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ABSTRACT Miniaturized antenna system for the safety of miners in an underground mine for providing
communication has been presented in this paper. Miniaturization of the proposed antennas is achieved
by using printed inverted-F and inverted-L elements. The impedance bandwidth of the proposed antenna
geometry for GSM application is over 16%. Measured and simulated characteristics of the antenna agree
very well. The measured gain of the antenna, with a two-director, is over 4.98 dBi when mounted on a
ground plane and around 5.2 dBi when placed on the wall of an underground mine. Proper placement of the
antenna in the mine environment is discussed for better communication for miners. Experimental validation
of the antenna system is performed in a real underground mine. The radiation performance of the system is
also studied in the mine environment. The proposed antenna may be suitable for establishing communication
in underground mines to ensure the safety of miners.

INDEX TERMS Mining industry safety, mining industry, wireless base station antennas.

I. INTRODUCTION
Miniaturized antenna designs for the application of wire-
less communications in mining industries have attracted the
attention of engineers all over the world. Generally, antenna
miniaturization is essential for handset designs. However,
broadband miniaturized base station antenna designs are in
great demand for cellular and data transfer applications in
the underground mining industry. Due to the non-line-of-
sight and incompatible environment, wireless communica-
tion inside the mine is very challenging. Due to the harsh
environmental conditions and risk of fire casualties, com-
munication through telephones interlinked by thick plastic-
coated cables is still availed in the mining industry. Miner’s
safety, productivity, and maintenance of a smooth working
environment are some important aspects that the coal mines
should ensure. During a disaster, miners can be trapped
inside the mining area as cables cannot withstand such high
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pressures [1], [2]. The need of the hour is to establish a
reliable, proper, and efficient way of communication from
the working area to the surface to track the miners dur-
ing rescue operations, thereby removing disruptive trailing
wires. There are three main frequencies band for coal mine
communication (VHF/UHF/SHF) governed by mines safety
and health administration ranging from 150 MHz to 6 GHz.
High-frequency signals suffer severe attenuation than the
lower frequency signals while propagating in the same envi-
ronment. Line of sight communication is obstructed due to
complex and non-symmetric mine structures. Due to power
restrictions on gadgets and high attenuation of the signal,
restricted wireless applications are performed in the min-
ing area. Therefore, the demand for miniaturized, high-gain
broadband antennas has increased inmining areas. Coalmetal
underground mines have passways that range up to 500m-
1km with 4-5 m width and 3-3.5 m height responsible for
ventilation and transportation purposes. Generally, from the
main entries, the crosscut at right angles is installed at every
20 m of distance [3]–[5]. Former measurement shows that the
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propagation of RF signals strongly depends on underground
mine properties.

In [6], an EBG-backed flexible printed Yadi-Uda Antenna
is proposed for industrial, scientific, and medical radio bands.
The operating frequency of this antenna is 2.4 GHz. In [7],
a pattern reconfigurable Yagi-Uda antenna with linear polar-
ization is proposed for WiMAX applications. The proposed
structure shows a stable radiation pattern at 3.6 GHz. An Inte-
grated Yagi-Uda is presented in [8] with tapered printed
Yagi as the primary feeder. The antenna is resonating at
a center frequency of 9.1 GHz applicable for commercial
wireless LAN and satellite communication. In [9], a low-
profile planar Yagi-Uda antenna having I-shaped resonators
is presented which can be used for satellite communica-
tion and wireless LAN applications. The antenna has an
operating frequency centered at 6.5 GHz. A printed Quasi-
Yagi antenna employing monopole elements is proposed [10]
applicable for Bluetooth, Wi-Fi, and mobile communication.
The antenna operates at a center frequency of 2.04 GHz.
In [11], a compact nonreciprocal Yagi-Uda antenna is pro-
posed which can be applied in communication, sensing, and
radar systems. The antenna operates at the center frequency
of 2.4 GHz. Table 1 shows the comparison of the proposed
antenna with other relevant published work.

TABLE 1. Comparison of the proposed antenna with other relevant work.

In [12], a high gain bidirectional antenna is presented,
which is appropriate for wireless communication in coal
mines. The antenna is resonating at 2.4 GHz. The dimension
is around 2.4λo × 0.128λo. In [13], a compact array element
is employed for a coal mine communication. The antenna
shows bidirectional end-fire radiation pattern characteristics.
The array is operating at GSM900 with a bandwidth of 7.5%
and a gain of around 8.5 dBi. The dimension of the array is
about 2.5λo × 0.30λo. Coplanar fed C- shaped slot antenna
array is presented in [14] for coal mining communication.
The antenna operates at 2.4 GHz with a maximum gain of
around 10 dBi. The dimensions of the array antenna are
4λo × 0.80λo. In [15], a two-way directional antenna is

presented for underground mine-tunnel communication at
2.4 GHz with a bandwidth of 14%. The antenna has gain
value of 8.35 dBi having dimension of 1.84λo × 0.17λo.
In [16], reconfigurable antenna for improved communication
in underground mines is proposed. The antenna is operating
at 2.45 GHz with a bandwidth of 16.3 % and a gain of
5.25 dBi. The antenna is circular having a diameter of 0.82λo.
A small hemicylindrical-shaped antenna in [17] is presented
for underground mine communication. The antenna operates
at 58.27 MHz with a maximum gain of around 3.43 dBi and
bandwidth of 0.506%. The dimensions of the array antenna
are 0.038λo × 0.035λo. In [18], a dual-band antenna is
proposed using a genetic algorithm for underground mining
communication. The antenna is operating at 2.45 GHz and
5.8 GHz with a gain of 8.06 dBi and 7.35 dBi respectively.
The total size of the antenna is 1.15λo × 1.15λo. In [19], a cir-
cularly polarized antenna is employed for the Radiofrequency
identification tag applicable for underground localization sys-
tems. The antenna is operating at GSM900 with a bandwidth
of 3.9% and a gain of around−8.5 dBi. The dimension of the
antenna is about 0.60λo × 0.60λo.

This paper proposes a Yagi concept-based printed antenna
using inverted-F and inverted-L planar structures working
for the GSM frequency band which can be applicable
for underground mining communication systems. The pro-
posed antenna array configuration is influenced by the
wired antenna [20] needs no feed network, and the Inverted-F
antenna (IFA)with three Inverted-L elements (ILA) is smaller
than the regular microstrip patch design. This design uses
an inverted-F structure as an active element (feeding ele-
ment) and two inverted-L structures as a director, and another
inverted-L structure as a reflector. This design provides a
broad bandwidth (>16%) as well as miniaturization. The
feeding arrangement is simple and straightforward. Section II
describes the design of the individual structure of the antenna.
Section III discusses the results of the proposed antenna;
IV presents the fieldmeasurements inside themine. SectionV
discusses the implementation of the proposed antenna in the
underground mine environment.

II. DESIGN AND ANALYSES OF THE MINIATURIZED
ANTENNA
For short-range, indoor broadcasting, medical, partial dis-
charge detection, and atmospheric parameter sensing appli-
cations, printed dipoles, microstrip patch antennas, and
monopoles are ideal due to the omnidirectional radiation
characteristics [21]–[23]. However, the bandwidth of the
above antennas is not enough for many wireless applications.

In this paper, we propose a structural design for the antenna
that comprises printed inverted-F (IFA) and inverted-L (ILA)
antenna elements to achieve the desired bandwidth as well
as miniaturization. These IFA and ILA are variants of a
monopole. The IFA is known for its capacity to yield
flexibility in impedance matching and polarization, a char-
acteristic that is advantageous for indoor environmental
conditions [24]. Fig.1 shows the proposed antenna geometry.
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The antenna is printed on the substrate with a dielec-
tric permittivity of 3.5 and a loss tangent of 0.0018.
The dimensions of the proposed antenna array elements
are: W1=38.71 mm, W2=65.65 mm, W3=67.09 mm,
W4=38.71 mm, H1=35.52 mm, H2=26.08 mm, and
H3=44.05. The gaps between elements are AF=3.74 mm,
A1=1 mm, A2=1.85 mm, and A3=1 mm and D1=1.24 mm.
The dimension of the substrate is HS=57.4mm,HG=0.8mm,
andWS=175.64 mm. The antenna is mounted vertically over
a large ground plane (22.5× 5 cm2).

FIGURE 1. Proposed antenna configuration.

The resonant length of the IFA is the quarter wavelength in
free space. The optimal length of the IFA is 8 to 10% short
of its free space length, and it depends on the width of the
traces of the IFA and the dielectric constant of the material
that the IFA is printed. The printed IFA’s input impedance is
a function of height (H2), length (W2), and the gap between
the feed and shorting pin (AF). To improve the performance
of the IFA, mitering the corner and tapering the feed line can
be accommodated in such a manner that proper current flow
will be maintained. Fig.2 shows the simulated (HFSS) input
impedance of the proposed antenna geometry as a function of

FIGURE 2. Simulated (HFSS) input impedance of the proposed antenna as
a function of elements present in antenna: Only F structure, 1 F structure
1 director 1 reflector, and 1 F structure 2 directors 1 reflector.

elements present in the antenna. Normalized input impedance
at 900 MHz was around 0.55-j0.98 when only Inverted-F
microstrip with coaxial feed was introduced. This configu-
ration shows very little power delivered to the antenna due to
the significantly high reflection coefficient value of 0.58.

Further introduction of an inverted-L director to the
antenna system increases the input impedance imaginary
part because of parasitic coupling between the microstrips.
Another inverted-L director, when placed adjacent to the
previous director, increases the real part of input impedance
by 20 ohms, resulting in the shift of the frequency band to
the acceptable range (824-960 MHz). However, the power
transferred to the antenna system was still poor. Further, the
addition of an inverted-L reflector while removing the sec-
ond director introduces the inductive coupling, consequently,
reducing the input impedance’s imaginary part without any
change in the real part. The VSWR in this condition was
found to be (<1.8), resulting in more power is accepted
than in the preceding case. Again, the second director is
introduced to the existing design, increasing inductive cou-
pling further and the normalized real input impedance, which
significantly decreases the amount of reflected power from
the antenna. Parasitic coupling between the IFA and ILA of
the proposed antenna improves impedance bandwidth. In this
configuration, IFA is the active element directly fed through
the microstrip or coaxial line, and ILA is mutually excited.
The design of IFA and tuning it to the desired resonant
frequency in the array configuration are the critical aspects
of the antenna design. Implementation of Short-circuited stub
plays an important role in compensation of capacitance in
the array’s input impedance which is introduced by paral-
lel section of the IFA. The wider traces can enhance the
achievable bandwidth of the IFA. The typical VSWR band-
width of an IFA for a trace width (t) of 8.2 mm is 9 %.
The input resistance of the IFA can be controlled through
the gap between the ground plane and horizontal section,
as well as the gap between the feed and the shorting post.
The broadband characteristics are achieved by optimizing the
array parameters.

The length of the ILA that acts as a director in the proposed
antenna should be shorter than the quarter wavelength so that
it will bemore capacitive than IFA. Similarly, the length of the
ILA that acts as a reflector should be longer than the quarter
wavelength so that it will be more inductive than IFA [25].
It is known that the input impedance of the active element
in the array decreases due to the parasitic elements [26].
Therefore, the input impedance of stand-alone IFA in the
proposed antenna is chosen intentionally higher than 50� to
accommodate the parasitic elements and avoid the impedance
matching circuit. In this configuration director strongly cou-
ples with the active element; hence the design is more sen-
sitive towards the director. Fig.3 shows the simulated return
loss (S11) of the antenna for the following design evolution
process from only one F structure to one F structure two direc-
tors one reflector. This design covers the entire bandwidth
of the GSM 900 standard, i.e., from 824 MHz to 960 MHz.
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FIGURE 3. Simulated (HFSS) S11 of the proposed antenna as a function of
elements present in antenna: Only F structure,1 F structure 1 director,1
F structure 2 directors,1 F structure 1 director 1 reflector, and 1 F structure
2 directors 1 reflector.

The bandwidth achieved for the proposed antenna is over 17%
for VSWR is 2:1.

The radiation characteristics of the IFA are the vectorial
sum of the radiated fields by IFA and its image due to the
ground plane. The combination of IFA and its image behaves
as an asymmetric dipole due to the narrow ground plane;
hence radiation pattern will not be symmetric. The radiation
characteristics of the proposed antenna depend on the current
over the array elements and their images. At lower frequen-
cies of the band, radiation is truly unidirectional. A minimum
of 5 dB differences in the front-to-back ratio is observed
on most of the bandwidth. Therefore, the antenna will be
mounted on the wall towards the reflector end, i.e., minimum
radiation direction. By adding more directors to the antenna
configuration, the gain and front-to-back ratio of the antenna
can be improved.

III. ANTENNA MEASUREMENT
The proposed antenna for the GSM band is developed,
by placing it on a large ground plane, based on the design
parameters presented in section II. Fig.4 shows the measured
and simulated results for return loss (S11) of the proposed
antenna. The agreement between the simulation andmeasure-
ment is quite convincing. This design covers the full GSM
band, i.e., between 824 MHz to 960 MHz. The fabricated
antenna design is shown in Fig.5. In this design, the ground
plane is extended more towards the director of the antenna
due to the high current density on the ground plane near the
director and feed element of the array.

Antenna performance is diminished by reducing the
ground plane size as the currents are distorted on the ground
plane. The measured bandwidth of the antenna is slightly
lower than the simulated bandwidth; however, the measured
bandwidth covers the required GSM bandwidth. The shift in
the measured return loss of the fabricated antenna is due to

FIGURE 4. S11 of the antenna on the large ground: measured (red dash
line), simulation (black solid line).

FIGURE 5. Photo of the fabricated antenna for GSM band
(824 – 960 MHz).

the reactance introduced by the ridge of copper tape at the
end of the ground plane.

The ground plane of the fabricated antenna was built by
taping the bottom and top layers of a piece of PCB board
instead of solid metal. Fig.6(a) and Fig.6(b) show the mea-
sured and simulated co-pol and cross-pol radiation pattern of
the proposed antenna in the E plane and H-plane respectively
at 900 MHz.

Patterns show omnidirectional characteristics in the end-
fire direction. This type of pattern is suited for wall mount
support in which themain beam stems away from the support-
ing structure. Therefore, this design can accommodate any
real-time application scenarios, such as mounting the antenna
on a small or large ground plane.

It is shown that radiation in all the simulations and mea-
sured patterns in the elevation plane are squinted. One
of the main reasons for the squinted radiation pattern is
the image of the antenna due to the ground plane. This
squinted pattern may be used to the advantage, to focus the
energy while mounting the antenna to the roof of a building.
Fig.6(c) and Fig.6(d) shows a 3-D radiation pattern and
Current distribution at 900 MHz. Radiation patterns of the
antenna are more omnidirectional in the azimuth plane
and radiation peaks at 15 degrees in the elevation plane.
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FIGURE 6. Measured and simulated radiation pattern of the proposed
antenna (a) E-plane (b) H-plane; (c)3-D radiation pattern (d) Current
distribution at 900 MHz.

Fig.7 shows the plot of maximum gain over the operating
GSM band frequency. The measured gain of the antenna with
the large ground plane is over 4.5 dBi on the entire frequency
band in an anechoic chamber.

FIGURE 7. Maximum gain as a function of frequency for GSM band.

IV. MEASUREMENT INSIDE THE MINE
To validate the performance of the antenna system in the
underground mine environment, measurement is performed
in UCIL Narwapahar mine, Jharkhand India. The passway of
the mines was 5 × 4 m2 with a height of around 3 meters.
In the measurement setup, the transmitter is fixed at one
position, and the receiver is moved to 9 different locations in
the vicinity of the coal mine environment, as shown in Fig.8.

FIGURE 8. Antenna measurement setup in the mine environment.

S21 is measured concerning the three reference positions.
Fig.9 shows the measurement setup of the two similar fab-
ricated antennas. Fig.10, Fig.11, and Fig.12 show the mea-
surement result of the 1st, 2nd, and 3rd reference positions
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FIGURE 9. Photo of the measurement setup of the fabricated antenna in
underground mine.

FIGURE 10. Measurement result of 1st Reference position.

FIGURE 11. Measurement result of 2nd Reference position.

concerning the transmitter antenna fixed at one position. The
graphs depict the amount of power transmitted by the antenna
deteriorating as the receiver moves away from the transmitter.
According to Friis transmission equation, pass loss can be

FIGURE 12. Measurement result of 3rd Reference position.

determined under ideal conditions when the power delivered,
power received, a gain of two antennas separated by some
distance is known [27]. Since the measurement is done in the
underground mine, an additional loss will come into effect.

Prec(dBm) = Ptrans(dBm)+ Grec(dB)+ Gtrans(dB)

−Lfreespace(dB)− Lmine(dB) (1)

Equation (1) shows the single-path channel model where
Prec and Ptrans are received and transmitted powers, Grec
and Gtrans are the gain value of receiving and transmitting
antenna respectively. Lfreespace (dB) and Lmine(dB) are the free
space path loss and loss caused by the underground mine
environment respectively.

Lfreespace (dB) = 20 log (f (MHz))+ 20 log (x(m))− 27.55

(2)

S21 (dB) = Prec (dBm)− Ptrans (dBm)− 30 (3)

Lfreespace in dB can be determined [28] using equation (2)
where f is the frequency of operation in MHz, x is the dis-
tance in meters from transmitter to receiver. The value of
Prec − Ptrans at each location can be obtained from mea-
sured S21 shown in fig. 10, fig.11, and fig.12 at 900 MHz.
The value of Lmine at 9 different locations can be computed
using equations (1), (2), and (3). Fig.13 shows the loss value
caused due to the underground mine environment at different
locations of the receiver at 900 MHz. It can be concluded that
the amount of power transmitted by the antenna deteriorates
as the receiver moves away from the transmitter.

Fig.14 shows the Far-field pattern inside the mine and
anechoic chamber at 900 MHz. The radiation pattern inside
the mine shows nearly omnidirectional characteristics but is
somewhat distorted because of the environmental condition
and losses inside the mine as compared to the suitable envi-
ronment for an antenna in the anechoic chamber.

Since the measurement results of the antenna system are
quite convincing and show good performance in a real under-
groundmine environment. So, the idea of proper placement of
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FIGURE 13. Loss value(dB) caused due to the underground mine
environment at different locations of the receiver at 900 MHz.

FIGURE 14. The far-field pattern inside the mine and anechoic chamber
at 900 MHz.

the proposed antenna system as illustrated in the next section
can be efficiently used in the mining industry for the miner’s
safety resulting in a reliable, proper, and efficient way of
wireless communication prevailing the disruptive telephonic
wire.

V. IMPLEMENTATION IN MINE ENVIRONMENT
A cuboidal mine environment structure is created in CST
Microwave studio with a size 5 × 3 × 3 m3 loaded with a
dielectric constant of 2.6, having a loss tangent of 0.17. In the
simulation, the antenna is mounted at the corner of the under-
ground mine wall in a 90-degree orientation, as shown in
Fig.15. First, simulation is performed by taking just one wall
at which the antenna is mounted, and the result is recorded,
followed by all four walls of mine structure.

Since the radiation peak of the antenna is radiating at
15 degrees, placing the antenna on the coal wall in the orienta-
tion has provided an advantage of radiating power distribution
in the area of interest. A miner with a height of 1.8 m or so,

FIGURE 15. Configuration of the antenna mounted on mine wall
(90-degree orientation).

FIGURE 16. The 3-D radiation pattern of the antenna mounted on the
mine wall(90-degree orientation).

FIGURE 17. Reflection coefficient as a function of frequency for proposed
antenna and antenna placed on the wall.

walkingwith a receiver on head or hand, can easily receive the
signal from the transmitter. The miner can be easily tracked
in case of an emergency as the antenna in sensing mode will
always monitor the real-time movement and will send the
signal to the base station.

The 3-D radiation pattern at 900 MHz is shown in Fig.16
when the antenna is mounted at the corner. Fig.17 shows the
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TABLE 2. Comparison of the proposed antenna with another antenna used for underground mine communication.

FIGURE 18. S21 as a function of frequency at locations 1,2,3 and 4 from
proposed antenna placed on one side of coal wall.

FIGURE 19. Antenna placement planning in the underground mine
environment.

reflection coefficient of the proposed antenna placed in the
presence of only one wall and all four walls. The simulation
is performed with a similar antenna acting as a receiver at
locations 1, 2,3, and 4. S21 is determined as shown in Fig.18.

S21 curves exhibit an idea about the power received by
the antenna when moving from locations 1 to 4. Considering
all the factors of antenna performance and mining environ-
ment, one of the suitable placement planning of the proposed

antenna can be as shown in fig.19. Table 2 shows the com-
parison of the proposed antenna with another antenna used
for underground mine communication.

VI. CONCLUSION
This paper discusses a miniaturized antenna for miners’
safety in underground mining communication systems. The
achievable bandwidth of the antenna is over 16%, and the gain
is over 2.5 dBi. The gain of the antenna is over 4.5 dBi while
mounted on a large ground plane. The radiation pattern in the
azimuth plane is almost symmetric; however, the radiation
pattern in the elevation plane shows distortion due to the
image currents on the ground plane. This proposed antenna
also provides unidirectional radiation; hence this antenna can
be mounted on walls of coal mines to get the radiation in
the area where the miners are walking. When mounted on
the coal wall, the radiation pattern of the antenna depicts
that the power is allocating in the interested area. Hence, the
antenna can be efficiently used and placed in the vicinity
of the underground mine environment for communication
purposes at the GSM band.
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