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Abstract— A subsurface chamber transceiver system and
associated propagation channel link budget
considerations for an underground wireless sensor
system (UWSS) are presented: the application was a
sewerage system for a water utility company. The UWSS
operates over the GSM850/900, GSM1800/1900 and UMTS
bands in order to operate with the standard public mobile
phone system. A novel antenna was developed to
minimize path loss from the underground location: a
folded loop type, which is small enough to fit conveniently
inside a utility manhole access chamber while giving
adequate signal strength to link to mobile base stations
from such a challenging environment. The
electromagnetic performance was simulated and
measured in both free space and in a real manhole
chamber. An experimental test bed was created to
determine the return loss and received signal strength
with different transceiver positions below the manhole
chamber access cover. Both numerical and experimental
results suggested an optimum position of the unit inside
the manhole, combining easy access for maintenance with
viable received signal strength. This confirmed that the
characteristics were adequate for incorporation in a
transceiver designed to communicate with mobile base
stations from underground. A field trial confirmed the
successful operation of the system under severe
conditions.

Index Terms— link budget, mobile band antenna, GSM,
received signal strength, subsurface propagation, UMTS,
underground utilities, wireless sensor network.
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[. INTRODUCTION

HE sewerage network in the UK, at 302,000 km in length,

is one of the largest infrastructures within the water
industry. These assets are aging and are also subject to
increasing capacity demands because of increased
urbanization, more stringent environmental regulation and the
projected consequences of climate change. Currently, the
water industry is investing in excess of £200 million per
annum in sewer replacement and rehabilitation [1-3]. To
proactively reduce their risk of failure and become more
operationally efficient, water companies are exploring with
organizations, including academia and instrumentation
manufacturers, to find solutions for improving the efficiency
of responses to failures of key elements of critical
infrastructure.

In recent years, wireless sensor network (WSN) research
[4-9] has received substantial attention due to its low cost,
ease of deployment and successful implementation in a
great many applications in business, transportation,
government, defense and healthcare. To further explore
other potential applications, significant efforts have gone
into the development of underground wireless sensor systems
(UWSS) [10-12]. These can be a practical solution to allow
utility companies to change radically the existing methods of
data collection and monitoring of remote assets.

Underground environments are obviously lossy for
electromagnetic waves since they contain soil, rocks and
water, and are relatively complex compared with above-
ground environments. To achieve a better transmission range,
theory suggests that lower operating frequencies are desirable.
These, however, result in larger antennas being deployed
underground, which is theoretically desirable but less practical
because of limited space in existing manhole chambers etc.
For these reasons, it is preferable, if challenging, to use
established mobile-band frequencies for wireless sensor to
sensor (STS) communications underground, and sensor to
base station (STB) communication from underground to above
ground [13-14].

To gain better understanding of the RF propagation below
ground, extensive measurements and associated simulation
modeling have been undertaken and reported in the literature.
These cover horizontally, vertically, and cross-polarized
signals in underground assets, i.e. mines and tunnels [15],
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manholes [16-17], and a gully pot [18]: all of these research
findings show the importance of operating frequency, antenna
polarization, and electrical properties of the underground asset
walls for the signal propagation characteristics and hence the
overall link budget. This shows that the antennas in a wireless
system play a pivotal role in enhancing the transmission and
reception in such a harsh environment. For this reason, many
antenna design concepts [14-25] have been proposed and
implemented for underground applications. For STS
underground communication, a zig-zag shaped monopole
designed for 915 MHz operation [11], and an inverse
triangular monopole antenna intended to operate from 900 to
1500 MHz [19], have been explored. For STB underground to
above-ground communication, it is noticeable that many
antenna design innovations have been developed to establish
reliable and longer distance wireless links to above-ground
mobile network base stations [20-30]. In some published
works [20-23], the authors attempted to convert the
conventional manhole cover to operate as an antenna: in [20],
a thick slot was cut in a metal manhole cover to form a slot
antenna, while in [21] a slot antenna was embedded in a
shallow cavity inside a cast-iron manhole cover. As such
antennas would be located on the surface of the ground, this
reduces the attenuation in the path to the base station.
However, such techniques suffer from difficulties of
machining the cover and are rather impractical for widespread
implementation since covers of different sizes, shapes and
materials are available. To solve this problem, a composite
manhole cover slot antenna with a sandwich structure was
suggested in [22], while in [23] an electronically steerable,
linearly spaced parasitic slot array was integrated with a
composite manhole cover. Again, using a composite cover is
still an expensive solution as all existing metal covers would
have to be replaced if large-scale implementation were
required.

Apart from modifying manhole covers, other underground
antenna designs requiring less disturbance of the infrastructure
have also been investigated [24-29]. These include a two-arm
conical spiral [24] and normal mode helix antenna [25]. Both
of these show that stronger signal reception above the ground
can be achieved via radiation of a directed beam, but this is
problematic if the above-ground station is not permanently
fixed. A three-element wire-based inverted-F antenna array,
offering high gain, a unidirectional pattern and polarization
diversity was recommended in [26]. In order to reduce
scattering, a novel antenna system combined with a carpet
cloak and a cavity, possessing steerable radiation patterns was
proposed for operation over 8-12 GHz [27]. In addition, a
composite right-left handed (CRLH) microstrip patch antenna
[28], and a single layer and stacked microstrip antenna [29],
have been reported for underground WSNs.

Among all the above designs [19-29], it was found that
they are mostly only capable of offering narrow single band
operation [19-23,25-26,28-29]; only very few such as in [24,
27] can handle wideband operation, with the compromises that
that entails, and no design is optimized for dual-band
operation. There is also the pragmatic constraint that utility
companies do not wish to replace their existing manhole
covers, which are predominantly made of cast iron. This

means that a system must be devised which enables sufficient
signal to get past the seals of the cast iron cover and through
the surrounding concrete and earth in order to access the
above-ground part of the propagation path in free space. This
short step from the subsurface antenna to open air represents a
very severe attenuation in the overall link budget of the
communication system and the object of the present work was
to find ways to prevent this attenuation from rendering the link
budget unviable. To fill this gap, the authors’ earlier work [30]
suggested that a dual-band planar folded loop antenna would
be a propitious candidate for a wireless sewer condition
monitoring system. The lower operating mode can be excited
by the full length of the folded loop, while the upper resonant
mode is generated by the inverted L-shaped part of the loop.
In section II, the detailed design evolution procedure and
operating principles are addressed. The antenna as functioning
in free space is discussed in section III. EM interaction
between antenna and manhole chamber are computationally
and experimentally studied in section IV. Finally, conclusions
are drawn in section V.
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Fig. 1. Geometry of the proposed antenna (Units: mm). (a) Top view,
(b) Side view, (c) Aucxiliary view.

II. TRANSCEIVER AND ANTENNA DESIGN
CONCEPTS AND STRUCTURE

The transceiver unit is designed to operate underneath a
pre-existing standard metal cover of a manhole chamber and it
serves as a data concentrator in an underground WSN system
to communicate with an existing long range above-ground
mobile communication base station. The antenna design is
critical to achieving reliable communication: Fig. 1 depicts the
geometry of the proposed antenna, which is constructed as a
folded planar loop. Allowing for realistic constraints on
acceptable size for incorporation in a manhole chamber, the
antenna dimensions and structure were chosen based on [31].
All the geometric parameters were then optimized through
parametric studies. To enable its dual-band operating
characteristic, a suspended rectangular feeding plate [32] with
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an optimized feed gap of 3 mm was used to excite the
assembly. As shown in Fig.1, the optimized dimensions of the
antenna are 60.5x43.5x47 mm’, equivalent to electrical
dimensions of 0.184,x0.134,x0.144,, where A, is defined at
the center frequency of the lower operating band, taken as
900MHz. This is larger than a conventional mobile antenna,
which is typically constrained by product aesthetics, but it is
acceptable in this application and offers scope for further
refinement. For better performance and ease of integration
within a manhole chamber, the antenna is designed to operate
externally to the wireless transceiver and is mounted on the
center of a 130 x 130 mm? finite ground plane. It should also
be noted that the risk of flammable atmospheres in the
sewerage system means that the transceiver module must be in
a sealed containment, further indicating the need for a separate
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Fig. 2. Simulated and measured return losses of the proposed
antenna.

The basic operational principle of this antenna can be
explained by separating the four differently sized rectangular
metal plates which form the complete assembly. Fig. 2 shows
the detailed design evolution of the structure from a planar
monopole to a folded loop planar antenna, i.c. Stages 1 to 4,
while both Figs. 2 and 3 show the performance of the
respective antenna geometries, in terms of return loss and
input impedance.

As can be seen in Fig. 2, this analysis is divided into four
stages: note that the whole structure is centered on the ground
plane (not shown in Fig. 2). The approach begins by
considering a 44x32.5 mm? rectangular metal plate fed by an
off-center probe with a feed gap of 3 mm. This section
constitutes a traditional planar monopole, depicted as Stage 1
of Fig. 2. In this stage, the length of 44 mm, which
corresponds to about 0.25A, was selected to ensure that the
antenna operates at the required center operating frequency of
the higher GSM band, 1.9 GHz. By optimizing the width and
the feed gap of the structure, acceptable impedance matching
(better than 8 dB) in the higher operating band was achieved,
as shown in Fig. 2. Examining the relevant impedance plot in
Fig. 3, it is seen that it exhibits a typical monopole impedance
response with a parallel resonance occurring at around 1.9
GHz.

Without extending the height of the monopole component,
but to improve the impedance matching in the upper operating
band, the next step is to top-load the monopole with a

43.5x60.5 mm’ rectangular capacitive plate to construct an
inverted L-shaped antenna structure, as shown in Stage 2, Fig.
2. The return loss plot shows a small improvement over the
higher operating band, due to the top-loading effect, which
shifts the parallel resonance down from 1.9 GHz to 1.35 GHz.
This results in a small variation of the resistance in the higher
operating band, from 30 to 58 ohms, and changes the
inductive reactance to capacitive, as illustrated in Fig. 3.
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Fig. 3. Simulated input impedance of proposed antenna in the design

evolution process as depicted in Fig. 2.
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Fig. 4. Current distributions of the proposed antenna.

1900 MHz

To further enhance the impedance matching in the higher
operating band, a metal plate with dimensions of 38x46 mm?
was added at the edge of the top plate and parallel to the
feeding plate: this is shown as Stage 3 in Fig. 2. With this
modification, the antenna partially resembles a loop antenna
with an impedance bandwidth further improved to cover 1710
to 2170 MHz, for a return loss better than 10 dB, as plotted in
Fig. 2. Examining the input in Fig. 3, it is evident that this
parallel plate further lowers the parallel resonance to 1.17
GHz and results in good matching characteristics, i.e.
resistance and reactance vary between 35 to 50 and -20 to 0
ohms, respectively.
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Finally, to achieve good matching at the lower operating
frequency band, i.e. 824 to 960 MHz, the antenna was further
modified by partially shorting the parallel plate to the ground
plane using a 9x3 mm” metal plate, as shown in Stage 4, Fig.
2. After this step, the impedance response shows that the
parallel resonance frequency of the antenna remains, but the
resonant impedance reduces from 430 ohms to 140 ohms, as
plotted in Fig. 3. It was found, interestingly, that this change
increases the resistance of the antenna without altering
reactance variation in the lower operating band, in comparison
with the earlier form. Because of this, the whole antenna
exhibits good impedance matching over the desired lower
operating band, as shown in Fig. 2.
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Fig. 6. Simulated and measured radiation efficiency and gain of the
proposed antenna.

[ll. RESULTS FOR ANTENNA IN FREE SPACE

Fig. 5 shows the physical prototype of the antenna which
was fabricated from 0.5 mm thick copper sheet. To verify the
computed impedance bandwidth performance, the return loss
of the prototype was measured using a HP 8510C vector
network analyzer. The simulated and measured results show
excellent agreement: see Fig. 2. As can be observed, two
adjacent resonant frequencies in the range of return loss better
than 10 dB occur at 900 MHz and 1900 MHz. These lower
and upper modes offer 15.2% and 23.7% relative bandwidth
from 824 to 960 MHz and 1710 to 2170 MHz, at a return loss
of 10 dB or more. This is completely satisfactory for the
desired GSM850, GSM900, GSM 1800, GSM 1900 and UMTS
bands for mobile communication.

Fig. 6 illustrates the simulated and measured peak gain and
radiation efficiency of the designed antenna over the
frequency ranges 824 to 960 MHz and 1710 to 2170 MHz
respectively. In the lower band, a stable measured gain can be
observed from 1.0 to 1.9 dBi, with 0.9 dBi gain variations. For
the upper band, the measured gain ranges from about 4.2 to
5.8 dBi, with corresponding 1.6 dBi gain variations. The

computed and experimental gain results are essentially
indistinguishable. In the lower frequency band, the simulated
and measured radiation efficiencies vary from 80% to 88%
and 76% to 85% respectively, corresponding to averages of
84% and 80.5% over the operating frequency range. At the
upper frequency band, radiation efficiencies of 82% to 95%
and 81% to 90% were found for the computed and measured
results respectively.
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Fig. 7. Simulated and measured normalized radiation patterns of the

proposed antenna.
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Fig. 8. Antenna in manhole chamber model (Unit: meters).

The far field radiation patterns of the prototype antenna
were measured in an anechoic chamber and the results are
presented in Fig. 7. In the far field measurement setup, a
calibrated broadband horn (EMCO type 3115) was used as the
reference antenna and held at a spacing of 4 m from the
antenna under test (AUT).

An elevation-over-azimuth positioner was used, with the
elevation axis coincident with the polar axis (6 = 0°) in the
AUT coordinate system. The azimuth drive generates cuts at
constant ¢. The elevation positioner was rotated over 0 € [-
180°, 180°] in 5° increments. The radiation patterns were
measured at the six frequencies representing the lower and
upper operating bands, i.e. 825, 900, 960, 1750, 1950 and
2150 MHz, and the corresponding results, cross-validated with
the simulation data, are plotted in Fig. 7. In the measurement,
two pattern cuts (H-plane and E-plane) were recorded at these
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selected operating frequencies covering the whole of the
designated bandwidths in this study. The total power for both
polarizations of the antenna patterns, i.e. vertical and
horizontal components, was used. As illustrated in Fig. 7, the
radiation patterns are stable, consistent and nearly
omnidirectional over all of the targeted operating bands.

(b) AUT at a position between the centre and the edge of the
manhole cover.

(c) AUT at the edge of the manhole cover.
X

ny

Fig. 9. Total Electric Field over the surface of the manhole chamber for
various positions of the antenna under test (AUT) at 900 MHz. Left
column: 50 cm depth, Middle column: 120 cm depth, Right column:
240 cm depth. The small square represents the location of the
antenna.
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IV. SYSTEM IN MANHOLE CHAMBER - DESIGN AND
ANALYSIS

In this section, the electromagnetic coupling effects with the
simulated and experimental manhole chamber model will be
investigated. CST Microwave Studio software [33] was used
here to perform the modeling process.

A. Simulated Design Model

A realistic manhole simulation model similar to that in [16-
18] has been implemented and configured as shown in Fig. 8.
As can be seen, it consists of asphalt, a metal cover, concrete,
PVC sewer pipes, a neck and chamber. The manhole cover
and its pedestal are constructed of cast iron with dimensions of
approximately 0.75 x 0.6 x 0.1 m® and they are buried in the
asphalt layer of the ground, with dimensions of approximately
1.7 x 1.7 x 0.1 m’ and with relative permittivity &, = 3.15 and
conductivity o = 0.026 S/m. The neck and the chamber of the
manhole are hollow cuboids surrounded by walls constructed
of approximately 0.55 m and 0.3 m thicknesses of concrete (g,
= 7, ¢ = 0.12 S/m), respectively. The corresponding
dimensions of the neck and chamber are 0.6 x 0.6 x 0.5 m’
and 1.1 x 1.1 x 1.1 m®. At 1.2 m below the asphalt layer, two

orthogonal 0.425 m diameter PVC rectangular blocks (g, = 2.1,
6 = 0.0 S/m) were modeled to mimic the drain pipes. The
overall envelope size of the model was around 1.7 X 1.7 X 6.8
m’, including the height (5.0 m) of a volume of air region
above ground, sufficient to model the local electromagnetic
field structure. To simulate the extended air environment and
to ensure affordable computational time, this model was
truncated by perfectly matched layer (PML) absorbing
boundary conditions. To better understand the importance of
the transceiver antenna’s position when fitted in the manhole,
electric field intensity plots of the model at 900 MHz and 1900
MHz are shown in Figs. 9 and 10 respectively. These figures
show the interface plane (xy-plane) between the open air and
the manhole model. This provides a good indication of how
much electric field can penetrate through the manhole. A
preliminary analysis was carried out by investigating four
orientations (0°, 90°, 180°, 270°) of the antenna, considering it
to be placed at various heights (in the -z direction) and various
positions in the x and y directions below ground, as shown in
Fig. 8. It should be noted that the 0° and 180° orientations are
where the feeding plate of the antenna is nearest to and
farthest from the edge, respectively. Interestingly it was found
that the antenna provides better electric field penetration to the
surface of the ground at 0° orientation than for the other
orientations. For the sake of brevity, other cases will not be
shown here, and 0° orientation will be kept as a fixed
parameter in the study. As can be observed in Figs. 9 and 10,
three antenna heights (50, 120 and 240 cm displayed from left
to right in the figures) and three positions along the y-axis, (a)
center, (b) between center and edge, and (c) edge, were
selected to cover possible scenarios for this investigation.

(b) AUT at position between the center and the edge of the
manhole cover.

(c) AUT at the edge of the manhole cover.
0

max y
I Vim I; X

Fig. 10. Total Electric Field over the surface of the manhole chamber
for various positions of the antenna under test (AUT) at 1900 MHz. Left
column: 50 cm depth, Middle column: 120 cm depth, Right column:
240 cm depth. The small square represents the location of the
antenna.
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Examining the total electric field plots at 900 MHz, as in
Fig. 9, the fields are gradually attenuated when the depth of
the antenna is increased from 50 cm to 240 cm, for all of the
positions. When the antenna is placed underneath the center of
the manhole cover, the fields exhibit nearly even distribution
over the surface of the model, as shown in Fig. 9(a). This
demonstrates that the power distribution in the center of the
chamber is more favorable than close to any of the four walls.
However, mounting the antenna centrally would obstruct
operator access to the manhole for any planned maintenance.
Due to this, the antenna is desirably mounted near the wall,
even though this incurs some additional attenuation in the link
budget from a radio propagation perspective. By moving the
antenna from the center to the edge positions, reduced field
strengths can be seen at three depth positions when they are
compared to the center position. Further moving the antenna
to the wall of the chamber and at 50 cm depth, the maximum
field strength occurs near to the edge of the metal cover.

S &H-§ ]
T e

(a) Top view (b) Side view
Fig. 11. Manhole chamber model surrounded by eight ridged
pyramidal horn antenna locations, where D is 2 m and H is 1.85 m.

Fig. 12. On-site measurement setup.

Fig. 10 shows the total electric field distribution at 1900
MHz. It is noticeable that the field intensity is also
progressively reduced as the depth is increased, in agreement
with the field distribution at 900 MHz. However, in contrast to
the 900 MHz field plots, when the antenna is located under the
center of the cover, the field intensity is lower than when it is
placed at or near the edge of the cover. These results suggest
that the antenna should be placed near the edge of the cover or
near the wall of the chamber for best performance in the upper
operating frequency band: this is to be expected since field
leakage through the cover seal will obviously occur at the
edges.

To understand the coupling properties of the unit when it is
installed in the manhole, the S-parameters of the antenna,
including return loss and transmission coefficient, were
studied. Return loss here indicates whether the antenna
operates in the desired operating bands without being detuned,
particularly when it is next to the metal cover, while the
transmission coefficient quantifies the strength of the
electromagnetic wave coupled through from the ground to air:
the major attenuating factor in the link budget for this system.
To enable the transmission coefficient to be calculated in the
model, eight broadband ridged pyramidal horn antennas were
added to the model, as depicted in Fig. 11. This ensured that
an average transmission coefficient could be obtained. The
complete structures of the horns were included in the model. It
should be noted that two geometric parameters, D (horn
distance from the center of the manhole model) and H (horn
height above ground level, i.e. manhole cover surface level),
were used in this study, where D was set to 2.0 m and H to
1.85 m. This ensured that the measurement was conducted in
the far-field region of the antennas.
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Fig. 13. S-parameters between the horn antenna and the
antenna under test (AUT) at different depths in the manhole
chamber.

B. Practical Measurements of Link Budget

To verify the simulated variations of the return loss of the
antenna under test (AUT), and assess the transmission
coefficient, an in-situ measurement was also set up in a
manhole chamber, as illustrated in Fig. 12. It should be noted
that experimental data was collected without the moveable
obstacles visible in Fig. 12, i.e. cars, traffic cones and people.
The experimental equipment consisted of a reference horn
antenna, positioned at height H=1.85m, Vector Network
Analyzer (model: Agilent 8§720C), and a tablet computer data
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acquisition unit. Transmission measurements were taken with
the horn antenna at a constant distance of 2 m from the center
of the manhole cover. To record the transmission
coefficient, the horn and all measuring equipment were moved
on a trolley between the eight positions surrounding the metal
manhole cover. For all the measurements, the AUT was
mounted on a height-adjustable L-shaped support structure in
the manhole. For the transmission coefficient measurement,
the AUT acted as a transmitter, while the horn antenna played
the role of receiver. All of the measured data were recorded
five times and then further processed in MATLAB for a better
interpretation of the measured datasets. Since mobile base
stations are operated with vertical polarization, the antenna in
vertical polarization orientation was the primary target for
this measurement, however, the two polarizations were
considered in the measurements.

A

Wall mounting structure’*

Feed point

e

(a) Bottom view (b) Top vview

Fig. 14. Antenna prototype for field trial.

Fig. 13 shows the simulated and measured return losses and
transmission coefficients of the antenna in the manhole
chamber. It is noticeable that the antenna preserves good
impedance matching (better than 10 dB) over the desired
frequency bands, as plotted in Fig. 13(a). The computed and
experimental results are in very good agreement. For practical
reasons, AUT in-chamber depths of 15, 25 and 35 cm,
measured from the ground level had to be used in these tests.
For the transmission coefficient at a depth of 15 cm, the
measured results show around -52.5 dB to -55 dB at the lower
operating band, while at the higher band -56 to -61 dB is
observed. Increasing the depth to 25 cm, the results are further
reduced by about 2 dB to reach -54.5 dB to -56.5 dB at the
lower band and around -58 to -59 dB at the higher band. When
the depth reaches 35 cm, the results drop by another 1.5 to 3
dB in the lower band and 2 to 3 dB in the higher band,
resulting in ranges of -57.5 to -58 and -60 to -62 dB over the
lower and upper bands respectively. Slight discrepancies
between simulated and measured results can be attributed to
uncertainties in the electrical properties of the materials used
in the simulation model, and the simplifications in the
simulated structure. Some variation with the weather
conditions would also be expected due to their effect on the
water content of materials and on the water level in the gully.

Also shown in Fig. 13(b) is the simulated coupling level
when all material obstructions, including the chamber walls,
the asphalt and the manhole cover, are removed. This is the
meaning of the free space curves in the plot. As noted, in
practical conditions there is no clear line of sight between the
antennas, and the direct ray path traverses the asphalt and the
chamber walls. The average loss of signal (and hence

degradation of link budget) due to non-LOS conditions is
around 10 to 15 dB in the lower band and 8 to 13 dB in the
higher band.
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Fig. 15. Received signal strength level of transceiver versus the water
depth in the manhole chamber in a practical site over a worst-case

time period.

To further confirm that this system works in the practical
environment, an antenna prototype with a radome and wall
mounting structure was manufactured for a field trial, as
depicted in Fig.14. This prototype was integrated with a Telit
HE910 cellular module [34], a data acquisition unit, ATEX
(explosive atmosphere) approved enclosure and a commercial
ultrasonic sensor [35] to form a water level monitoring
system. This system was installed in a manhole chamber and
monitored over a period of 3 months. This system was
programmed to monitor the water level every 15 minutes: if
the water level was above the predefined threshold or battery
level was low, an SMS message was sent to report the
received signal strength, battery level and water level
immediately. If nothing untoward was happening, an SMS
message was sent as a system health indicator every 12 hours.
The radio module had a receiver sensitivity of -109 dBm and -
111 dBm for GSM900 and GSM1800 bands respectively. It
was found that the antenna showed a good received signal
strength (RSS) level over this field trial: typical worst-case
field trial results over a four day period are shown in Fig. 15.
As can be seen, the RSS level is between -80 and -96 dBm
even for the worst-case condition when it was raining (the
ground would then be much more attenuating and water level
in the chamber very high). The reference curve shown gives a
comparison with the RSS level over a drier period when the
water level remained low in the chamber: the RSS level is
between -68 and -75 dBm under these conditions. Since the
transceiver sensitivity in receive mode was -109 dBm or
better, this shows that there was a margin of 34 dB in the link
budget in these particular tests. It could not be determined
which mobile base station was in communication and it would
in any case be difficult to determine its instantaneous
transmitted power, but there were no base stations visible in
the vicinity. However, the fact that the system functioned
satisfactorily and still had such a generous link budget margin
gives confidence that it would be viable in a wide range of
utility applications.

C. Performance Comparison

A comparison between the proposed antenna and previously
published works, in terms of size, operating frequency,
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TABLE |
Performance Comparison with Related Previous Works
Reference Size (mm®) Operating Minimum Return Peak Gain Polarization/
Frequency Loss (dB) (dBi) Radiation Pattern
Bandwidth (GHz)
[11] 55%x51%21 0.902 - 0.928 10 4.2 Linear/
Directional
[12] 85%x70%2 0.74 -0.76 10 3 Linear/
Omnidirectional
[19] 45x90x4 0.902 - 0.928 6 3 Linear/
Omnidirectional
[20] 650%650%40 0.902 —0.928 10 2 Linear/
Directional
[21] 220%220x%25 0.902 - 0.928 10 4.5 Linear/
Directional
[22],[23] 650%650%40 0.902 - 0.928 10 2.13 Linear/
Omnidirectional
[24] 160x160x76 0.49 -3.1 10 3-6 Circular/
Directional
[25] 40x20%2 2.8-3.0 10 5 Circular/
Directional
[26] 70%x60%35 0.95-1.05 10 2 Linear/
Directional
[27] 100%200 812 10 NA Linear/
Directional
[28] 30%20%0.8 0.902 - 0.928 10 0.5 Circular/
Omnidirectional
[29] 51x31x0.2 1.30-1.40 6 NA Linear/
1.75-1.90 Omnidirectional
[30] 30%x30x8 24-26 10 2.7-3.0 Linear/
5.0-5.6 5.0-5.8 Omnidirectional
Design 47x43.5%60 0.824-0.96 10 1.2-1.9 Linear/
proposed 1.70-2.170 4.2-5.8 Omnidirectional
here

bandwidth, minimum return loss, peak gain, polarization and
radiation pattern, is listed in Table I. As can be seen, most of
the previously reported structures [11-12, 19-23, 25-26, 28,
30] are designed for narrow bandwidth single band, except
that [29] is proposed for dual narrow band operation and [24,
27] are intended for wideband operation. It is noticeable that
only [24] is able to cover the required GSM bands but the size
is much larger than the design proposed here.

V. CONCLUSION

A mobile-band transceiver system for a partially-
underground utility sensing application has been presented and
examined theoretically and experimentally. The major
problem in such an application is degradation of the link
budget through signal attenuation in the radiated pathway and
hence attention focused on design and location of the antenna:
a design for a dual-band folded planar loop antenna was
developed and investigated. By combining impedance
matching techniques, including off-centre rectangular plate
feeding, top-loading and a shorting strip, the required dual-
band impedance bandwidths, i.e. 824 to 960 MHz, and 1710 to
2170 MHz, have been achieved. To confirm the suitability of
this system to operate inside a typical utility manhole
chamber, a manhole-and-antenna model has been simulated
and tested experimentally. The design and modeling worked
within the practical constraints of minimal change to existing
utility infrastructure and praxis. The results show that the
antenna prototype exhibits sufficient impedance bandwidth,
suitable radiation characteristics, and adequate gains for the

required underground wireless sensor applications. The
degradation of the link budget due to non-line of sight
transmission was found to be small enough to permit a viable
communications link to the mobile networks. The results from
the field trial confirm the system configuration is a good
candidate for underground wireless sensor systems in
challenging environments of this type.
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