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1. Introduction

After a recent series of unfortunate underground mining disasters, the vital importance of
communications for underground mining is underlined one more time. Establishing reliable
communication is a very difficult task for underground mining due to the extreme
environmental conditions. Nevertheless, wireless sensors are considered to be promising
candidates for communication devices for underground mine environment. Hence, they can
be useful for several applications dealing with the mining industry such as Miners’ tracking,
prevention of fatal accident between men and vehicles, providing warning signals when miner
entering the unsafe area, monitoring underground gases, message communication, etc.

Despite its potential advantages, the realization of wireless sensors is challenging and
several open research problems exist. In fact, underground communication is one of the few
fields where the environment has a significant and direct impact on the communication
performance. Furthermore, underground mines are very dynamic environments. As mines
expand, the area to be covered expands automatically.

In mine, communication requires complete coverage inside the mine galleries, increasing
system reliability and higher transmission rates for faster data throughput. It is extremely
important for information to be conveyed to and gathered from every point of mine due to
both safety and productivity reasons. In order to meet these needs, the communications
industry has looked to Ultra-Wide-band (UWB) for wireless sensors. There have been
numerous research results in the literature to indicate that UWB is one of the enabling
technologies for sensor network applications [1, 2, 3, 4, 5, 6]. Therefore, UWB provides a good
combination of high performance with low complexity for WSN applications [7, 8, 9, 10].

Since UWB has excellent spatial resolution it can be advantageously applied in the field of
localization and tracking [11, 12, 13]. In addition to UWB technology, multiple antenna
systems have drawn great interest in the wireless community. Multiple antenna systems
employ multiple antennas at the transmitter, receiver, or both. By using the antennas in a
smart fashion, it may be possible to achieve array gain or diversity gain when multiple
antennas are located at either the transmitter or receiver link ends. When multiple antennas
are present at both link ends, however, the achievable data rate can potentially be increased
linearly proportional to the minimum of the number of antennas at the link ends.
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430 Remote Sensing — Advanced Techniques and Platforms

In a sensor network, nodes are generally densely deployed. They do not compete with each
other but collaborate to perform a common task. Consider a situation where multiple nodes
sense the same object and feed the measurements to a remote data fusion center (relay
station). Since nodes are spatially clustered, it is natural to let them cooperate as multiple
inputs in transmission and receiving, for the ultimate objective to save energy. In [14], Cui,
Goldsmith and Bahai investigated the energy efficiency of MIMO and cooperative MIMO
techniques in sensor networks. They mainly consider using MIMO for diversity gain, which
improves the quality of the link path.

This chapter will study the application of UWB and MIMO techniques in wireless sensor
networks. Hence, a channel characterization of the wireless underground channel is
essential for the proliferation of communication protocols for wireless sensor network.

2. UWB channel characterization
2.1 Description of the underground mining environment

The measurements were performed in various galleries of a former gold mine, at a 70 m
underground level. The environment mainly consists of very rough walls and the floor is
not flat and it contains some puddles of water. The dimension of the mine corridors varies
between 2.5 m and 3 m in width and approximately 3 m in high. The measurements were
taken in both line of sight (LOS) and non line of sight (NLOS) scenarios. Figure 1 illustrates
photography of the underground gallery and the measurement arrangement.

Fig. 1. Photography of the Underground Gallery and the Measurement Arrangement.

2.2 Measurement campaign

The transmitter antenna was always located in a fixed position, while the receiver antenna
was moved throughout along the gallery on 49 grid points. As shown in figure 2, the grid
was arranged as 7X7 points with 5 cm spacing between each adjacent point. The 5
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centimetres corresponds to half of wavelength of the lowest frequency component for
uncorrelated small scale fading. During all measurements, the heights of the transmitting
and receiving antennas were maintained at 1.7 m in the same horizontal level, and the
channel was kept stationary by ensuring there was no movement in the surrounding
environment.

Transmetter Receiver
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Fig. 2. Overview of the Measurement Setup

The UWB measurements were performed in frequency domain using the frequency channel
sounding technique based on S21 parameter obtained with a network analyzer. In fact, the
system measurement setup consists of E8363B network analyzer (PNA) and two different
kinds of antennas, with directional and omnidirectional radiation patterns, respectively.
There were no amplifiers used during the measurements because the distance between the
transmitter and the receiver was just 10 meters. The transmitting port of the PNA swept
7000 discrete frequencies ranging from 3 GHz to 10 GHz uniformly distributed over the
bandwidth, and the receiving port measured the magnitude and the phase of each
frequency component. Figure 3 shows a typical complex channel transfer function (CTF)
measured with the Network Analyzer.
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Fig. 3. Channel Transfer Function Measured with the Agilent E8363B Network Analyzer
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The frequency span of 1 MHz is chosen small enough so that diffraction coefficients,
dielectric constants, etc., can be considered constant within the bandwidth of 7 GHz [15]. At
each distance between the transmitter and the receiver, the channel transfer function was
measured 30 times, to reduce the effects of random noise on the measurements, and then
stored in a computer hard drive via a GPIB interface. The 7 GHz bandwidth gives a
theoretical time resolution of 142.9 ps (in practice, due to the use of windowing the time
resolution is estimated to be 2/bandwidth) and the sweeping time of the network analyzer
is decreased to validate the quasi- static assumption of the channel. The frequency
resolution of 1 MHz gives maximum delay range of 1 ps.

Before the measurements, the calibration of the setup was done to reduce the influence of
unwanted RF cables effects. Table 1 lists the parameters setup.

Parameters Values
Bandwidth 7 GHz

Center Frequency 6.5 GHz

Frequency Sweeping Points 7000
Frequency Resolution 1 MHz
Time Resolution 286 ps
Maximum Delay Range 1000 ns
Sweep Average 30

Tx-Rx Antennas Height 1.7 m

Table 1. Measurement System Parameters

Since the measurements are performed in frequency domain, the inverse Fourier transform
(IFT) was applied to the measured complex transfer function using Kaiser-Bessel window in
order to obtain the channel impulse response. The Kaiser window is designed as FIR filter
with parameter =6 to reduce the side lobes of the transformation.

2.3 Measurements results and analysis

The large scale measurements are performed to determine the propagation distance-power
law in the underground environment. The average path loss in dB for arbitrary transmitter-
receiver separation distance d can be represented as:

1148 2
PLuvemge(d) :MEEE‘H(ﬁ’d)‘ (1)

where H(f;,d) is the measured complex frequency response and N represents the number of
data points measured during a sweep of 7000 discrete frequencies ranging from 3 GHz to 10
GHz, and M represents the number of sweeps that has been averaged.

According to the measured channel transfer function and the data fitting using the linear
least squares regression, the computations of different transmitter-receiver antennas
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combination have shown that the path loss PL (d) in dB at any location in the gallery can be
written as a random log-normal distribution by :

0

where PL(d,) is the path loss at the reference distance d, set to 1m, n is the path loss
exponent and X, is a zero-mean Gaussian distributed random variable in dB with the
standard deviation.

2.3.1 LOS scenario
2.3.1.1 Path loss model

The measurements of UWB propagations channel in line of sight case were made between 1
m and 10 m with intervals of 1 m. Figure 4 illustrates the gallery layout and the
measurements Tx-Rx arrangements under LOS and Figure 5 shows the results of path loss
as function of distance for the three antennas combinations: directional - directional,
directional-omni and omni-omni.
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Fig. 4. Gallery Layout and Measurement Setup in LOS

As listed in Table 2, the path loss exponent n, in LOS scenario is equal to 1.99, 2.01 and 2.11
for directional-omni, directional-directional, and omni-omni antennas combination
respectively. It can be noted that the path loss exponent for all these combinations is close to
free space path loss exponent where n=2, with the smallest path loss fluctuation for
directional-omni antenna combination, and the standard deviation of Gaussian random
variable 0,45 is smaller for directional antenna in LOS environment. The results of path loss
exponent values observed in [16] [17] for indoor UWB propagation are lower to the results
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Fig. 5. Path Loss vs. T-R Separation Distance in LOS

obtained for underground UWB propagation. In an indoor environment, such as a corridor
or a hallway clear of obstacles, the results may show lower path loss exponent due to
multipath signal addition, whereas in the mine gallery, the walls are uneven, scattering the
signal and thus showing results in closer agreement with the free-space path loss exponent,
due mainly to the LOS component reaching the antenna.

LOS Omni — Omni Direct — Direct Direct — Omni
n 211 2.01 1.99
O3 0.89 0.13 0.32

Table 2. Summary of Path Loss Exponents n and Standards Deviations 045 in LOS.

2.3.1.2 RMS delay spread

A statistical characterization of the channel impulse response is a useful process for
describing the rapid fluctuations of the amplitude, phase, and multipath propagation delays
of the UWB signal. The number of multipath in an underground environment is more
important due to the reflection and scattering from the ground and surrounding rough
surfaces. Figure 6 shows a typical power delay profile (PDP) measured with omni-omni
antenna in LOS environment.

In order to compare different multipath channels of different antennas combination, the
mean excess delay and RMS delay spread are evaluated using the below equations [18] :

- RMS delay spread is the square root of the second central moment of the power delay
profile given by:
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Fig. 6. Typical underground Power Delay Profile in LOS

- Mean excess delay is the first moment of the power delay profile defined by:
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Where ay, P(t;) and 7 are the gain, power and delay of the k*"path respectively. From (3),
(4) and (5) we have calculated the RMS delay spread for each antenna combination by using
predefined thresholds. A threshold of 40 dB below the strongest path was chosen to avoid
the effect of noise on the statistics of multipath arrival times. Fig. 7 shows the effects of
antenna directivity on the RMS delay spread computed from the cumulative distribution
function in LOS scenario.

According to the figure 7, we can observe that for 50% of all locations, the directional -
directional combination offers the best result of t,,,; with 2 ns. However, the directional-
omni and the omni-omni combinations introduce 7.7 ns and 9.5 ns of 7,,,, respectively.
Hence, we can say that the former combination reduces 7.5 ns of 7,,,s in comparison with
the latter one. The effect of directional antenna in underground LOS environment is similar
to the results reported in indoor channel [19] [20].
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Fig. 7. Cumulative Distribution Function of RMS delay spread in LOS

2.3.2 NLOS scenario
2.3.2.1 Path loss model

The measurements of UWB propagations in non line of sight were made between 4 m and
10 m with intervals of 1m. Figure 8 illustrates the gallery layout and the measurements
arrangement in NLOS.
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Fig. 8. Gallery Layout and Measurement Setup in NLOS
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The results of path loss as function of distance for directional - directional and omni - omni
antennas combinations are shown in Figure 9.
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Fig. 9. Path Loss vs. T-R Separation Distance in NLOS

As listed in Table 3, the path loss exponent with directional antennas is twice larger than of
the omnidirectional antennas.

NLOS Omni — Omni Direct — Direct
n 3.00 6.16
OB 0.66 1.47

Table 3. Summary of Path Loss Exponents n and Standards Deviations o,5 in NLOS

2.3.2.2 RMS delay spread

In NLOS scenario, the UWB signal reaches the receiver through reflections, scattering, and
diffractions. Figure 10 shows that a typical power delay profile (PDP) measured with Omni-
Omni antenna in NLOS environment consists of components from multiple reflected,
scattered, and diffracted propagation paths.

Figure 11 shows that the use of directional antennas, for 50% of all locations in NLOS
scenario, can reduce, 13 ns of 7,,,; compared to omnidirectional antennas.

www.intechopen.com



438 Remote Sensing — Advanced Techniques and Platforms

MLOS Tx Omni -Rx Qmni

-60

Indireét path'

o]
=
T
1

=100 F .

Azt .

=140 §

160 F A

Fower of Complex Impulse Response [dE]

-180

1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 BODO YOO 800 900 1000
Delay [nanosecond]

Fig. 10. Path Loss vs. T-R separation distance in NLOS
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3. MIMO channel characterization at 2.4 GHz
3.1 Description of the underground environment
Measurements were conducted in a gallery located at a 40-m deep underground level.

In this gallery, the floor is uneven with bumps and several ditches. In addition, the walls are
not aligned. Dimensions vary almost randomly throughout the gallery, although the latter is
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supposed to have a width of about 4 to 5 m. The gallery also has several branches of
different size at variant locations. The humidity is still high, drops of water falling from
everywhere and big pools of water cover the ground. The temperature is stable of 6 to 15° C
along the year. A photography of this underground gallery is shown in figure 12.

Fig. 12. Photography of the mine gallery

3.2 Measurement setup

The MIMO antenna system consists of a set patch antenna, developed in our laboratory and
have been used for transmission and reception of the RF signal, at 2.4GHz. Measurement
campaigns under LOS and NLOS scenarios were performed in frequency domain using the
frequency channel sounding technique based on measuring S,; parameter with a network
analyzer (Agilent E8363B). In fact, the system measurement setup, as shown in figure 13,
consists of a network analyzer (PNA), 2X2 MIMO antenna set, two switches, one power
amplifier for the transmitting signal and one low noise amplifier for the receiving signal.
Both amplifiers have a gain of 30 dB.

For the Line-of-Sight (LOS) scenario, the transmitter remained fixed at Ty; , where the
receiver changed its position along the gallery, from 1 meter up to 25 meters far from the
transmitter. While for NLOS the transmitter remained fixed at T,, and the T, — R,
separation varies from 6ém up to 25m. Figure 14 illustrates photography of the receiver
location and a map of the underground gallery.
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3.3 Measurement results
33.1 RMS delay (TRMS)

The RMS delay spread roughly characterizes the multipath propagation in the delay
domain. The RMS delay spread is the square root of the second central moment of the
averaged power and it is defined as:

Z~\1. . Pit2 Pit.\?
Trms = ‘[_2 - (T)Z = \/ZEI:PEI - (221113113‘[1) (6)

where T is the mean excess delay, 2 is the average power and P; is the received power (in
linear units) at t; corresponding arrival time. We have a threshold of 10 dB for all power
delay profiles, in order to guarantee the elimination of the noise.

The RMS delay spread has been computed for each impulse response of all the gallery
measurements using the 2X2 MIMO system under LOS and NLOS scenarios and plotted in
terms of the separation distance dr,_g, in figure 15.
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I — 2X2 MIMO NLOS
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Fig. 15. RMS delay spread as a function of the distance

For the considered underground gallery, the profile seen in figure 15 is not monotonically
increasing as may be expected. Results thus show propagation behavior that is specific for
these underground environments. This is likely due to scattering on the rough sidewalls'
surface that exhibit a difference of 25 cm between the maximum and minimum surface
variation. Moreover, the RMS delay for the MIMO in NLOS scenario is higher than the one
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of MIMO by about 5 ns due to the walls attenuation. Table 4 summarizes the RMS values for
LOS and NLOS locations.

RMS (ns) MIMO LOS MIMO NLOS
Minimum / Maximum 0.44 / 2.64 2.7815 / 10.292
Mean / Standard deviation (o) 1.33 / 0.68 5.6081 / 2.0750

Table 4. Summary of the RMS delay spread for measurements corresponding to LOS and
NLOS galleries

3.3.2 Path loss

Path loss in the channel is normally distributed in decibel (dB) with a linearly increasing
mean and is modeled as:

PLyg(do) = PLag (do) + 10alog (dio) +X 7)

where PLgg (dy) is the mean path loss at the reference distance d,, 10alog (d/d,) is the
mean path loss referenced to dy, and X is a zero mean Gaussian random variable expressed
in dB. Path Loss as a function of distance are shown in figure 16 and figure 17 for both LOS
and NLOS galleries respectively. The mean path loss at d, and the path loss exponent a
were determined through least square regression analysis [21]. The difference between this
fit and the measured data is represented by the Gaussian random variable X. Talble 5 lists
the values obtained for a and oy (standard deviation of X).
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Fig. 16. Average Path versus distance in LOS scenario
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Fig. 17. Average Path versus distance in NLOS scenario

MIMO LOS MIMO NLOS
a 1.73 3.03
ox 1.29 2.75

Table 5. Path Loss exponent a and standard deviation of X (oy)

From the results shown in Table 5 the NLOS scenario have path loss exponent greater than 2
and also have larger gy value compared with LOS scenarios. While, for the LOS case the
exponent a=1.73, is smaller than the free space exponent a=2, the reason behind this is
because of the collection of all multipath components so that a higher power is received than
the direct two signals in the free space.

3.3.3 Capacity

If we consider a system composed on m transmitting antennas and n receiving antennas, the
maximum capacity of a memoryless MIMO narrow band channel expressed in bits/s/Hz,
with a uniform power allocation constraint and in the presence of additional white Gaussian
noise is given by Foschini et al.[22]:

C =logy det (I, + c.HHH) 8)

where o is the average signal to noise ratio per receiving antenna; I, denotes the identity
matrix of size m, the upper script H represents the hermitian conjugate of the matrix and
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det(X) means the determinant of a matrix X. To clearly point out the MIMO system
performance for the LOS and NLOS cases, the ergodic capacity is calculated for a fixed
transmitted power and the SNR at the receiver is determined by the path loss. In this case,
the capacity includes both effects related to received power and spatial richness. The
relationship between the channel capacity C and the distance dr,_g, based on equation (8)
is shown in figure 18. Obviously, one can see that the NLOS suffer from its higher path-loss
exponent which is due to the directional radiation pattern of the MIMO patch antenna
resulting in lower capacity compared to the LOS case by about 3 bit/s/Hz.

10
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8 — 2X2 MIMO LOS

Capacity (bit/s/Hz)
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Distance Tx-Rx (m)

Fig. 18. Channel capacity for LOS and NLOS scenarios

4. Conclusion

This study deals with several aspects relative to UWB and MIMO propagation channel and
its deployment for wireless sensors. Successful design and deployment of these techniques
require detailed channel characterization. Measurement campaigns, made at two different
deep levels in a former gold mine under LOS and NLOS scenarios, have been analyzed to
obtain the relevant statistical parameters of the channel.

Although MIMO system can offer high capacity performance through multipath
propagation channel but it has some drawbacks such as complexity, power consumption
and size limitation of the wireless sensor. However, UWB has several advantages
compared to narrowband systems. The wide bandwidth (typically 500 MHz or more)
gives UWB excellent immunity to interference from narrowband systems and from
multipath effects. Another important benefit of UWB is its high data rate. Additionally,
UWSB offers significant advantages with respect to robustness, energy consumption and
location accuracy.
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Nevertheless, UWB technology for wireless networks is not all about advantages. Some of
the main difficulties of UWB communication are low transmission power so information can
only travel for short distance comparing to 2.4 GHz which can rich long distance. Moreover
UWB in the microwave range does not offer a high resistance to shadowing, but this
problem can be mitigated in sensor networks by appropriate routing, and possible
collaborative communications.
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