creased. An antenna that operates over a wide bandwidth
can accommodate various frequencies without the need for fre-
quent adjustments or tuning. The design of a wide-bandwidth
antenna with a low-profile structure is a challenge for re-
searchers. Many researchers have worked on this point. In [1],
the authors presented a structure based on an antenna with an H-
shaped patch structure, printed on an FR-4 substrate, which is
a high-loss substrate. The operating bandwidth of the antenna
is from 11.595 GHz to 15.75 GHz. In [2], an antenna with a
semi-triangular patch and dimensions of 21 x 15 x 3.175 mm?3
is presented. The antenna operating frequency range is from
6 GHz to 21 GHz. The antenna maximum gain is 5.3 dB. Its ef-
ficiency is 77%. In [3], the authors presented an antenna with
a pentagonal shape. The operating band ranges from 7.6 GHz
to 12 GHz. It has a maximum gain of 8.07 dB. In [4], an an-
tenna with inverted triangular patch shape and dimensions of
30 x 13 x 0.254mm? is presented. The antenna operating
frequency ranges are from 10.87 to 12.76 GHz and 15.19 to
16.02 GHz. It has a gain ranging from 3.34 to 6.08 dBi.
Super-wideband antennas have also been presented by the
authors of [5-9]. In [6], the authors present an antenna de-
sign printed over an FR4 substrate operating from 1.2 GHz to
40 GHz, with dimensions of 55 mm x 40 mm x 1.6 mm. The au-
thors of [7] present a CPW antenna printed on an FR4 substrate
with dimensions of 32 mm x 26 mm, operating from 3.06 GHz
to 35 GHz. The authors of [8] present an antenna design with
an octagonal radiator and a CPW printed on an FR4 substrate.
It works from 3.8 GHz to 68 GHz. In [9], a monopole antenna
with a flower shape radiator printed over an FR4 substrate is
presented to operate from 3.7 GHz to 60 GHz. In [10], the au-
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thors present an antenna with a concentric radiator with semi-
elliptical ground plane to operate from 10.3 GHz to 40 GHz.

Due to the advantages of MIMO technology in enhancing
the capacity of wireless communication systems in terms of
improving the link quality by using multiple antennas to trans-
mit and receive signals, reducing the interference, increasing
the Signal-to-Noise Ratio (SNR), increasing the capacity, and
increasing the data rate, several researchers have adopted this
technology. The authors of [11] present an antenna based on
an octagonal shape printed on an FR4 substrate to operate from
3.28 GHz to 17.8 GHz. The achieved peak gain is 4.93 dBi, and
the efficiency is 95.34%. Two elements are arranged to estab-
lish the MIMO structures with dimensions of 40 x 23 mm?.
The MIMO system achieves an ECC of 0.003 and a DG of
9.997 dB. In [12], the authors present a four-port MIMO system
based on an antenna with COVID-19 shape with dimensions of
50mm x 50 mm to cover the frequency range from 2.4 GHz
to 18 GHz. It achieves an ECC of 0.00021 and a DG 0of 9.9 dB.
In[13], the authors suggest a tree-shape antenna to operate from
23 GHz to 40 GHz. It has dimensions of 40 mm x 40 mm. A
MIMO system with four orthogonal elements is arranged. It
has dimensions of 80 mm x 80 mm. The MIMO antenna sys-
tem achieves a total efficiency of 70%.

In [14], an antenna with three circular rings and a square
slot has been presented with a bandwidth from 26.5 GHz to
41 GHz. It has a peak gain of 4 dBi and a radiation efficiency
0of 96%. An antenna with rectangular and circular patches with
two stubs is presented. It works from 26.5 GHz to 43.7 GHz as
presented in [15]. Quad elements arranged orthogonally have
been used to form the MIMO system. The achieved gain with
this structure is 8.4 dBi, and the CCL is 0.001. In [16], the au-
thors present a quad-element with a spade-radiator of a defected
ground structure and use a windmill-shape element for the de-
coupling purpose. They achieve an isolation level of 17 dB,
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FIGURE 1. Design steps. (a) Circular patch antenna. (b) Circular sector patch antenna. (c¢) Circular sector patch with triangular shape.

which is insignificant. The authors of [17] present a MIMO
system with quad elements. It has dimensions of 56 x 56 mm?
with an operating bandwidth from 1.3 GHz to 40 GHz and an
isolation greater than 22 dB.

The main challenge associated with MIMO systems is the
isolation between MIMO system antennas. This isolation af-
fects the quality of the signal and the interference level. It is de-
sirable for the isolation to be maximized, and consequently the
coupling between MIMO elements to be minimized, in order to
enhance the overall MIMO system performance. Researchers
adopted several techniques for reducing the coupling between
MIMO antenna elements. A Band-Pass Filter (BPF) has been
used to enhance the isolation level by 10 dB [12]. In addition,
an array of six electromagnetic band-gap elements was used to
enhance the isolation level to 30 dB between two orthogonal
MIMO elements [18]. Moreover, a metasurface layer [19] has
been adopted for the mutual coupling reduction in MIMO sys-
tems.

In this paper, an antenna that operates over a wide bandwidth
of 11.5 GHz to more than 100 GHz is presented. It includes a
large portion of X band (8 GHz to 12 GHz), Ku band (12.4 GHz
to 18 GHz), K band (18 GHz to 27 GHz), Ka band (27 GHz
to 40 GHz), V band (40 GHz to 75 GHz), and W band (75 to
110 GHz). The presented work depends on the monopole an-
tenna with a CPW. The parameters of the antenna are optimized
through the CST simulator to obtain an antenna design with a
good performance regarding the impedance bandwidth, gain,
and efficiency. A four-port MIMO system with orthogonal ar-
rangement for the antenna elements is established.

The paper is organized as follows. Section 2 presents the
proposed single-element antenna design. Section 3 presents
the antenna parametric study. Section 4 introduces the far-field
patterns. The proposed quad-port MIMO system is given in
Section 5. The MIMO system performance is presented in Sec-
tion 6. The fabrication and measurements are given in Sec-
tion 7. Section 8 gives a comparison between the proposed
MIMO antenna system and state-of-the-art systems. Finally,
Section 9 gives the conclusion.
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2. ANTENNA DESCRIPTION

The antenna construction begins with a circular patch with ra-
dius R, calculated according to [20]:

R = 4 (1)
2h TA 1/2
{1+ 32 [in(37) + 17726 }
8.791 x 10°
A= XD 2
fr\/ €r )

where €, and h are the dielectric constant and height of the sub-
strate material, respectively.

A circular patch antenna is shown in Figure 1(a). The an-
tenna is fed through a CPW with an inset feed. The antenna is
printed over a substrate material of Roger’s RO3003 type with
a dielectric constant ¢,, = 3, tan § = 0.001, and substrate height
h = 0.25mm. In the second step, a sectorial shape is cut from
the circular patch to produce an antenna with a circular sector
patch radiator shape as shown in Figure 1(b). In the third step,
a triangular shape is added to produce the antenna’s final struc-
ture, as shown in Figure 1(c). The benefit of using this shape
is to enhance the reflection coefficient values over the band by
increasing the surface current distribution over that band. Fig-
ure 2 shows a comparison of the reflection coefficient for the
three steps of antenna design. From the comparison, we can
see that the antenna obtained in the third step introduces a larger
bandwidth with the best S77 value. The operating bandwidth of
the antenna starts from 11.5 GHz to greater than 100 GHz. Fig-
ure 3 shows the variation of the real and imaginary parts of the
input impedance of the antenna over frequency, which indicates
that the imaginary part is around zero and the real part around
50€2. In addition, Figure 4 shows the Voltage Standing Wave
Ratio (VSWR) over frequency, which ensures that the antenna
operating bandwidth is from 11.5 GHz to greater than 100 GHz,
since VSWR < 2. The antenna surface current distributions at
15 GHz, 30 GHz, 60 GHz, and 80 GHz are shown in Figure 5.
The optimum parameters of the designed antenna are shown
in Table 1. The best antenna parameters are obtained through
an optimization process carried out using the commercial CST
package. The main purpose for the optimization process is to
get a wide operating bandwidth for the antenna.
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TABLE 1. Dimensions of the proposed antenna shown in Figure 1.

Parameter Value (mm) Parameter Value (mm)
R 35 L 14.6
Lr 6.52 Ry 5
Wa 6.98 La 6.3
g 0.2 F, 0.37
Wr 0.63 w 15
L 2.58 L¢ 1.75

3. ANTENNA PARAMETRIC STUDY

The antenna parameters are studied through an optimization
process using the CST simulator to get the best antenna per-
formance. The purpose of this study is enhancing the antenna
operating bandwidth through enhancing the |S11| value. Some
parameters are selected for this study, including feed line length
(L), ground plane length (L), the gap between the feed line
and ground (g), ground plane width (W¢ ), and the length of
the triangular section (L7). In addition, parameter L¢ is con-
sidered in the optimization process.
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FIGURE 3. Real and imaginary parts of the input impedance over the
frequency.
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3.1. Parametric Study of the Feed Line (L)

The microstrip feed line has a significant role in enhancing the
antenna bandwidth as well as the impedance matching to set the
input impedance of the antenna to 50 €2. The effect of varying
L on the reflection coefficient magnitude, |S11], is illustrated
in Figure 6(a). It is shown that |S11] is varied by varying this
parameter. The value of Ly = 6.52mm gives the best band-
width with the best impedance matching, especially at the upper
frequencies of the band.

3.2. Parametric Study of the Ground Plane Length (L)

The ground plane length (L) affects the antenna bandwidth
and impedance matching. The effect of varying L on |S11] is
shown in Figure 6(b). It is clear that the value of L = 6.3 mm
gives the widest bandwidth with good impedance matching.

3.3. Parametric Study of the Gap between the Feed Line and the
Ground (g)

The variation of the gap between the microstrip feed line and
the CPW ground plane (g) has a direct effect on the magnitude
of the reflection coefficient |S11]|. Figure 6(c) illustrates this ef-
fect. As shown in the figure, the whole-band impedance match-
ing varies with the gap variation. The value of ¢ = 0.2 mm is
the best choice for achieving a wide bandwidth and impedance
matching.

3.4. Parametric Study of the Width of the Ground Plane (W)

The width of each of the two sides of the ground plane Wg
has an important role in enhancing the impedance matching and
the bandwidth. Figure 6(d) shows the effect of W variation on
|S11]- The value of W = 6.98 mm gives the best performance.

3.5. Parametric Study of the Length of the Triangular Section
(L)

The variation of the triangular length affects the antenna
impedance matching. Figure 6(e) shows the variation of |.S11 |
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FIGURE 5. Surface current density over the antenna at different frequencies (a) 15 GHz, (b) 30 GHz, (c) 60 GHz, and (d) 80 GHz.

over frequencies at different values of Ly. The value of

Ly = 3.4mm is selected for the final design.

3.6. Parametric Study of L

The variation of L affects the impedance matching of the an-
tenna. The value of Lo = 1.75mm is selected for the final
design, as it gives the best matching over most of the band as
shown in Figure 6(f).

4. FAR-FIELD PATTERNS

The radiation patterns of the proposed antenna are obtained
through numerical calculation using the CST® simulator over
the whole operating band. The far-field patterns are shown
in Figure 7 at 15GHz, 20 GHz, 25 GHz, 28 GHz, 30 GHz,
40 GHz, 50 GHz, 60 GHz, and 80 GHz, in the two principal
planes, ¢ = 0° and ¢ = 90°.

The antenna gain variation over the frequency band of oper-
ation is shown in Figure 8, which indicates that the gain ranges
from 2.3 dBi to 7.78 dBi at the operating band of the antenna.
The antenna radiation and total efficiencies are shown in Fig-
ure 9.

The antenna has a maximum radiation efficiency of 97.8%
and a total efficiency of 84%.
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5. PROPOSED QUAD-PORT MIMO SYSTEM

A compact quad-port MIMO antenna system configuration
with dimensions L x L equal to 30 mm x 30 mm is proposed
for efficient MIMO operation. The system is constructed with
orthogonal arrangement of the four antennas, such that each an-
tenna is rotated by 90° with respect to its neighbors, as shown
in Figure 10. This gives a polarization diversity for the MIMO
system. Each antenna can transmit and receive in a particular
direction. Figure 11 shows the reflection coefficient at each
port, which shows a coincidence for all ports. The coupling
between the MIMO antenna elements is an important parame-
ter to study. It indicates how much an antenna is affected by
its neighbors. It is desirable for the mutual coupling param-
eter to be as minimum as possible. The mutual coupling pa-
rameters corresponding to the four antennas are shown in Fig-
ure 12. From Figure 12, we can see excellent levels for mutual
coupling. The mutual coupling for the four antennas can also
be assessed through the surface current distribution shown in
Figure 13. From the figure, we can see the amount of surface
current coupled to the antenna neighbors, which ensures low
mutual coupling levels for all antennas. The 3D radiation pat-
terns for the MIMO system at different frequencies are shown
in Figure 14.
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FIGURE 6. Parametric study for the proposed antenna.

6. MIMO SYSTEM PERFORMANCE

The parameters of the MIMO system, such as ECC and DG, are
investigated in this section.

6.1. Envelope Correlation Coefficient (ECC)

The value of ECC is preferred to be as low as possible, as it
shows the dependence of each antenna radiation on the other
antennas’ radiation. A lower value of the ECC means low cor-
relation between the antenna elements, higher quality of the sig-
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nal, lower interference, and higher capacity [21]. The ECC is
calculated as follows [12]:

|S51 512 + S350/

Hees (1 —|Sul® + \521|2) (1 — |Saa* + |512|2)

ECC versus frequency is shown in Figure 15. From this fig-
ure, it is clear that the worst value of ECC is 0.06, which is a
very low value. This means a low correlation coefficient.
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FIGURE 11. Reflection coefficients at the four ports.

TABLE 2. Comparison for the presented MIMO antenna system and some published MIMO systems.

Ref. No of ports  Operating band (GHz)  Gain (dBi) Size (A x A)  Element spacing (mm) Isolation (dB) ECC/DG (dB)
[10] 1 1.22-47.5 10.3 0.16 x 0.18 - - -
[11] 2 3.28-17.8 4.93 0.437 x 0.251 3.38 > 20 0.003/9.997
[12] 4 2.4-18 5 0.4x04 15 30 0.00021/9.9
[15] 2 1.78-30 6.6 0.21 x 0.14 10 > 22 0.1/NA
[16] 4 2.9-40 13.5 0.56 x 0.56 10 > 17 < 0.04/NA
[17] 4 1.3-40 7 0.24 x 0.24 16.9 > 22 < 0.03/NA
[22] 2 25.988-26.676 5 2.363 x 0.953 8 > 30 0.001/NA
[23] 2 27-28.16 4.8 0.972 x 1.76 4.25 > 25 0.01/NA
[24] 2 25.5-30 5.7 2.55 x 1.27 53 > 32.3 0.001/NA
[25] 4 26-60 11.1 2.16 x 2.25 10 > 36 0.001/NA
[26] 2 34.1-39.7 6.7 0.68 x 1.9745 8.33 > 65 0.00035/NA
[27] 2 25-31.6 4.8 0.9 x 1.636 5.82 25 0.01/9.99
[28] 4 20-40 17.6 1.73 x 1.667 9 > 20 0.001/9.9
[29] 4 3.1-17.3 5.5 0.59 x 0.59 10 14.5 < 0.1/NA
[30] 4 2.15-20 5 0.308 x 0.308 2 20 0.1/NA
[31] 4 2.7-10.6 35 0.54 x 0.54 7 15 0.063/NA
Presented 4 11.5-100 8.37 1.15 x 1.15 8.7 > 20 0.06/9.7
125 WWwWw.jpier.org



Elsharkawy

@, — ®) 4 S
......... |s12|
TN IR N peee IS, 10 |832|
—|S
7 | ) S
......... IS4 - : 1
) ) ST
N e R 3 . .':
s R V v’ \.{ \
-50 § = -50 i i
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
Frequency (GHz) Frequency (GHz)
(O : : @, : —
......... 1S 4l —IS,,l
10 F —|823| ] O e |824|
......... |s43| """"'|834|

(dB)

0/

40 50 60 70 80 90 100
Frequency (GHz)

10 20 30 40 50 60 70 80 90 100
Frequency (GHz)
FIGURE 12. Mutual coupling between MIMO system elements at (a) port 1, (b) port 2, (¢) port 3, (d) port 4.

(b)

()

(@

FIGURE 13. Coupling between MIMO elements with different antennas working, separately, (a) antenna 1, (b) antenna 2, (c) antenna 3, (d) antenna 4.

126 Www.jpier.org



Progress In Electromagnetics Research M, Vol. 129, 119-129, 2024

rPIERM

(a)

(©)
dBi
6.19
1.34
-3.5
-8.35
-13.2
-18.1
-22.9
-27.7

-33.8

0.1
0.08

ECC

10

Frequency (GHz)

FIGURE 15. ECC for the MIMO system.

6.2. Diversity Gain (DG)

It refers to the improvement in communication reliability
achieved by using multiple independent antennas to transmit
and receive signals. A large value for DG is preferred, as
it means that the system can combat the fading effects and
enhance signal quality, leading to increased coverage and
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FIGURE 16. MIMO system diversity gain.

better overall performance. It is calculated as follows [12]:

DG = 10 x V1 — ECC? )

The DG illustrated in Figure 16 shows an excellent level
ranging from 9.7 dB to 10 dB over the whole band.
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FIGURE 17. (a) Fabricated antenna, (b) antenna under test.
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FIGURE 18. Comparison between the simulated and measured reflection
coefficients of the proposed MIMO system.

7. FABRICATION AND MEASUREMENTS

For the verification of the simulation results, the MIMO an-
tenna system is fabricated, and its S-parameters are measured.
The prototype of the proposed MIMO system is shown in Fig-
ure 17(a).

The reflection coefficients of the MIMO system are mea-
sured through the vector network analyzer. Figure 17(b) shows
the MIMO system under test. The measurements of the reflec-
tion coefficient at the four ports are shown in Figure 18. In
addition, the measured coupling coefficients corresponding to
the first antenna in the MIMO system are shown in Figure 19.
A good agreement between the measurements and simulation
results is achieved.

8. COMPARISON BETWEEN THE PRESENTED MIMO
ANTENNA SYSTEM AND THE STATE-OF-THE-ART
SYSTEMS

In this section, a comparison between the proposed MIMO an-
tenna system and some published MIMO systems, regarding
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FIGURE 19. Comparison between the simulated and measured coupling
coefficients of the proposed MIMO system.
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the operating bandwidth, achieved gain, size, spacing between
MIMO elements, isolation, ECC, and DG, is presented. From
the comparison in Table 2, it is shown that the presented MIMO
system has higher bandwidth than other compared antennas.

9. CONCLUSION

A new design for a compact super-wideband antenna was pre-
sented. It covers a large portion of X, Ku, K, Ka, V, and W
bands. It can be used for the CubeSat communications in Ku
and Ka bands. It is also applicable to 5G communications,
as it covers the 28 GHz and 38 GHz bands. The single an-
tenna element operating frequency ranges from 11.5 GHz to
greater than 100 GHz. The antenna has a maximum gain of
8.7 dBi. The four-port MIMO antenna system is orthogonally
organized. The MIMO system has a coupling less than —20 dB.
The MIMO system achieves a maximum ECC of 0.06 and a DG
about 9.7. The MIMO antenna system performance is experi-
mentally verified. A good agreement between measurements
and simulation results is reported.
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