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1. Introduction

Five Generation (5G) networks are expected to bring a principal resolution for
the extremely aggregated demand of wide bandwidth and moderate mobile data
traffic. The recent wireless communication technologies ability and capability
challenge many critical limitations. However, as the low-frequency range is fully

loaded and incapable to fulfill the necessary wide bandwidth for future 5G ap-
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plications, many international organizations have licensed or recommended
mmw spectrum as an efficient operating frequency band for 5G standards [1]
including 24, 28, 37, 39, and 60 GHz. Besides, The US Federal Communications
Commission (FCC) has suggested 28 GHz and 38 GHz bands for 5G standards,
while the UK Office of Communications (OfCom) has established 5G bands on
26 GHz [2]. As well, amongst the mmw spectra, Ka-band represents one of the
effective suggested band for 5G wireless communication technologies due to its
wider bandwidth, miniaturized devices, lower absorptions, less path loss and de-
lays, suitability for multipath environments and reduced signal vanishing like
weather attenuations and rain fades [3] [4].

The reconfigurable mmw antennas are expected to be the principal pivot for
the 5G and next generation wireless networks. The future development of mo-
bile communication will depend on the development of novel techniques, tech-
nologies, and topologies for the design of reconfigurable mmw antennas. That
fact will initiate for improving the future antenna over increasing the bandwidth,
tuning the operating frequency, and minimizing the antenna size. Pin diodes [5],
varactors [6], capacitors [7], variable resistors [8], inductors and transformers
[9], RF MEMS [10], and LCs [11] [12] have been integrated in several described
antenna designs to attain frequency reconfiguration.

In the previous years and the upcoming future, the tunable mmw components
based on LC materials are of collective interest in research and industry. The
LCs can be used only in the nematic phase for designing electronically tunable
RF, microwave, and mmw devices. The use of LCs in mmw devices represents a
novel method for achieving frequency agility or pattern and polarization recon-
figurability and multi-functional tunability [13]. These tunable anisotropic ma-
terials have been targeted in the last few years for the design of reconfigurable
antennas [14] [15], resonators [16], phase shifters [17], and filters [18]. An ani-
sotropy material is characterized by a permittivity tensor. Thus, the anisotropy is
typically assumed to present a variable effective permittivity (eeff) to the elec-
tromagnetic wave [19]. The dielectric permittivity tensor of an LC can be con-
trolled by a low biasing voltage where its molecules tend to be oriented in the
direction of the applied electrostatic field [20].

High directivity, high gain, and narrow beamwidth are essential concerns
while designing mmw antennas for a 5G wireless systems. However, the single
antenna had typically low gain due to the configuration. Therefore, another
good solution to compensate for the high propagation loss related to mmw
bands is to use high gain antenna arrays for 5G mobile network comprising a
narrower radiation beam [21]. Recent studies have reported several reconfigura-
ble mmw antenna array designs for 5G wireless applications in order to enhance
channel capacity and spectral efficiency and minimize weather attenuations [22]
[23] [24] [25].

In this article, an optimized design of a 10 x 1 linear 5G wideband frequency
reconfigurable stacked patch antenna array based on GT3-23001 LC attaining an
operating frequency range from 25.3 GHz to 33.8 GHz with an antenna array

DOI: 10.4236/wet.2021.121001

2 Wireless Engineering and Technology


https://doi.org/10.4236/wet.2021.121001

A. El Hajj Hassan et al.

gain of more than 17.4 dB is presented. Detailed parameter variations of the
square patch width and the height of the Rohacell layer result in optimized mu-
tual resonances of the array elements and the coupling aperture. Accordingly, an
array antenna with an optimized impedance bandwidth and a looked-for high
gain is studied, simulated, and optimized in 3D with CST Microwave Studio
2016.

The article is organized as following: Configurations of the single antenna and
antenna array are indicated in Section-II. The simulated results are presented

and discussed in Section-III. The conclusion is the Section-IV.

2. Research Method

2.1. Single Patch Antenna Configuration

One of patch antenna key advantages is that these planar antennas are small in
size, robust in mechanics, cheap in production and suitable for antenna arrays
design. However, the patch antennas face-up the challenge of narrow bandwidth.
The proposed design in this work deals with a complex design of 3 technical
steps built on the simple patch antenna design to achieve the current and up-
coming requirements of 5G networks. The need for wide bandwidth and high
gain for the proposed design impose these 3 technical steps which are the multi-
layer stacked patch assembly, the frequency reconfigurability process based on
controlling the variable permittivity of GT3-23001 LC anisotropic material
through a variable bias voltage, and the aperture coupled feeding. This external
bias voltage changes the orientation of the LC molecules inside a cavity below
the first metallic patch as shown in Figure 1. In consequence, that affects the va-
riable permittivity of the LC material.

The developed single antenna design is an advanced and optimized design of
the compact reconfigurable stacked patch antenna presented in our previous
work described in [26] to provide the planned bandwidth and antenna gain, and
enhancing the front to back ratio of the main lobe and the tunability over fre-
quency. The compact reconfigurable antenna design for 5G mmw applications
in [26] consists of two stacked square patch antenna using aperture coupled
feeding. A GT3-23001 LC square cavity is drilled in the first patch antenna’s
substrate. The Rogers RO-3003 material with er= 3 and tand = 0.001 is used as a
dielectric substrate in 3 layers for twice patch antennas and feed. An interme-
diate layer of Rohacell 31 IG/A with dielectric constant er = 1.05 and loss tan-
gent tand = 0.0034 [27] is located between the patch antennas layers. The di-
mensions of the described antenna are (5.34 x 5.34 x 2.06) mm®.

After a parametric study on the height of the Rohacell layer and the width of
the two patch antennas’ substrate and feed, an advanced design of wideband
frequency reconfigurable stacked patch antenna with a high gain was developed.
The designed structure keeps the topology of the antenna designated in [26] with
two adjustments by reducing the height of the Rohacell layer from 1 mm to 0.75

mm, and enlarging the width of the patch antennas’ substrate from half wavelength
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Figure 1. The structure over layers of the developed single stacked patch antenna.

5.34 mm over the center frequency 28 GHz to 0.9 of the specified wavelength 9.6
mm. The structure of the designed single antenna is presented in Figure 1. The
thickness of the metallic part of the patches, ground plane, and the feed line is
equal to 0.035 mm. Moreover, the width and length of the ground plane are the
same as the substrates and the Rohacell layer.

The developed single antenna parameters’ dimensions of substrates, the
patches, LC’s square LC cavity, Rohacell layer, feed line, and slot over the
ground plane are shown in Figure 2 and listed in Table 1. The dimensions of
the stacked patch antenna are (9.6 x 5.34 x 1.31) mm’.
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Table 1. The optimized parameters’ dimensions of the proposed antenna.

Parameters Dimensions (mm)
Substrate Width 9.6
Substrate Length 9.6
Substrate Height 0.28
Patch Width 2.67
Patch Length 2.67
LC Width 2.67
LC Height 0.21
Rohacell Height 0.75
Feed Line Width 0.68
Feed Line Length 4.8
Feed Slot Width 0.65
Feed Slot Length 1.87
9.60
Substrate
267
Patch
Slot
Line
9.60 267 1.87 ‘ 0.:58
|
480
Patch
Substrate ops
Rohacell i
Substrate ] 028
Substrate 0bs
Line

Figure 2. The top and front views of the developed single stacked patch antenna.

2.2. Antenna Array Configuration

The linear 10 x 1 array antenna is composed of 20 square patch antennas alter-
natively arranged in horizontal and vertical configurations as shown in Figure 2

and Figure 3. A Rohacell layer is sandwiched by 2 different layers of square
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Figure 3. The configuration of the 10 x 1 linear stacked patch antenna array.

patch antennas where each one contains 10 elements. The linear array antenna is
fed by a series of aperture coupled feeding. Further, a GT3-23001 LC is used to
provide continuous frequency tunability via controlling the bias voltage. The

dimensions of the linear stacked patch antenna array are (96 x 5.34 x 1.31) mm’.

3. Results and Analysis

The compact reconfigurable stacked patch antenna described in [26] operates at
a frequency range from 25.4 GHz to 33.5 GHz with a bandwidth of 8.16 GHz
(27.7%) and a maximum antenna gain of 6.75 dB for a controlling bias voltage of
0 V. The frequency shift achieves 1.15 GHz based on the variation of the bias
voltages over GT3-23001 LC. Figure 4 and Figure 5 show respectively the re-
sults of the return loss characteristics and maximum gain versus frequency of the
antenna cited in [26] for 3 different bias voltages at 0 V, 4.42 V, and 10.6 V.

The single stacked patch antenna developed in this work is matched to oper-
ate in a frequency range from 25.2 GHz to 33.9 GHz with a wide bandwidth of
8.65 GHz and corresponding to 29.3% of the center frequency, as shown in Fig-
ure 6. The use of GT3-23001 LC as a dielectric anisotropic material controlled
by bias voltages imposes a frequency shift of 1.18 GHz.

The maximum gains for the main lobes of the developed single antenna over
the operational frequency range and bias voltage are presented in Figure 7. For a
bias voltage of 0 V, the maximum gain values of the antenna vary between 7.75
dB at 25 GHz and 8.7 dB at 31 GHz. Also, Figure 7 shows up an interesting re-
sult which is the shift of the maximum gain values over frequencies by variation
of the bias voltages.

The compact reconfigurable wideband antenna based on GT3-23001 LC de-
scribed in [26] operates at mmw from 25.4 GHz to 33.5 GHz with a bandwidth
of 8.16 GHz and a maximum antenna gain of 6.75 dB is achieved. Figure 8
represents a comparison over the radiation pattern of the developed antenna and
the compact antenna reported in [26] at 30 GHz and for azimuth angle (¢) = 0".
The developed antenna design shows improvements over the radiation pattern
compared to the other antenna design. For the proposed antenna in this work,
the maximum gain on the main lobe is equal to 8.5 dB versus 6.75 dB to the
compared antenna. As well, the front to back ratio indicates a respectable en-
hancement for —16.9 dB against —7.5 dB. Also, the main lobe angular beamwidth
at 3 dB (6,43) achieves 76.5° for the proposed antenna and 83.7° for the com-
pared one.

The variations of the return loss (S,;) parameters of the proposed reconfigura-
ble antenna array using GT3-23001 LC by varying the bias voltage are plotted in
Figure 9. The antenna array operates from 25.2 GHz to 33.8 GHz with a bandwidth
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Figure 4. Return loss S, of the compact antenna over the bias voltages.
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Figure 5. Maximum gain of the compact antenna over the bias voltages.
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Figure 6. Return loss S;; of the developed single antenna over the bias voltages.
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Figure 7. Maximum gain of the developed single antenna over the bias voltages.
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Figure 8. Radiation patterns of the developed single patch antenna and the compared

compact patch antenna at 30 GHz.
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Figure 9. Return loss S;; of the proposed antenna array over the bias voltages.

of 8.6 GHz and a frequency shift of 1.15 GHz. Figure 10 shows that the mutual
coupling at controlling bias voltage 0 V and 10.6 V is under —24.5 dB and 24 dB
respectively, which provide a respectable isolation between the adjacent array
elements.

The radiation patterns of the proposed antenna array for 28 GHz and 30 GHz
over 0 V bias voltage and for ¢ = 0° are plotted in Figure 11. The radiation pat-
tern at 28 GHz provides a maximum gain on the main lobe of 18.6 dB with a
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Figure 10. Isolation S, of the proposed antenna array over the bias voltages.
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Figure 11. Radiation patterns of the proposed antenna array for 28 GHz and 30 GHz over
0V bias voltage.

front to back ratio of 18.1 dB and an angular width 5.7°. On the other side, the
radiation pattern at 30 GHz achieves a maximum gain on the main lobe of 19.2
dB with a front to back ratio of 21.2 dB and an angular beamwidth of 5.2°. Over
the operational frequency range, the maximum gain on the main lobe varies
from 17.4 dB to 19.2 dB. The 6,4 at 3 dB and for plane ¢ = 0° decreases from
6.3° to 4.8° when the frequency increases from 25.2 GHz to 33.8 GHz.

The results plotted in Figure 12 and Figure 13 present the radiation efficiency

and the total efficiency of the linear reconfigurable antenna array respectively for
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Figure 12. Radiation efficiency of the proposed antenna array over the bias voltages.
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Figure 13. Total efficiency of the proposed antenna array over the bias voltages.

the bias voltages. The total efficiency is around 80% all-over the frequency range
and for the different bias voltage. Thus, the proposed antenna array has a suita-
ble efficiency. Suitable antenna efficiency means an effective radiated power for
this antenna design.

To clarify additionally the quality of the proposed antenna’s design and re-
sults, a comparison based on several recent antenna array design parameters for
mmw 5G applications is presented. A dual-function connected slot antenna ar-
ray (CSAA) based on different varactors operates in the frequency range 23 GHz
to 29 GHz with a maximum gain of 12.5 dBi [28]. Additional, wideband printed
array clutched by LTE-a 4 x 4 MIMO antennas is proposed with a bandwidth of
2 GHz, a maximum gain of 9 dB, and radiation efficiency about 75% [29]. The
reconfigurable antenna array based on switching two PIN-diode shows a fre-
quency operating band from 27.2 GHz to 28.35 GHz with a maximum gain of
about 6 dBi and a radiation efficiency of around 51% over the bandwidth [30].
Other, multiband dual-standard MIMO antenna system based on monopoles

and connected slots with a bandwidth of 4.8 GHz and a maximum gain of 9.9 dB
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is achieved [31]. Further, a compact MIMO antenna integrated with an array
antenna is reported with a bandwidth of 2.4 GHz and a maximum gain of 8.2 dB
[32]. The maximum gain, bandwidth, or radiation efficiency and tunability of
the pre-listed works in [28] [29] [30] [31] [32] did not reach the results that the
proposed design for all or some of these parameters.

Moreover, the antenna array at mmw band for 5G applications in [29] [31]
and [32] are not reconfigurable, though the design in [30] uses a discontinuous
reconfigurability technic based on PIN-diodes. Whole, [29] [32] have designs
combining two separate structures, while [22] [33] has a relatively large size,
with a dimension of the single element patch antenna of 26 x 24 mm’ and an
overall array size of (110 x 110) mm?® for [22], whereas the dimensions of [33]
are (304 x 1.7) mm?>.

The simulated results confirm that the performance of the proposed antenna
array outperforms in several aspects of our previous work described in [26] and
the antennas cited earlier for mmw 5G applications. The reconfigurable antenna
array displays proper impedance matching characteristics for the 5G networks
based on GT3-23001 LC with continuous controlling bias voltages. The antenna
array improvements in widening the bandwidth, increasing the gain, and re-

finement of the frequency shift are achieved.

4. Conclusion

In this article, An advanced design of 10 x 1 linear 5G wideband frequency re-
configurable stacked patch antenna array for Ka-band based on GT3-23001 LC
as dielectric substrate and aperture coupled feeding is presented. The proposed
reconfigurable antenna array acquires the perfect requirements for recent and
future mmw 5G networks. The presented single antenna design of the linear ar-
ray is an optimized design of the compact reconfigurable stacked patch antenna
based on GT3-23001 LC through reducing the height of the Rohacell layer from
1 mm to 0.75 mm and by enlarging the width of the patch antenna substrate di-
mensions from half wavelength over the center frequency to 0.9 of the specified
wavelength. These variations over antenna parameters provide improvements
over the bandwidth, frequency tunability and antenna gain. Furthermore, the
impedance bandwidth of the single antenna element is 8.6 GHz in mmw operat-
ing frequency range from 25.3 GHz to 33.8 GHz, corresponding to about 29%,
with a continuous frequency shift of 1.18 GHz through controlling the permit-
tivity of the LC with a bias voltage from 0 V to 10.6 V. The antenna array gain
between 17.4 dB and 19.2 dB for all the indicated frequency range is achieved
with a beamwidth between 4.8° to 6.3° for ¢ = 0°. This proposed antenna array
design can be a target for future works to improve the tunability and reduce the

antenna array dimensions.
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