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Abstract: Currently, there is a rapid increase in demand
for the transmission of large amount of data with extreme
accuracy, which is usually performed by the antenna
system. Therefore, this work aims to design an antenna
system that has the potential of improving the perfor-
mance of such system in terms of reducing the antenna
size, and expanding the bandwidth. First, a single-port
antenna was designed after calculating the basic require-
ments and then a comprehensive analysis of the antenna
performance was carried out to reach optimum perfor-
mance. Then, the antenna was connected to two, three,
and four ports. Such connection was implemented while
maintaining efficiency and magnification in each case
within the range for wireless applications. The antenna
with four input ports was designed with a 45° angle on a
circular circumference around the antenna to prevent
interference between the ports. The modified antenna
was designed to accommodate wireless communication
applications (such as the 5G mobile communications net-
work as well as the future 6G mobile communications
network). The experimental results were compared with
those obtained from the simulation studio Computer
Simulation Technology, which is more compatible with
the practical results.
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1 Introduction

The growing demand of data transmission and proces-
sing is a constant challenge for the wireless communica-
tions community. Such challenge requires continuous
development of the existing telecommunications sys-
tems. Furthermore, serious and rigorous solutions must
be developed to meet the future standards for wireless
communications systems, especially 5G. The difference
between the modern wireless system and the traditional
system is shown by its simple look regardless of the
number of processing ports.

There are a number of important requirements that play
an important role in the performance of radio systems. One
of the most important requirements perhaps is the radiation
efficiency of antennas. Although all variables that are related
to radiation efficiency of single-port antennas are well docu-
mented in previous research, for multi-port antennas, such
variables are still debatable to date.

Therefore, this work aims to allocate sufficient time to
analyze and discuss the conditions specified in this specialty,
which is considered as part of the subject later. The definitions
of single-port antennas have been reviewed and expanded to
include multiport antennas. It is worth noting the radiation
efficiency used in multiport antennas and basic reasons we
present. These definitions were made based on the assump-
tion that one active port in a multipoint system can be used
from matrix algebra to illustrate some formulas for calculating
the useful radiation efficiency [1-11].

2 Antenna efficiency description

Generally, an internal resistor can describe voltage sources
through its internal contacts. The amount of maximum
available power P, from the source is fitted to the corre-
sponding load associated with a specific internal resis-
tance source. In multiport antennas, the total P, in the
opposite ports is the amount of maximum available power.
The maximum amount of power provided by the antenna,
which is symbolized as P,, is called part of the capacity in
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its outlet (or ports) or the amount of available radiation.
The state of a single antenna is the difference between the
amount of the power accepted P;,. and the reflected force
P,q for a single antenna.

)

The amount of power is coupled with the relevant

By = Pinc — Ba-
excitement, P, for multiport.
n
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where §; is a fixed entree antenna’s scattering matrix,
and it is defined as S,(m x m). Superscript symbol i indi-
cates the port number. The contrary force is known as the
amount of reflected force in port i within the incidence
area of this port.

G)

i = |Sil® Pinc-

When port i is excited, the accepted power, P... suits
multiport condition.

The accepted power in equation (4) represents no-
coupling condition, i.e., S; = O for all j except for j =i,
which decreases to equation (1).

Pys represents the partially dissipated acceptable
power. The power loss not only depends on the lost por-
tion of the power that reaches the radiation structure, but
also depends on the terminal impedance of the other
ports in pairing condition. Thus, ohmic losses are not
easily determined, since they depend on many specific
effects. The rest of the power accepted represents the
radiated power (P,,q) for the ith port [12-15].
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where Pl is the power loss when port i is agitated and all
other ports are correctly terminated. Note that P}, does
not include the power dissipated in the terminus of
other coupled radiated ports. Likewise, P is the radiated
power when port i is excited while other ports are termi-
nated. The amount of radiated power is shown in Figure 1
and the amount of power accepted is shown in Figure 2.
Figure 3 shows the power loss at the far-field region of the
antenna.

3 Antenna efficiency depiction

Radiation efficiency is one of the main performance mea-
surements of the antenna, which shows the effectiveness
of the antenna in converting the electrical energy in the
port to electromagnetic radiation. In other words, the
efficiency of an antenna is the ratio of the radiated energy
B4 to the accepted power P, by the antenna. The state
of the radiation structure without loss represents the effi-
ciency of radiation.

3.1 Single-port antenna

Figure 4(a) shows the simulated single-port antenna,
while Figure 4(b) displays the fabricated antenna. The
total maximum radiation efficiency is 97% in a single-
port antenna as shown in Figure 5. Not that, there are
no information regarding losses, the figure only shows
antenna compatibility with the internal resistance of
the feeding source.

=8 Power Radiated
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Figure 1: Radiated power for a single-port antenna.
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Figure 2: Accepted power for a single-port antenna.
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Figure 3: Power losses for a single-port antenna.

The ratio of total radiation efficiency to radiation effi-
ciency is an indication of impedance match (ey,c), which
can be expressed as:

€tot = €mch- €rad-

(6)

Figure 4: Single-port antenna: (a) simulated and (b) manufactured.

25

3.2 Multiport matching efficiency

The matching efficiency of multiport is a multiple copy of
the traditional matching efficiency used in single-port
antennas. In multiport antennas, the matching efficiency

(b)
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Figure 5: Maximum radiation efficiency for a single-port antenna.

represents the corresponding ratio of the power accep-

tance to the maximum power available. In this study, we
i denote this useful efficiency metric by e};lp. The three-effi-

()C:DCD : ciency metrics are proportional as follows:
etl;*tpetiot = erinp' eémb’ ()

where e,;p is the ratio of the amount of power radiated to
Figure 6: Two-port antenna configuration. an amount of power accepted, and it is defined as the

S-Parameter [Magntude n dB)

— 51,1

-20 ; ;
i : (2.3807, -10.115 )| §
.25 ' .................,E ................................ % (43183’ ~10146) ,
30 - e i S Af- (98115, -10.204).:
; : : § (93.222,-1023)|:
35 Feecsscflerrenseacenes .............. % (50.21, -10.168 )
40 H H H H H
0 10 20 30 40 50 60 70
Frequency / GHz
Figure 7: Port 1 reflection coefficient S11.
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Figure 8: Port 2 reflection coefficient S22.
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Figure 9: Mutual reflection coefficients S12 and S21 for the two ports.
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Figure 11: Radiation efficiencies of the antenna.

embedded efficiency for port i when the port i is excited
and the other ports are ending [14].
3.3 Two-port antenna

Nowadays, the antenna design for mobile phones is a
very precise process. Many communication applications

are integrated into the same device and can offer multiple
services such as GPS, WLAN services, etc., all of which rely
on a multi-band antenna. Since mobile phones are small
in size, designing an antenna that meets the requirements
of these smart phones is a challenging issue due to the
limited space and cost [16—22].

In this part, an antenna with two input ports is pre-
sented. Each port produces different frequency bands. The
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Figure 12: Three-port antenna configurations.

Multi-port antenna = 871

proposed antenna is implemented in an area of 315 mm?
FR-4is used as a substrate element. A sufficient isolation is
required between the ports to operate at the same time. To
reduce signal interference, the polarization of each port
was set to 180° out of phase from one another for the
proposed antenna. This solution is suitable for the config-
uration of the system required for multiple services, and it
increases the capacity to transfer and process data.

Due to the small size of the antenna, it can be effec-
tively integrated inside the phone using the standard
printed circuit board. The antenna is fabricated using
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Figure 13: Reflection coefficient for port 1 (S11) of the three ports antenna.
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Figure 14: Reflection coefficient for port 2 (522) of the three ports antenna.
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Figure 15: Reflection coefficient for port 3 (S33) of the three ports antenna.
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Figure 16: Mutual reflection coefficients for the three-port antenna.
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Figure 17: Gain variation with frequency for the three-port antenna.
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Figure 18: Radiation efficiency of the three-port antenna.
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Figure 19: The proposed antenna: (a) simulated and (b) fabricated.
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Figure 20: S11 for four-port antenna: (a) simulated and (b) measured.
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Figure 21: S22 for four ports antenna: (a) simulated and (b) measured.
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Figure 22: S33 for four ports antenna: (a) simulated and (b) measured.
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Figure 23: S44 for four ports antenna: (a) simulated and (b) measured.
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Figure 24: Mutual reflection coefficients S21, S31, S41, S12, S32, S42, S13, S23, S43, S14, S24, and S34 of four-port antenna.

Table 1: The minimum value of mutual reflection coefficient for four
ports

Minimum mutual reflection coefficient Value (dB)
S12 40
S13 38
S14 36
S21 42
S23 40
S24 47
S31 43
S32 42
S34 47
S41 35
S42 47
S43 41

FR-4 substrate with a relative permittivity &, = 4.3, dis-
sipation factor tan 6 = 0.002, and thickness of 1.6 mm.
The ground layer is implemented, as copper layer with
0.035mm, in an area of 315mm? A new modification has
been proposed by linking two physically separate ports (180°
angle) as presented in Figure 6. Each port resonates at dif-
ferent frequency bands within a wideband suitable for the 5G

broadband applications. Port 1 multiband simulation
results are 2.3-4.3, 9.8-43.2, and 50.2-70 GHz. Port 2
multiband simulation results are 2.7-4.7, 7.7-13.5, and
35.7-64.5 GHz.

The proposed two port antenna is simulated in Computer
Simulation Technology (CST) software. The reflection coeffi-
cients (S11) and (S22) are shown in Figures 7 and 8, respec-
tively. Mutual reflection coefficients (S12), (S21) are presented
in Figure 9. Maximum gain is around 8 dBi as presented in
Figure 10. The radiation efficiency for port 1is 86% and port 2
is 90% as depicted in Figure 11.

3.4 Three-port antenna

A new model has been proposed with three physically
separate ports as shown in Figure 12. This configuration
results in three different frequency bands. Since the
antenna area is limited, the ports must be placed ortho-
gonally to reduce the mutual effect of each other. The
simulation results of the reflection coefficients S11, S22,
and S33 are shown in Figures 13-15 respectively. For S11,
the bands are: 1.9-5.2, 9.89-42.8, and 50.5-68.5 GHz. For

Gan n (dB)
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Figure 25: Gain variation with frequency of the four-port antenna.
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Figure 26: Radiation efficiencies for four-port antenna.

S22, the bands are: 2.5-17.9, and 36.2-64.8 GHz, while for
S33, the bands are: 5.6—7.4, 21.8-33.2, and 39-70 GHz.
The mutual reflection coefficients S12, S13, S21, S23,
S31, and S32 are shown in Figure 16, while the gain of
8 dBi was obtained as shown in Figure 17. Also, the radia-
tion efficiencies for the three ports are 80, 86, and 99% for
ports 1, 2, and 3, respectively, as shown in Figure 18.

3.5 Four-port antenna

A four-port antenna was designed, implemented, and
manufactured for wireless communication applications.
The design does not require any other separation struc-
ture to achieve insulation between multiple ports due to
the use of four polarized ports. A combination of four port
units produces an elliptical shape. This elliptical patch
which contained four-ports was manufactured using the
orthogonal technique, the phase difference between Ports
1 and 3 was 180° on the X-axis polarization. Likewise, the
phase difference between Ports 2 and 4 was also 180° on
the Y-axis polarization to prevent interference between
them. The equations of the waves moving in a certain
direction regardless of the orientation of the waves tra-
veling in the opposite direction are

E, = 4,(E,e™”) For port1, (8)
E, = G(E.e™) For port3, 9)
E, = Gy(E,e™) For port 2, (10)
E_ = a,(E,e ) For port 4. 11)

The designed and fabricated prototype of the four-
port antenna is shown in Figure 19.

The simulation and practical result for the reflection
coefficients S11, S22, S33, and S44 in are shown in Figures
20(a and b), 21(a and b), 22(a and b), and 23(a and b),
respectively. Note that the practical results were obtained
by conducting the test of the proposed antenna using
20 GHz vector network analyzer. For S11, the bands are:
1.8-3.1, 10.6-43.1, and 50.1-69.7 GHz. For S22, the bands
are: 2.3-3.6, 5.5-17.8, and 36.2-64.6 GHz. For S33, the
bands are: 4.9-8, 21-33, and 38-64.6 GHz. And for S44,
the bands are: 4.9-8, 21.2-33.3, and 38.7-63.8 GHz.

Mutual reflections coefficient S12, S13, S14, S21, S23,
S24, S31, S32, S34, S41, S42, and S43 are shown in Figure 24.
Also, Table 1 shows the minimum value of mutual reflec-
tion coefficients, which shows the effectiveness of the four-
port antenna. The gain is around 8.3dBi as shown in
Figure 25, and the radiation efficiencies are 75, 80, 85,
and 79 for ports 1, 2, 3, and 4, respectively, as illustrated
in Figure 26.

4 Conclusion

The use of a single-port antenna is useful for wireless
communication system, such as 5G mobile, where it is
used in the transfer and process a large amount of data
in mobile networks, since it enables wideband applica-
tions and is also lower in size. However, the lower return
loss of a single-port antenna reduces the antenna’s effi-
ciency. Therefore, in this work, further development of
this antenna is made by connecting it to more than one
port to increase the number of frequency bands, which
reduces the return loss and increases the efficiency.

The CST software was used to simulate two-port,
three-port, and four-port antennas which were fabricated
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using the orthogonal technique. The phase difference
between Ports 1 and 3 was 180° on the X-axis polariza-
tion, while the phase difference between Ports 2 and 4
was 180° on the Y-axis polarization to prevent the inter-
fering between their signals. The experimental results
reveal that the created antenna design outperforms the
one-port, two-port, and three-port antennas in terms of effi-
ciency. The proposed four-port antenna returns the fol-
lowing losses: The bands for S11 are 1.8-3.1, 10.6-43.1,
and 50.1-69.7 GHz, while the bands for S22 are 2.3-3.6,
5.5-17.8, and 36.2-64.6 GHz, and the bands for S33 are:
4,9-8, 21-33, and 38-64.6 GHz. The bands for S44 are
4.9-8, 21.2-33.3, and 38.7-63.8 GHz. The antenna design
was improved to enhance the bandwidth and radiation
efficiency.

Conflict of interest: Authors state no conflict of interest.
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