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Abstract: The underground mining industry faces significant challenges in maintaining
reliable communication due to multipath fading and physical obstructions, leading to weak
signals and dead spots. This study addresses these issues by proposing a smart antenna
system with circular polarization and beam steering capabilities. The system utilizes a
four-element square patch array and a Butler matrix for beamforming, enabling directional
signal transmission. The antenna was designed and optimized using CST simulations.
The experimental results demonstrate the antenna’s ability to steer beams in four direc-
tions, significantly reducing signal interference and improving coverage. The antenna
achieved a bandwidth of 400 MHz (5.52-5.99 GHz) and a gain of up to 9.69 dBi, effectively
mitigating polarization mismatches. The novelty of this study lies in the integration of
circular polarization and beam steering into a compact, cost-effective system, specifically
designed to enhance communication in underground mining environments. This solution
improves both safety and operational efficiency by providing reliable communication in
harsh conditions.

Keywords: underground mines; wireless communication; mining industry; smart antenna
systems; circular polarization; beam steering; connectivity; coverage; signal interference

1. Introduction

Mining is an important industry in the world economy, supplying raw minerals for a
variety of industries [1]. Working in an underground mining environment, on the other
hand, is a difficult task, and one of the most important components of underground mining
is maintaining connectivity throughout the operation. The mining industry is facing a
significant challenge as a result of connectivity issues, which are having a substantial impact
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on miners’ productivity and safety [2-4]. Until now, due to the extreme physical conditions,
such as the presence of rock, water, and dust, as well as restricted access points, the
underground mining environment can pose considerable difficulties for ensuring reliable
connectivity [5]. Another important aspect is the dynamic nature of underground mines
as it is a vast network of tunnels, shafts, and chambers that can stretch for miles. These
tunnels and chambers are often deep in the earth, making it challenging to establish a stable
connection with the surface. As a result, a reliable, resilient, and effective communication
system is necessary for continuous connectivity in an underground mining environment [6].

Underground mine communication systems can be categorized in a variety of ways,
but they are primarily divided into three categories [7,8]: (1) Communication through the
Earth (C-TTE), (2) Communication through the Wire (C-TTW), and (3) Communication
through the Air (C-TTA). In addition, any combination or all three of these methods can
be used, which is commonly referred to as a hybrid communication system. The most
common communication systems used in underground mines are two-way radio, leaky
feeder, tag-based systems, and Wi-Fi, but fiber optics are also used in some large mines,
each with its own set of advantages and disadvantages [9].

Even with the advancements in recent technologies in communication systems, several
research studies have reported weak signals and dead spots (areas with no communication
coverage) in underground mining communications [10,11]. A range of factors contribute to
the occurrence of weak signals and dead zones in underground mining sites. These factors
include the following: distance traveled (particularly through solid rock); interference
from other electronic devices and systems operating in the same frequency range; physical
obstructions such as rocks, walls, pillars, and machinery; environmental conditions like
atmospheric changes, seismic activity, and geological formations; attenuation; reflection;
scattering; and many more [12,13]. Weak signals and dead spots in underground mining
communication might have serious consequences. These can lead to delayed emergency
responses, decreased productivity, and increased safety hazards. In critical situations, such
as when a worker is unable to communicate with colleagues or the surface, rescue attempts
may be delayed, putting lives at risk.

1.1. Advantages of Antenna Systems in Underground Mining

The underground mine’s safety and productivity are mostly dependent on monitoring
and tracking various activities, such as ensuring miner and machinery location, health,
and safety. Continuous advancement in mining, on the other hand, necessitates a reliable,
resilient, low-cost, easy-to-deploy wireless monitoring system capable of transmitting data
from the underground working area to the control room. For a reliable wireless com-
munication system, the antenna system needs to radiate to provide maximum coverage
and enhance signal strength and data rate. Apparently, the unsuitable environment and
non-line-of-sight (NLOS) in the underground mine make electromagnetic signal propa-
gation difficult due to multipath signals. To overcome the difficulty of multipath signals,
antenna systems must be designed to give higher coverage, reduced interference, and fewer
multipath signals [14].

As shown in Figure 1, the omnidirectional antenna radiates electromagnetic energy in
all directions, increasing signal interference due to the reflection and diffraction of signals
transmitted towards the tunnel walls. The majority of the antennas now used in under-
ground mines have an omnidirectional radiation pattern, radiating energy in all directions,
including those where radiation is not required, such as towards the tunnel wall [15],
whereas directional antennas radiate electromagnetic energy exclusively in the required
directions, increasing the coverage area of the wireless communication system [16,17].
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Figure 1. Radiation pattern of different antenna systems, where denser colors represent higher
radiation intensity and lighter colors indicate lower radiation intensity.

Another significant challenge of wireless communication in underground mines is
signal strength loss. Most antennas used in mining are linearly polarized, resulting in
polarization mismatch of signals between the sending and receiving antennas [18]. As a
result of the polarization mismatch, the receiving antenna receives only partial signals.
As a result, building a circularly polarized (CP) antenna is an appropriate technology
for reducing polarization mismatches. Furthermore, when compared to single-element
antennas, adopting a directional array antenna increased the gain and signal strength of
the communication established in underground mines [19,20].

With the proliferation of applications and wire-free communication devices in un-
derground mines, the requirement for high data speeds has skyrocketed. Additionally,
high-data-rate communication in underground mines is possible by boosting coverage
area, signal intensity, and, eventually, multipath fading [21]. As a result, planning and
considering the antenna system is critical for improving the performance of underground
communication networks.

1.2. Types of Antenna Systems Used in Underground Mining

In underground mines, multipath fading is a major factor that degrades communica-
tion quality. Multipath fading occurs when a transmitted signal travels through numerous
pathways to the receiver; it might interfere with itself, resulting in signal attenuation or
cancelation [22]. The multipath fading can be reduced by optimizing the antenna structure
and characteristics of the radiated electromagnetic signal to interact constructively with the
surrounding environment and generates fewer multipath signals [23]. Different antennas
were proposed for different applications in underground mines to reduce multipath fading
and enhance the coverage area, as discussed below. Low-profile directional antennas and
smart antenna systems such as Butler matrices are employed to improve gain and reduce
the impact of multipath fading by focusing signals in desired directions [24]. Furthermore,
the use of adaptive beamforming techniques in these antennas has been shown to further
minimize the detrimental effects of multipath and enhance communication reliability in
underground environments [25].

1.2.1. Reconfigurable Antennas

Reconfigurable antennas are those that can be adjusted in real time to maximize perfor-
mance in response to changing communication requirements. These antennas may adjust
their frequency, radiation pattern, polarization, and other factors, making them extremely
versatile and adaptable to many communication settings [26-28]. Kunsei et al. [29] investi-
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gated the performance of pattern re-configurability in a rich multipath environment using
a reconfigurable and dipole antenna in a hard rock underground mine. The results suggest
that re-configurability achieves between a 20% and 34% improvement in path loss and
delay spread compared to fixed-beam antennas in NLOS propagation.

1.2.2. Electrically Small Antennas

Electrically Small Antennas (ESAs) are devices that transmit and receive electromag-
netic waves. These antennas are typically compact in size, making them suitable for a
wide range of applications [30,31]. Chandra Dash et al. [32] designed a moderately high-
gain and portable ESA at 58.27 MHz, which had a multilayered semi-cylindrical shaped
structure with a finite ground plane. The proposed antenna provides a gain of 3.43 dBi
and measured efficiency of 92.5%, making it suitable for underground communication.
Roestorff [33] presented two electrically small reactive impedance surfaces to locate miners
in emergencies in underground mines. Both antennas have a high gain of 5 dBi and radiate
10 dB more power in the front hemisphere than in the rear, and are suitable as a wearable
antenna for mine rescue applications.

1.2.3. Millimeter-Wave Antennas

Millimeter-wave antennas are specialized antennas that work at frequencies ranging
from 30 GHz to 300 GHz. These frequencies are substantially higher than those utilized in
standard wireless communication systems, which operate at frequencies below 6 GHz [34].
The usage of millimeter-wave frequencies provides various advantages, including greater
data speeds, less interference, and reduced antenna diameters [35]. Laribi et al. [36]
proposed a compact, high-gain, and wideband CP antenna using millimeter (mm) waves
for underground communication. A multilayer pyramidal dielectric resonator antenna
was responsible for the CP mechanism. The impedance bandwidth of the antenna covers
the Industrial, Scientific, and Medical (ISM) band from 58 GHz to 68 GHz with a gain
of 11.2 dBi and an axial ratio bandwidth of 37% in the operating band. Using substrate-
integrated waveguide technology, the horn antenna was optimized for a satellite broadcast
signal in the tunnel at 27 GHz [37]. The beam width was reduced by 32 degrees, and the
antenna’s gain was increased by 8.78 dBi [38]. Coulibaly et al. [39] designed a coplanar
waveguide-fed staked dielectric resonator antenna (DRA) for millimeter waves at 62.16 GHz
for underground ISM communications. The major limitation of the proposed antenna
was the degradation in radiation patterns at higher frequencies. Similarly, Agouzoul
et al. [40] presented a broadband and high-gain DRA at 59.55 GHz for underground
communication systems. The proposed antenna structure comprises a microstrip feed, a
cylindrical resonator, and multiple metallic strips on a superstrate. The simulated results
provided a gain of 15.40 dBi over the bandwidths from 57 GHz to 59.55 GHz and a
maximum gain of 16.71 dBi at 58 GHz. In another study, Chorfi et al. [41] designed a
cylindrical DRA two-element array at 60 GHz mounted on a conformal ground plane
substrate for millimeter-wave underground communications [42].

1.2.4. Radio Frequency Identification (RFID) Antennas

RFID antennas are intended to broadcast and receive radio waves in order to com-
municate with RFID tags. When these tags come within range, they include miniature
microchips that may store data and transmit it back to the antenna. RFID antennas are
normally built of metal or conductive material and are available in a variety of shapes and
sizes [43,44]. Hautcoeur et al. [45] designed an RFID tag antenna at 915 MHz for under-
ground localization applications. A miniaturization of 31% in antenna size was achieved,
and they analyzed the substrate selection for antenna efficiency. Chen and Elsherbeni [46]
proposed a CP antenna for a RFID tag to be implemented in an underground localization
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system. The fully covered ground plane makes the tag robust due to less interaction with
the attached medium. The extended metal plate provides a wide bandwidth of 37 MHz
and axial ratio bandwidth of 6.4 MHz with a reading range of 2.2 m.

1.2.5. Multiband Antennas

Meng et al. [47] designed three microstrip antenna for coal mining applications. The
first antenna consists of five branches, and the size and position of all of the branches was
optimized. The second antenna was optimized by adding an inverted L-shaped branch on
the top of the trident antenna, whereas the third antenna consists of an inverted L-shaped
structure in the ground plane. The simulated and measured results cover the frequency
bands of 2.51-2.68, 3.40-3.60, and 4.80—4.90 GHz. Chaouche et al. [48] proposed a novel
dual-band antenna design using a genetic algorithm for ISM bands covering 2.45 GHz
and 5.8 GHz. The AMC reflector consists of sixteen unit cells and is used to improve the
antenna radiation characteristic and reduce the absorption of electromagnetic radiation
in the human body. Kamil et al. [49] presented an ultra-wideband (UWB) antenna for
under-ground UWB applications. The antenna has a patch ring and is fed with a coplanar
waveguide. The antenna was optimized to achieve a bandwidth from 2.8 GHz to 12 GHz.
The proposed antenna can be used for UWB applications in the underground environment,
since UWB exhibits attractive merits such as wide bandwidth, simple structure, low cost,
and easy fabrication.

1.2.6. Wearable Antennas

Wearable antennas are small, light antennas that can be embedded in wearable devices.
They are built to receive and broadcast signals, allowing for the wearable devices to
communicate with other devices like smartphones or Wi-Fi routers. Metals and conductive
textiles are two commonly materials that can be used to make wearable antennas. Habani
et al. [50] proposed a wearable off-body antenna based on artificial magnetic conductor
frequency selective surface (AMC-FSS) at 5.8 GHz for underground communication. The
antenna has three layers, an AMC substrate, a planar monopole, and a FSS super substrate,
and achieved a bandwidth of 1 GHz with a directivity of 54.9°. In another study, Habani,
et al. [51] improved the antenna’s gain and directivity, achieving a band-width of 1.5 GHz
with a directivity of 40.7°.

However, in addition to the research that has been conducted in designing antennas
for effective communication and, ultimately, improved coverage, there are several issues
that still require extensive research in designing an antenna system that should be effi-
cient while posing minimal signal and coverage loss in underground mines. To overcome
these challenges, smart antennas (critical components of communication systems) that can
adapt to changing conditions in the underground mining environment must be developed.
Modern wireless communication systems rely on multi-beam antennas to optimize their
performance and achieve the desired output. These antennas have diverse applications
across domains such as WLANS, base stations, satellite communications, and even auto-
motive radars. In the context of 5G communication systems, multi-beam antennas have
gained paramount importance. They enable wide-angle coverage while minimizing signal
interference, making them crucial for ensuring efficient and reliable wireless communi-
cation. This study introduces a novel approach by proposing a smart antenna system
specifically designed to address communication challenges in underground mines. In this
paper, the current communication problems in underground mines were identified. A solu-
tion was proposed based on the existing literature. A smart antenna system was proposed
to improve connectivity and coverage in underground mines. The proposed antenna was
designed, and different parameters were analyzed to optimize their performance. As a
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result, we suggest using a four-element array with beam steering features to reduce signal
interference and improve communication in underground mines.

The paper is divided into sections that discuss various aspects of the investigation.
Section 2 discusses the approach, antenna system design, and Butler matrix components.
This section also addresses the structure and operation of each component of the Butler
matrix. Section 3 contains comprehensive details about the optimized outcomes of each
Butler matrix component designed at 5.8 GHz, including the hybrid coupler, crossover,
and phase shifter parameters. This section also covers the antenna design transition a
from rectangular to a square patch design and provides an in-depth evaluation of the
antenna array using the Butler matrix. Furthermore, the proposed antenna’s practical
use is thoroughly investigated. Finally, in Section 4, an in-depth conclusion is offered to
summarize this study’s findings.

1.2.7. Comparison of Antenna Types

Table 1 provides a comparative analysis of various antenna designs, highlighting the
distinct advantages and limitations of each. These factors play a critical role in determining
their suitability for underground mining applications. The selection of an antenna design is
determined by specific operational requirements such as data transmission rates, coverage
demands, and the ability to survive harsh underground conditions.
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Table 1. Comparative analysis of antenna types for underground mining communication and a summary of key features.
Suitability for Complexit Suitability for Ke
Antenna Type = Bandwidth Gain Polarization = Coverage Area Dynamic P y Key Features Advantages Limitations Underground ey
Environments and Cost Mining Applications
Versatile; can adapt Dvnamic
frequency, pattern, Ideal for e
and polarization Complex environments multipath
High (complex Real-time ; design, higher . environments.
. Moderateto ~ Moderate to . . . Enhances path loss requiring .
Reconfigurable . Tunable/Varies High design and parameter cost. Do, O Real-time
Narrow High . and delay spread. . flexibility in e
power needs) adjustment . Higher power . adaptability in
Suitable for . changing
. . consumption. o underground
dynamic/multipath conditions. comms
environments. ’
Emergency
Suitable for rescue commu-
High efficiency in Limited eain wearable or nications.
Electrically Narrow to Low to . Low to Compact form small form. & emergency Personal
Linear Moderate and
Small Moderate Moderate Moderate factor - Portable and easy to . applications monitoring in
bandwidth.
deploy. (due to small cramped or
size). confined
spaces.
High data speeds
énd reduced Degrac;lat_lon Effective for High-speed
- High High- 1nterfgrence. . of radiation high- data transfer.
Millimeter- . High to Very  Circular or Low (sensitive (advanced frequency Compact size at high patterns at bandwidth Advan.ced.
Wide . . to . . frequencies. higher ; automation in
Wave High Linear . design operation . . data in larger
obstructions) Effective for frequencies. . large
needed) (30-300 GHz) 1 . mining
arge-scale Sensitive to operations underground
high-bandwidth blockages. P ’ facilities.
transmissions.
Limited
Miniaturized, robust reading range. Suitable for Underground
design Interaction frack- asset trackin,
Circular or Communication oy with ing/positioning &
RFID Narrow Low - Moderate Low - Excellent for . S Inventory and
Linear with RFID tags o surrounding applications in
localization and . personnel
. medium can underground -
tracking. . localization.
degrade mines.

performance.
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Table 1. Cont.
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L expensive. one system.
communication subterranean
needs. settings.
Lightweight and Wearable
portable. Reduced range Ideal for miner  safety devices
. . Good directivity for due to body . ty ’
Linear or Integrated into - tracking and Health
Low to . . Moderate to on-body interference. o
Wearable Moderate Circular High . cloth- L. L personal safety ~ monitoring for
Moderate . High . . communications. Limited o >
(varies) ing/equipment . monitoring in workers in
Ideal for real-time off-body .
real time. underground
health/safety coverage. .
operations.

monitoring.
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2. Materials and Methods

Phased-array antenna systems, commonly referred to as multi-beam antennas, utilize
multiple beam antennas to determine the direction of the beam based on the phase and
its variation [52]. These antennas offer extensive coverage at wide angles and improved
connectivity. The critical component of the antenna system is the beamforming network
(BFN), which adjusts the phase and amplitude of the radiating elements to steer the main
beam [53,54]. BFNs can be classified into two categories: digital BFNs, and RF BFNs [55].
Digital BFNs are typically employed in adaptive array systems, while RF BFNs are used in
multi-beam antenna systems.

Digital BENs often encounter challenges such as analog-to-digital offset errors, receiver
imbalances, and frequency-dependent errors [56]. On the other hand, RF BFENs can be
further divided into lens-based beamformers and circuit-based beamformers. Circuit-based
BENs are constructed using directional couplers, phase shifters, and crossovers as building
blocks. The circuit-based BFNs are commonly used due to their simple fabrication, cost-
effectiveness, lack of external feed requirement, and compact design. The circuit based
BFNs can be divided into two categories based on a variable phase shifter and a fixed
passive beamformer such as a Butler Matrix (BM). The variable phase shifter has high power
consumption and high insertion loss, whereas the BM provides high isolation between the
input and output ports [57].

The BM network is used to feed the multiple antenna array element of N x N config-
uration and consists of N input and N output ports. In the Butler matrix, Y log,(N) 90°
hybrid coupler, & (log,(N) — 1) fixed-phase shifters, and 0 dB crossovers are used to form
the beam pattern. The signal from the transceiver is fed to the antenna elements by the
beamforming module with a gradually changing phase difference between the output
ports. This enables the beamforming operation and facilitates the transmission of the signal
in various directions [52]. The block diagram of the BM with 4 inputs and outputs is shown
in Figure 2. For the 4 x 4 configuration, it consists of four branch line couplers, two phase
shifters, and two crossovers. Ports 1-4 are considered as input ports and 5-8 are considered
as output ports connected to the antenna array.

Port 1 Port 5
Port 6
Port 2 /— or
Crossover Crossover
N~
Port 3 Port 7
Port 8
Port 4

Figure 2. Block diagram of the beamforming Butler matrix network.

The BM was specifically designed for operation at 5.5 GHz, utilizing a loss-free
substrate Rogers RT5880 using CST 2018 software (Dassault Systemes, Vélizy-Villacoublay,
France). This substrate possesses a relative permittivity of 2.2 and has a thickness of
0.787 mm, with a copper cladding of 0.035 mm [58,59]. The BM network, designed for four
input and output ports, incorporates four hybrid couplers, two phase shifters, and two
crossovers to ensure isolation between the ports. Its purpose is to generate four distinct
beams located at different positions. Further explanation and the design details of each
component within the Butler matrix are discussed below.

The following assumptions were made during the modeling process to ensure focus
and manageability:
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Input (P1)
Ag/d

Isolated (P4)

e  The environment was considered to be homogeneous, assuming uniformity in the tunnel
geometry and ignoring geological variations such as rock type differences or irregularities.

e Interference from nearby electronic devices, mining equipment, or environmental
noise was not modeled, as the focus was on the antenna’s beam steering performance.

e  The materials used (such as the substrate Rogers RT5880) were assumed to have ideal
and constant properties across all simulations.

2.1. Design of the 90° Quadrature Branch Line Coupler

The quadrature branch line coupler (BLC) is a symmetric coupler and has a 3 dB
coupling factor with phase shift of 90° between the output ports [60]. The 90-degree BLCs
consist of two input ports and two output ports, with a phase difference of 90 degrees
be-tween the output ports. Each BLC is constructed by utilizing two horizontal and
two vertical microstrip lines. These lines have a length of A¢/4 and are characterized
by respective characteristic impedances of Zy/ /2 and Zy. The geometry of the branch
line coupler is shown in Figure 3a. The BLC was designed for 5.5 GHz using the similar
parameters of the substrate. The dimensions of the branch line coupler were determined
using Equations (1)—(4) at 5.5 GHz [61]:

60 ho o 1W W
?effln(sw'i_gw) ng
Zy = 0" 1)
- reff - W~
W41.39340.667 In( '} +144) h =
8he’ W
ZW = £z 52 )
2h W ~»o
7 (B—1-1n(2B—1+ 9L (In(B—1)+039— 1)) b=
Zo e, +1 & —1 0.11
A=— 023+ — 3
60 2 =S +1( T ) ®)
er+1 eg—1 1
Eff=—5  T75 4)
14+12(f)

where W is the width of the line, / is the height of the substrate, €, is the dielectric constant
of the substrate, Z is the input impedance of the port, and ¢ is the effective dielectric
constant. The length of the line (A¢) is calculated using Equation (5):

)Lg = /\\/ Ceff (5)

where A the wavelength in the free space, Figure 3b is illustrates the proposed BLC.

ZoN2

Output (P3)

Agld

(a) (b)

Figure 3. The 90° hybrid branch line coupler’s (a) geometric layout and (b) proposed layout.
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2.2. Crossover Design

A crossover is a four-port network and is implemented by cascading two branch line
couplers to allow for two signals to pass to the other side in the high degree of isolation
and 0 dB insertion loss [53]. The geometry layout of the crossover is shown in Figure 4a.
The impedance of branches are similar to BLC, except for one of the microstrip lines with
the Zy/2. The dimensions of all the parameters were calculated at 5.5 GHz using the
microstrip equations and the same substrate parameters explained above. Figure 4b shows
the proposed crossover layout for the Butler matrix.

Figure 4. The 0 dB crossover’s (a) geometric layout and (b) proposed layout.

2.3. Phase Shifter

The phase shifter is used to delay the phase between two lines by adding additional
length to the microstrip line, as shown in Figure 5a. The length of the microstrip line is
longer than the other line by 2AL. The phase shift is given by Equation (6).

_ 27AL

0
Ag

(6)

where 0 represents phase shift, AL represents extra length of the microstrip line, and A4 is

the wavelength in the microstrip. Figure 5b illustrates the designed phase shifter for the

A

BM network.

(b)

@)
Figure 5. Phase shifter (a) geometry and (b) proposed layout.

2.4. Antenna Design

An antenna array with circular polarization and beam steering features is proposed in
this article to reduce multipath fading and improve coverage and bandwidth. A circularly
polarized wave reduces polarization mismatches and increases signal coverage by the
reception antenna. Similarly, beam steering, as opposed to traditional antennas that radiate



Mining 2025, 5, 14

12 of 32

in all directions, can broadcast signals just toward the device, reducing multipath signals.
Many studies [62-64] have emphasized the several advantages of combining circular
polarization and beam steering antennas in a variety of applications; nevertheless, it has
not been adequately deployed and tested in underground mines.

A single-element rectangular patch antenna with a 5.5 GHz frequency range was
selected for the design and evaluation to enhance connectivity in underground mines.
A single-element rectangular patch antenna is a type of antenna with a single radiating
element. It is a cost-effective and simple yet effective design with significant advantages
over more sophisticated antenna designs [65]. Because of its light weight and small size, this
antenna has a wide range of uses in the mining industry. It may be utilized to communicate
effectively between workers, equipment, and managers. These antennas can transmit and
receive data, voice, and video signals, allowing for real-time communication between mine
areas. In the mining industry, single-element antennas are also employed for navigation.
They can be used to track the location of equipment and workers, allowing for more
effective resource management and assuring safety. The 5.5 GHz frequency band, while
relatively new and not as widely adopted, offers notable advantages compared to the more
commonly utilized 2.4 GHz frequency range [66]. Because the 5.5 GHz frequency has a
higher bandwidth, it can transmit more data at once. It also receives less interference from
other devices, making it less susceptible to signal congestion and losses.

Initially, a rectangular patch antenna with a frequency of 5.5 GHz was designed by
computing the length and width measurements using Equations (7)—(9) [67,68].

W = ol &? ?)
er+1 er—1 1
e ®)
T2 T 1+ 12(%)
T R (seff + 0.3) (% + 0.264) o

2fo \/Eeff (ees — 0.258) (% +0.8)

where W is the width of the patch, ¢,¢s is the effective permittivity, er is the relative
permittivity of the substrate, / is the height of the substrate, L is the length of the patch, fy
is the resonant frequency, and c is the speed of light.

The rectangular patch measures 20.45 mm in width and 17.98 mm in length. To feed
an excitation signal to an antenna, the impedance of the antenna and feedline must be
matched to normal impedance, i.e., 50 (. A matching line and a microstrip feed line with
an input impedance of 50 () were used to power the proposed antenna. The metal traces on
the patch were designed with copper annealed material and totally covered with ground
on the antenna’s back plane, as illustrated in Figure 6. The dimensions of the rectangular
patch antenna are shown in Table 2.

Table 2. Dimensions (length and width) of the proposed rectangular patch antenna.

Parameter Length (mm) Parameter Length (mm)
L 53.98 W 40.90
L1 17.98 W1 21.55
L2 10.63 W2 1.64
L3 18.61 W3 2.42

GL 53.98 GW 40.90
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Figure 6. Schematic representation of the single rectangular patch antenna with (a) front and (b) back

view.

The above designed rectangular patch antenna radiates linearly polarized wave. How-
ever, circular and elliptical polarization can be achieved using different feed arrangements
or slightly modifications made to the patch antennas. A circularly polarized antenna can
mitigate the polarization mismatch loss, as discussed above in Section 1.2. Therefore, it
is vital to design antenna with circular polarization characteristics for underground mine
communication.

Multiple studies [69-72] have described several ways for achieving circular polariza-
tion for patch antennas, including feeding at two places, creating a slot in the patch, and
reducing the opposite sides of a square patch. One of the simplest techniques for achieving
circular polarization and a wide bandwidth of the antenna is to trim the opposite sides of
the square patch. As a result, the above-mentioned rectangular patch antenna was reshaped
into a square by equal its length and width. For optimal operation at 5.5 GHz, a parametric
sweep was performed on the patch width (W1). Similarly, the rectangular patch’s two
opposite corners were trimmed and adjusted to obtain a center frequency of 5.5 GHz.
Figure 7 illustrates the proposed square patch antenna concept with trimmed edges.

Array antennas have various advantages over single-element antennas, including
higher gain, increased directivity, and the ability to scan the antenna system’s beam. To
obtain the antenna’s beam steering characteristics, an array of numerous elements must
be built. As a result, a four-element linear array was designed to use for BM network for
beam steering characteristics, as shown in Figure 8. The distance between elements has a
significant impact on the performance of the antenna array. Hassan et al. [73] and Chen
et al. [74] investigated the influence of spacing on large antenna arrays. It was discovered
that 0.5A distance produces good directivity and reduces the side lobes of the radiation. As
a result, the antenna array was constructed with 0.5A separation between each unit. The
entire length of the array (A_L) was 196.76 mm, with a gap (A_G) of 27.26 mm between the
two elements. The copper ground plane completely covered the array’s backside.
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Figure 7. Schematic of the single-element square patch antenna with dimensions and (a) front and
(b) back views.

I

Figure 8. Structure of a square patch antenna array of a4 x 1 element.

After setup, the final designed antenna with 5.5 GHz frequency was analyzed and
optimized to achieve maximum coverage and enhanced connectivity with respect to the
underground mining environment.

2.5. Butler Matrix

The performance of the Butler matrix depends on the performance of the individual
parameters of each component such as bandwidth, S-parameter, isolation and insertion
loss, and phase difference between the output ports. All the components were assembled to
complete the Butler matrix with 4 branch line couplers, 2 phase shifts, and 2 crossovers to
provide maximum isolation according to the block diagram as shown in Figure 2. The total
width and length of the substrate is 159.50 mm x 130.56 mm. The array elements of the
square patch antenna were attached to the output ports of the Butler matrix, as shown in
Figure 9. The distance between the adjacent elements of the antenna array was kept at 0.5A.
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3
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130.56 33

Figure 9. Butler matrix network with four elements of the antenna array.

The antenna array was simulated using CST Studio Suite within an idealized under-
ground mining environment. Key parameters, including substrate characteristics, beam
angles, and the spacing between antenna elements, were systematically adjusted to enhance
performance. The system’s beam steering capabilities and gain were evaluated across four
distinct beams, with iterative refinements made to reduce signal reflection and maximize
coverage. The simulation was conducted at an operating frequency of 5.5 GHz, selected for
its lower interference and enhanced data transmission capabilities. The Rogers RT5880 sub-
strate, with a permittivity of 2.2 and a thickness of 0.787 mm, was utilized for the antenna
design. The underground mining environment was modeled as a rectangular tunnel with
reflective walls, accounting for multipath signal interference. To achieve optimal gain and
minimize side lobes, the antenna elements were spaced at 0.5A within the array. The key
materials and components used in the design and simulation of the antenna system, along
with their physical properties and sources, are summarized in Table 3.

Table 3. Summary of sample types, physical properties, and sources used in antenna design and

simulation.
Sample Type Physical Properties Source/Location
Relative Permittivity: 2.2, Thickness: Manufacturer: Rogers
Rogers RT5880 Substrate 0.787 mm, Copper cladding: 0.035 mm Corporation
Antenna Array Elements Circular Polarization, Operating De51.gn.ed for L.mderground
Frequency: 5.5 GHz mining environments
. Length: A_g/4, Impedances: Zy/+/2 Simulated using CST
Branch Line Coupler and Z, Phase Shift: 90° software
Impedance of branches: similar to BLC, .. .
Crossover Extra line length for phase shift Simulated in CST software
Phase Shifter Phase Delay: —457, Extra Line Length: Simulated in CST software

10.60 mm
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3. Results and Discussion
3.1. Hybrid Coupler

Table 4 presents the calculated and optimized dimensions of the BLC, where different
parameters were varied during the optimization process. The optimized s-parameters and
phase difference in the BLC are depicted in Figures 10 and 11, respectively. The results
indicate that the S-parameters, specifically S1; and Sy4, exhibit minimal reflection at ports
1 and 4, respectively, which indicates good impedance matching and minimal signal loss
at these ports. While similar behaviors are reported in the literature by Lin et al. [75],
this study extends these findings by demonstrating the optimized performance of the
Butler matrix components specifically within an underground mining environment. The
512 and Sy3 represent the isolation of port 1 from port 2 and 3, respectively. Achieving
good isolation between these ports is essential for reducing crosstalk and improving
overall system performance. Similar findings are observed by Wang et al. [76] in coupled
line-based millimeter-wave Complementary Metal-Oxide-Semiconductor (CMOS) power
dividers, where the isolation (S3; and Sy3) between output ports significantly improves
system performance by minimizing interference between channels. Furthermore, Figure 10
demonstrates a phase difference of 87.27° between port 2 and port 3, which is crucial for
applications requiring phase-shifted signals, such as phased-array antennas and power
dividers. This phase difference is consistent with findings by Regev et al. [77], which
emphasize that phase accuracy is crucial for maintaining signal coherence and beamforming
performance in multi-port systems.

Table 4. Dimensions and parameters of the branch line coupler.

Parameters Calculated Optimized
Length (50 (2) 9.97 mm 7.3 mm
Length (35.355 ) 9.82 mm 7.3 mm
Width (50 (3) 242 mm 242 mm
Width (35.355 (2) 3.95 mm 3.95 mm

S-Parameters [Magnitude]

$1,1:-19.957786 .
$1,2 : -6.6697411| ! — 51,2

$1,3:-1.4948929( — 51,3
$1,4: -19.968668 | i —S1,4["
-30 ; ; ; : ; ; ; ;
5 5.1 5.2 5.3 5.4 5.6 5.7 5.8 5.9 6

Frequency / GHz
Figure 10. Magnitude of the S-parameter of the 90° hybrid BLC for input port 1.
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S-Parameters [Phase in Degrees]
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Figure 11. Phase difference in the 90° hybrid branch line coupler for input port 1.

The hybrid coupler dimensions determined in this study align with those reported
previously. Building on this foundation, the work introduces a novel application by
integrating the coupler into an antenna system tailored for underground mining commu-
nication. The design features a Butler matrix coupled with a circularly polarized square
patch array, enhancing both signal reliability and coverage. The system achieves a band-
width of 400 MHz and a gain of 9.69 dBi, outperforming existing designs in addressing
the challenges of underground environments. Application-specific testing further vali-
dates the system’s effectiveness, establishing its contribution to advancing communication
technologies in mining.

3.2. Crossover

Table 5 showcases the dimensions of the crossover that were calculated and optimized
using [61]. Various parameters were adjusted during the optimization process. Figure 12
shows the S-parameters of the designed crossover, which demonstrate good performance
and a high level of isolation. It illustrates that the S-parameters S11, S12, and S14 exhibit
minimal reflection at ports 1, 2, and 4, respectively, indicating effective impedance match-
ing and signal transmission. These results are consistent with established optimization
processes in antenna design, where minimized S-parameters are crucial for ensuring ef-
ficient signal transmission and minimizing interference, as noted by Kouhalvandi and
Matekovits [78] and DiLullo et al. [79].

Table 5. Dimensions and parameters of the crossover.

Parameters Calculated Optimized
Length (50 Q2) 9.97 mm 7.3 mm
Length (35.355 ) 9.82 mm 7.3 mm
Length (25 ) 9.69 mm 7.3 mm
Width (50 Q) 2.42 mm 2.42 mm
Width (35.355 ) 3.95 mm 3.95 mm

Width (25 O)) 6.17 mm 4 mm
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Figure 12. Magnitude of the S-parameter of the crossover for input port 1.

3.3. Phase Shifter

The phase shifter’s initial calculated length was 4.6 mm, but, through optimization,
it was adjusted to 10.60 mm, achieving a —45° phase shift in the line. As shown in
Figure 13, the optimized phase shift in the line reached —45.8°, which is consistent with
similar optimizations in phase shifters that demonstrate high accuracy and effective signal
manipulation, as reported by Liu et al. [80] and Xu et al. [81].

S-Parameters [Phase in Degrees]

P . - °1‘ (5.5, A4‘5.79417 )

4 4.2 4.4 4.6 4.8 5 5.2 5.4 5.6 5.8 6
Frequency / GHz

Figure 13. Phase of the S-parameter S;, of the proposed phase shifter.

3.4. Patch Antenna

The designed single-element square patch antenna’s reflection coefficient refers to the
amount of reflected signal delivered to the antenna structure in comparison to the incident
signal. Generally, the reflection coefficient, known as S;1, indicates that the reflected signal
is greater than the incident signal for port 1, and is expressed in decibels. The results suggest
that, for all frequencies with S;; less than —10 dB, the antenna structure is regarded as
radiating. This phenomenon aligns with similar findings in recent research [82,83] on patch
antennas, where a reflection coefficient of less than —10 dB indicates efficient impedance
matching and minimal signal loss.

Figure 14 depicts the reflection coefficient of a single rectangular patch antenna element.
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Figure 14. Reflection coefficient of single-element square patch antenna at 5.5 GHz.

The designed single-element square patch antenna has a bandwidth of 140 MHz from
5.43 GHz to 5.57 GHz, as highlighted in Figure 4, which aligns with other microstrip antenna
designs that focus on achieving a wide operational bandwidth through optimization
techniques [84]. Similarly, another essential antenna parameter is the far-field radiation
pattern, which specifies the direction in which the antenna radiates in the far field [85].
Figure 15 depicts the designed single-element square patch antenna’s cross and co-poles of
the far-field radiation patterns. At 5.5 GHz, it shows a directed radiation pattern with a
gain of 7.78 dBi, a gain value that is consistent with typical patch antennas of this size and
configuration [86]. The rectangular patch antenna’s directed radiation pattern was caused
by the presence of a ground plane on its backside, as also indicated by Deshmukh et al. [87],
which has been proven to significantly influence the radiation behavior by enhancing the
front-to-back ratio and reducing unwanted reflections.

Farfield Gain Theta (Phi=0) Farfield Gain Theta (Phi=90)

0 — farfield (f=5.5) [1] 0 — farfield (f=5.5) [1]
30 -30

60 . o 60

(a) (b)

90

-90

120 -120
Frequency = 5.5 GHz AR IR aaN
Main lobe magnitude =  6.55 dBi

Frequency = 5.5 GHz
Main lobe magnitude =  2.11 dBi

-150

150

Main lobe direction = 1.0 deg. 180 Main lobe direction = 20.0 deg.
Angular width (3 dB) = 76.8 deg. Angular width (3 dB) = 101.3 deg.
Theta / Degree vs. dBi Side lobe level = -20.4 dB Theta / Degree vs. dBi Side lobe level = -15.2 dB
Farfield Gain Phi (Theta=0) Farfield Gain Phi (Theta=90)

— farfield (f=5.5) [1] — farfield (f=5.5) [1]

(c) @

Frequency = 5.5 GHz

Frequency = 5.5 GHz Main lobe magnitude = -3.13 dBi
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Main lobe direction = 109.0 deg. Angular width (3 dB) = 44.7 deg.
Phi / Degree vs. dBi Angular width (3 dB) = 104.6 deg. Phi / Degree vs. dBi Side lobe level = -1.0 dB

Figure 15. Far-field radiation co- and cross-pole pattern of a single-element antenna at 5.5 GHz
(a) phi =0, (b) phi = 90, (c) Theta = 0, and (d) Theta = 90.
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The rectangular patch antenna was circularly polarized by changing its shape and
shortening the opposite edge of the patch, which is a common technique for achieving
circular polarization in patch antennas [88]. The width of the rectangular patch was reduced
to create a square patch. The reflection coefficient of the square patch antenna was also
displayed for various antenna widths, as shown in Figure 16. The patch’s width was
adjusted to 20.45 mm, 19.13 mm, 17.8 mm, and 16.5 mm. Similarly, for 0 mm to 3 mm,
the parametric sweep was conducted on the reduced length of the opposing edges of the
square patch. Figure 17 depicts the reflection coefficient results for the sweep analysis, a
process widely used in antenna design optimization [89].

0
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= —— W=20.45 mm
= ———W=19.13 mm
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% —WW= 16.5 mm
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Figure 16. Reflection coefficient of parametric sweep of the width (w) of the single element antenna.
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Figure 17. Reflection coefficient of the parametric sweep for the Lf length of the single-element

antenna.

Figure 17 depicts the reflection coefficient results for parametric sweep analysis with
different lengths of Lf (truncated length). The results show that, at Lf = 3 mm, the square
patch antenna achieves a wide bandwidth, while for Lf = 4 mm, it exhibits dual-band
operation with a narrower bandwidth. Therefore, the value of Lf = 3 mm was selected for
the design of the square patch antenna. The final dimensions of the square patch antenna are
shown in Table 6. The square patch antenna provides an impedance bandwidth of 400 MHz
between 5.52 GHz and 5.99 GHz, which aligns with recent developments in circularly
polarized antennas that achieve broad impedance bandwidths [90]. The single-element
antenna is right-hand circularly polarized (RHCP) with a circularly polarized bandwidth
of 300 MHz between 5.51 GHz and 5.81 GHz, as shown in Figure 18. Circular polarization
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bandwidth represents the frequency range within which the antenna radiates circularly
polarized waves, a critical parameter for modern wireless communication systems [91].

Table 6. Optimized dimensions for a single-element antenna.

Parameter Length (mm)
L 55.20
L1 17.6
L2 10
L3 10
Lf 3.0
GL 55.20
w 35.0
W1 17.6
W2 1
W3 491
GW 35.0
10
8+ J
]
= 6r |
g
[~ 4
T 4 1
A Bt EE TR R EEE LR L e R LR L 1
2f o]
Axial Ratio |
n L L L L il 1 J
4 4.5 5 55 6 6.5 7
Frequency (GHz)

Figure 18. Axial ratio of the single-element square patch antenna.

3.5. Antenna Array with BM Network

The 4 x 4 Butler Matrix (BM) provides four distinct beams when one port is excited.
For example, when one port is activated, it produces a beam at —45°, and when another
port is excited, it produces a beam at 45°, with reciprocal beams for the other two ports. This
behavior is consistent with previous studies that utilized the Butler Matrix for beamforming
applications, where discrete beams are generated depending on the port excitation, as seen
in millimeter-wave and sub-6 GHz systems [92]. The results of the BM network with the
antenna array, tested at 5.5 GHz, showed consistent performance across different input
ports. Figure 19 shows the return loss for port 1, port 2, port 3, and port 4, each showing
minimal signal loss when only one port is excited. This aligns with established findings that
demonstrate the ability of Butler matrices to maintain low return loss and high isolation
between ports, which is important for ensuring efficient beam switching and steering
without excessive signal degradation [93]. The far-field beam pattern, depicted in Figure 20,
demonstrates the directional capabilities of the BM network. The deviation in beam angles
between different ports, such as port 3 (beam at —12°) and port 4 (beam at 16°), is likely
due to slight imperfections in the phase shift introduced by the Butler Matrix. This is not
uncommon in practical systems, where minor phase errors can occur due to manufacturing
tolerances or component mismatches, as also indicated by Jizat et al. [94]. The difference in
the angles of port 3 and port 4 is due to incorrect progressive phase difference in the ports by
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the components of the BM network and asymmetric response of the BM network [95]. The
gain of the individual beams for all ports varied between 8.38 dBi and 9.69 dBi, indicating
strong directional radiation. Higher gain values suggest that the antenna efficiently directs
energy into narrow beams, which is advantageous for communication systems in complex
environments, such as underground mines. The variation in gain is in line with other
studies that demonstrate slight differences in gain across different input ports due to phase
and amplitude variations in the Butler Matrix [96] (Dong et al., 2023). This enhanced
directional radiation is particularly beneficial in underground mining environments, where
obstacles and signal interference are major challenges. By directing the antenna’s beam
towards specific angles, the system can mitigate signal reflections and improve signal-to-
noise ratios, leading to better overall communication performance. Moreover, the ability
to steer beams in multiple directions without physical movement of the antenna makes
the system well-suited for dynamic environments where the direction of communication
may frequently change. This adaptability is a key advantage of using a Butler Matrix
for beamforming applications in underground mines, where traditional omnidirectional
antennas may struggle with coverage and interference issues.

S-Parameters [Magnitude]

5 5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8 5.9 6
Frequency / GHz

Figure 19. Reflection coefficient of the BM for all input ports (1-4) when each port is excited at a time.

The proposed antenna, depicted in Figure 9, steers the direction of the far-field ra-
diation through a Butler Matrix (BM). This antenna design enables the transmission of
beams in four distinct directions, which is a key characteristic of Butler matrix-fed arrays
used for beamforming and steering applications [93]. The antenna can be conveniently
mounted on the roof of an underground mine tunnel. When a mobile device, such as a
miner or a vehicle, enters the antenna’s range, the BM automatically steers the beam to
track the device’s movement within the tunnel. For instance, if a signal is fed to port 1 of
the antenna and a wireless device worn by the miner connects to the beam in the direction
of 27°, the antenna continuously tracks the device as it moves along the tunnel. Once
the miner moves out of the range of beam 1, the connection switches to beam 4, fed by
port 4, at an angle of 16°. Likewise, beam 3 connects to the device at —12°, and beam 2
provides coverage at —26°, as shown in Figure 21. This dynamic beam steering capability,
common in BM-based systems, allows for seamless connectivity and tracking in confined
environments like tunnels [97]. This approach also significantly reduces multipath signals,
enhancing the signal-to-noise ratio and minimizing interference compared to traditional
omnidirectional antennas. Additionally, the antenna exhibits circular polarization char-
acteristics, which help mitigate polarization mismatches and enhance signal strength, a
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feature that is especially advantageous in environments prone to signal degradation due to
physical obstructions [98].

(a) . ‘ s (b)

180 180

Theta / Degree vs. dBi Theta / Degree vs. dBi

(C) 180 180 ( d)

Theta / Degree vs. dBi Theta / Degree vs. dBi

Figure 20. Far-field radiation pattern of the proposed antenna with Butler matrix when (a) port 1,
(b) port 2, (c) port 3, and (d) port 4 are excited.
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Figure 21. Visualization of the miner with beam steering of the antenna.

The proposed antenna’s performance can be compared to previous studies, demon-
strating its advancements in both beam steering and polarization capabilities. For instance,
Harrington [99], discussed a monopole array capable of beam steering, but its design was
limited to only four specific angles (—45°, —15°, 15°, and 45°). While this early work
contributed to the development of beam steering technologies, the monopole array lacked
the flexibility and sophistication needed for complex environments like underground
mines. The absence of circular polarization in Harrington’s monopole array constrained
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its adaptability in environments prone to signal reflections and polarization mismatches,
which are frequent in underground mining as indicated by Hu et al. [100]. Similarly, Singh
and Tripathi [101] presented a rectangular patch array with beam steering at the same
four angles. However, their work did not consider waveform polarization or propose
an antenna structure that could handle circular polarization. In dynamic environments
where signal reflections are common, circular polarization is essential for minimizing
polarization mismatches, thus maintaining consistent signal strength. Without circular
polarization, their rectangular patch array faced limitations in its ability to handle com-
plex signal environments, unlike the proposed antenna, which offers beam steering along
with circular polarization capabilities [102] (Huang & Liu, 2022). Additionally, Seddiki
et al. [103] described a dipole antenna array with beamforming capabilities, but their array
was limited by its linear polarization. Linear polarization, while useful in some applications,
is particularly vulnerable to signal loss and interference when there are multiple reflections
or obstructions. This is especially true in underground mining environments, where the
signal is likely to encounter various obstacles such as rock walls. Linear polarization often
results in degraded signal quality under such conditions, while circular polarization offers
greater robustness against these challenges. The proposed antenna, by leveraging circular
polarization, ensures stronger signal integrity in these challenging conditions and provides
superior performance compared to the dipole arrays used in previous studies [104].

The key distinguishing factor of the proposed antenna lies in its dual functionality,
combining beam steering with circularly polarized waveforms. This feature is especially
valuable in underground mining, where maintaining reliable communication with mov-
ing targets, such as miners or vehicles, is essential. The antenna’s ability to dynamically
steer its beams toward specific angles ensures continuous connectivity while reducing the
likelihood of signal degradation due to polarization mismatches. Unlike the monopole,
rectangular patch, and dipole arrays discussed in previous studies, the proposed antenna
can adapt its signal to both user movement and environmental conditions, ensuring en-
hanced performance and communication reliability [97]. The performance of the proposed
antenna was evaluated against existing designs reported in the literature to emphasize
its distinct advantages. Table 7 presents a comparative analysis of critical performance
parameters. The results indicate that the proposed antenna outperforms its counterparts,
particularly in gain, bandwidth, and circular polarization, making it highly effective for the
demanding conditions of underground mining applications.

Furthermore, the antenna’s installation simplicity is crucial for industries like mining,
where rapid deployment is critical to minimize downtime. Its compact size and straightfor-
ward installation process, such as mounting on a pole or bracket, make it ideal for confined
spaces, allowing for efficient and flexible deployment. This combination of advanced
beam steering, circular polarization, and ease of installation makes the proposed antenna a
highly effective solution for maintaining reliable communication in underground mining
environments. The generalized illustration of the proposed single-element square patch
antenna with circular polarization and beam steering is given in Figure 22. The circular
polarization is a key feature that allows for the antenna to transmit and receive signals in
all directions, which is essential in environments like underground mines where obsta-
cles such as rocks and walls can disrupt communication. Circularly polarized antennas
are particularly beneficial in such scenarios, as they reduce signal degradation caused by
polarization mismatches [102]. Another important characteristic of this antenna is beam
steering, which enables it to direct its signal toward specific directions, an advantage
when multiple users or obstructions are present in the region. Beam steering in antenna
systems is a well-documented solution for overcoming interference and multipath effects
in confined environments [105]. The ease of installation of the single-element square patch
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antenna with circular polarization and beam steering is crucial in industries like mining,

where downtime can be costly. The compact size and simple installation process, such as

mounting on a pole or bracket, make it suitable for confined areas, ensuring effective and

reliable communication.

Table 7. Performance comparison of designed antenna with existing antennas.

Frequency Gain Beam Primary
Reference/Antenna Range Bandwidth . Polarization . licati Notes/Suitability
(GHz) (dBi) Steering Focus/Application
Undereround Enhanced reliability,
Proposed (this work) 5.52-5.99 400 MHz 9.69 Circular Yes & minimized interference,
mining
and robust coverage.
El Azhari, Talbi, General Focus on reducing
Arabi, Nedil, Seddiki, 245 200 MHz 7.50 Circular No s polarization mismatch; no
: communication .
and Kandil [19] beam steering.
Kunsei, Bialkowski, 058 GHz. Lower design complexity;
Alam, and Abbosh . 8.50 Linear No General does not target
(580 MHz) .. op
[29] mining-specific challenges.
Chandra Das'h, Electrically small; suitable
Nagalakshmaiah, Emergency
0.058 Narrow 343 - - .2 for wearable or
Reddy, and communication ultra-compact applications
Mukherjee [32] p PP '
High data rates; can be
Laribi, Hakem, and ~1000 mmWave used in select
! 4 58-68 MHz (1 11.20 Circular No . .
Elkarkraoui [36] applications high-frequency
GHz)
underground systems.
Coulibaly, Nedil, Undereround High-gain DRA; beam
Talbi, and Denidni 59.55 255 MHz 15.40 Linear Limited T8I steering capability is
applications -
[39] restricted.
Agouzoul, Nedil, . . o
Coulibaly, Denidni, - 038 GHz 1570 Circular Yo Mining tunnel Hfide51gﬁfciglplteﬁ( lltl’i]
Mabrouk, and Talbi (380 MHz) : cuia es & tunnels adcresses mu'pa
[40] confined environments.
. RFID-based approach;
Chen an?4]2}sherbem 0.915 Narrow 5.00 - - Localization suitable for tracking in
constrained areas.
Chaouche, Nedil, 245 and 500 MHz Linear General /moderate L1m1tec.l gain at lowe.r
Mabrouk, and 58 (dual- 8.40 (dual-band) No for undereround frequencies; may require
Belazzoug [48] ’ band) uaba orundergrou additional optimization.
Kamil, Coulibaly, Multi-fr n Versatile across several
Adnane, Nedil, and 2.51-4.90 Moderate 8.78 - - u li E(tl.u ency bands; not specifically
Denidni [49] apphications tailored for mining.
Habani, Nedil, Wearable minin Designed for off-body
Denidni, and Talbi 5.8 150 MHz 8.00 Linear No devi & usage; suitable for worker
evices o
[50] safety monitoring.
Uses a hybrid BLC
Regev, Zolkov, and 5.5 300 MHz 8.50 Linear Yes Gene.r al . approach for beam steering;
Cohen [77] communication . ..
not strictly for mining.
Moderate design
Seddiki, Nedil, and B 0.45 GHz . . complexity; beam steering
Ghanem [103] @soMHz) O Circular Yes Mining tunnels aids in mitigating dead

zones.

Reliable communication is critical in underground mining to ensure miner safety and

the effectiveness of mining operations. Even in the most difficult underground settings,

the single-element square patch antenna delivers dependable transmission. The circular

polarization and beam steering capabilities ensure a strong and reliable signal, decreas-

ing the possibility of interference or signal loss, which is essential in environments like

underground mines where communication is often disrupted by obstacles such as rock

formations and walls [106]. Moreover, by transmitting electromagnetic signals exclusively

in desired directions and increasing the antenna system’s gain, the implementation of a

smart antenna system holds the potential to significantly decrease power consumption in

underground mine communication. Smart antenna systems have been shown to optimize

energy efficiency and reduce interference, which is particularly beneficial for applications
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such as wearable devices, where low power consumption can extend battery life [107,108].
The usage of smart antenna systems in underground mines has been demonstrated to
improve communication reliability, extend coverage range, and reduce power consumption.
This is particularly important for battery-operated devices such as miners’” wearable sensors
or communication tools, which benefit from extended battery life due to the lower power
demands of the system. The beam steering technique provides a generalized solution
for various underground applications by reducing signal interference and improving the
signal-to-noise ratio, even in complex and dynamic environments like underground tun-
nels. By directing the antenna’s radiation pattern toward specific areas, the communication
system becomes more efficient and effective, leading to improved connectivity and opera-
tional reliability, as also reported by [109,110]. However, while the proposed antenna with
beam steering characteristics is effective in reducing signal interference, the Butler matrix
used provides only four fixed beams on its output, which may limit flexibility compared
to more advanced, fully adaptive beamforming technologies that allow for continuous
steering across a broader range of angles [111]. Despite this limitation, the proposed design
remains highly effective for specific underground applications where fixed beam angles
are sufficient, and its low power consumption and robust performance make it well-suited
for improving communication systems in underground mining environments [112].

Proposed Antenna with circular
polarization and beam steering

Figure 22. The general architecture of the proposed single-element square patch antenna with circular
polarization and beam steering.

4. Conclusions

This study presents a significant advancement in underground mining communication
systems by proposing a smart antenna system that integrates circular polarization and
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beam steering. The four-element square patch array, paired with a Butler matrix for beam-
forming, demonstrates improved signal coverage, interference mitigation, and adaptability
to the harsh underground environment. The system’s performance, operating within the
5.52-5.99 GHz range with a 400 MHz bandwidth and gain of up to 9.69 dBi, highlights its
potential for reliable communication through precise directional control. The integration of
circular polarization resolves polarization mismatches, ensuring consistent signal transmis-
sion in multipath fading environments. Beam steering further enhances performance by
directing signals efficiently, minimizing dead zones and interference, which is crucial for
both safety and operational efficiency in mining operations. Future research could focus
on several areas to further optimize and expand the functionality of the proposed system:
(i) explore the use of advanced materials, such as graphene and metamaterials, to improve
antenna performance; (ii) miniaturize antenna elements and integrate beam steering func-
tionalities into more compact form factors, allowing for deployment in space-constrained
environments such as underground mines; (iii) enhance frequency agility and bandwidth
to support multi-frequency or wideband operation, making the system compatible with
various wireless communication standards and services; (iv) integrate intelligent features
like cognitive radio capabilities, machine learning algorithms, and adaptive signal process-
ing techniques to improve the antenna system’s adaptability in dynamic environments;
(v) develop energy-efficient designs, including low-power phase-shifting components,
power-aware beam steering algorithms, and energy harvesting technologies to extend the
system’s operational lifespan. The proposed smart antenna system, with its potential future
enhancements, offers a robust, scalable solution for improving communication reliability
and efficiency in underground mining and other challenging environments.
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