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Abstract—This paper presents comprehensive experimental re-
sults obtained from narrowband and wideband radio-channel
measurements in an underground mine with narrow veins at
2.4 GHz. From continuous-wave (CW) measurement data, large-
scale distance—power curves and path-loss exponents of the en-
vironment are determined. Other relevant parameters, such as
the mean excess delay, the maximum excess delay, the root-mean-
square (rms) delay spread, and the coherence bandwidth are
extracted from the wideband-measurement data. Results show
a propagation behavior that is specific for these underground
environments with rough surfaces. The rms delay spread does
not follow a dual-slope relation with respect to distance, as in
environments with smooth surfaces. Moreover, the dependence of
the rms delay spread on the bidimensional position of the user is
found to be very significant. For the majority of locations, the rms
delay-spread values are less than 60 ns.

Index Terms—Channel path loss, multipath time disper-
sion, radio propagation parameters, ultrahigh frequency (UHF)
narrowband and wideband measurements, underground mine.

1. INTRODUCTION

RULY ubiquitous wireless communications are often de-

scribed as the next telecom frontier. As such, in-building
environments have received much attention for this purpose
[1]-[4], but other peculiar environments present significant
opportunities for the wireless industry. While the characteri-
zation of propagation, within tunnel roads and subways, has
been the purpose of many investigations in the last 30 years
[5]-[10], the study of propagation in an underground environ-
ment, such as a mine, was somewhat neglected. In fact, the
corresponding open literature has been quite sparse. Some of
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the accomplished work was limited, with regard to narrow-
band measurements, to the evaluation of the attenuation of
the received field according to the distance in an underground
gallery [11], [12]; typically, these measurements were taken at
frequencies in the vicinity of 150, 450, and 900 MHz. Other
measurements taken around 2 GHz in a wide tunnel (13 m in
width), which is not representative of the typical underground
mine (generally much narrower with rough surfaces), were
the subject of a statistical study, which was limited in its
narrowband analysis to examine the amplitude distribution of
the envelope of the received signal [13]. To the best of our
knowledge, few papers consider propagation measurements in
an underground mine [11], [12], [14]-[17], especially when
wideband signals are involved.

The results presented in this paper are based on radio-
channel measurements made in a real underground mine, i.e.,
in a former gold mine now operated by the Canadian Center
for Minerals and Energy Technology (CANMET) as a mine-
technology laboratory in northern Canada. A central frequency
of 2.4 GHz has been used throughout the measurements, in
order to ensure compatibility with wireless local area network
(WLAN) systems, which may be used for various data, voice,
and video communication applications.

A standard technique has been used for the narrowband
channel measurements. However, due to equipment avail-
ability, the wideband channel-measurement system has been
based on the frequency channel-sounding technique [18]-[20].
The use of simulations, based on mathematical models, can also
be employed [21] to extract important propagation parameters;
however, achieving accurate models in a harsh environment,
such as an underground mine, is not easy, since the propagation
of waves is generally based on multiple reflections, diffraction,
and diffusion on the rough sidewalls’ surface.

The objective of this paper is to present the main propaga-
tion parameters extracted from experimental results, which can
be used for communication applications at 2.4 GHz, leading to
operational enhancements for the mining industry.

II. MATHEMATICAL MODEL OF THE CHANNEL

Since the received signal in a multipath channel consists of
a series of attenuated, time-delayed, and phase-shifted replicas
of the transmitted signal, the discrete mathematical model of
the radio channel is given as a complex transfer function in the
frequency domain, or as a complex impulse response in the time
domain. For a given position of the transmitter (Tx) and the
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receiver (Rx), the complex transfer function and the baseband
impulse response can be written, respectively, as

N(t)
H(t, f) = Z a;(t)ed? (D=2 (1) 0
i=1
N(t)
htr)= 3 @ Vi(r—n) @

i=1

where {a;(t)}, {7:(t)}, and {0;(¢)} are random variables ex-
pressing the amplitude, excess delay (arrival time), and phase
sequences of different multipaths, respectively, while N () is
the number of multipath components at measurement instant £.
d(+) represents the Dirac delta function, while ¢ is the multi-
path component index.

The channel can be assumed to be time invariant if mea-
surements are taken without human activity and with stationary
Tx and Rx, and by averaging the results of several sweeps at
each location to avoid any effects of temporal variations of
the measurements. The complex transfer function and the base-
band impulse response may then be simplified, respectively, as

N

H(f) =) ae/lie??mIm 3)
=1
N
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It has to be noted that the magnitude of the complex
baseband impulse response in decibels is the same as the
power-delay profile (PDP) in decibels, i.e., 201log(|h(T)|) =
10log(PDP).

According to the multipath channel model given above, the
received signal will be the convolution of the transmitted signal
with the complex impulse response plus the channel noise,
which is generally modeled by a complex-valued Gaussian
process.

Once the complex impulse-response function is deter-
mined, important channel-propagation parameters can be ex-
tracted, such as the mean excess delay 7,, the rms delay
spread Tys, and the maximum excess delay Tyax [18], [19].
The rms delay spread gives an estimation of the amount of
intersymbol interference (ISI) to be encountered in the channel
due to the time dispersion of the transmitted signal. Since, in
some environments, T,n,s can give an incorrect evaluation of
the severity of the multipath, it is useful to also define the
maximum excess delay Ty,.x, Which is the delay span between
the first crossing above the predefined threshold level and the
last crossing below it. The predefined signal-threshold level is
important during the extraction of the propagation parameters,
since it defines the removal of the noise and calibration errors
at positions where the signal is not present (differentiation
between received multipath components and thermal noise).
Another important parameter, the coherence bandwidth B, may
be extracted from the complex transfer function of the channel.
It represents the statistical average bandwidth of the channel
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over which signal-propagation characteristics are correlated.
There exists an inverse relationship between B, and 7y, [22].

The path loss for any measurement location can be deduced
from narrowband or wideband measurements. From wideband
measurements, considering multipath components above the
predefined signal-threshold level, the relative multipath total
power in the time domain is computed from

P=Y a2 5)

From narrowband measurements, for a fixed Tx power, the
total received power P, decreases with distance d and the
linear relationship between power in decibels and 10log; of
the distance is given by [20]

10log;o [P:(d)] = 101logy[A] — 10nlogy,[d] 6)

where n is the path-loss exponent, d is the distance of sepa-
ration between the Tx and the Rx, and A is a constant set by
the transmitted power and the measurement-system gain during
calibration. When the transmitted power and the measurement-
system gain are known, the value of the total received power
can be computed from the equation above, which is the vector
summation of the complex multipath components.

IIIl. MEASUREMENT SYSTEM
A. Description of the Environment

Measurements were conducted in an underground gallery of
a former gold mine, the laboratory mine “CANMET” in Val
d’Or, 700 km north of Montreal, QC, Canada. Located at a
40-m underground level, the gallery stretches over a length
of 75 m with a width and height both of approximately 5 m.
Fig. 1 illustrates the map of the gallery with all its adjacent
galleries. The presence of a closed heated room (for equipment-
storage purposes) is noticeable at the beginning of the gallery.
Due to the curvature at the end of the gallery, non-line-of-sight
(NLOS) propagation is obtained for the last 10 m. The digital
photograph, given in Fig. 2, shows a part of the underground
gallery. It can be seen from the photograph that the walls are
very rough and are protected with a metallic grid, the floor is
not flat, and it contains some water plaques.

B. Measurement Setup

A radio-frequency (RF) synthesizer (Tx) and a spectrum
analyzer (Rx) have been used for narrowband measurements.
For wideband measurements, a vector network analyzer has
performed the transmission and the reception of the RF signal.

1) Narrowband Measurement Setup: For the narrowband
measurements, an HP83650A synthesizer has been used as the
source for the Tx. Its frequency range was between 10 MHz
and 50 GHz and the maximum power at the operating frequen-
cy of 2.4 GHz was 12 dBm. Omnidirectional S2400B antennas
from Cushcraft were used for both transmission and reception.
The central frequency of the antennas was 2.4 GHz with a
gain of 0 dBi. An HP8563E spectrum analyzer was used as
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Fig. 1.

Fig. 2. Digital photograph of the underground gallery.

the Rx. The zero-span mode of the analyzer acted as an
envelope detector. The bandwidth of the analyzer’s filters
(bandpass and low pass) was set to 100 Hz. A set of 601
measurement points, for each location, have been registered
by the analyzer, corresponding to a sweep time of 1.2 s and a
sampling frequency of 500 Hz (number of points divided by
the sweep time), respecting the Nyquist criteria. A National In-
strument acquisition card installed in a portable computer with
the Labview software was used for data acquisition. It has to
be noted that no synchronization cable, between the Tx and the
Rx, was needed since the 2.4-GHz frequency of operation was
in the operating range of the spectrum analyzer. The analyzer’s
maximum operating frequency being 26 GHz, no mixing

Map of the underground gallery with the narrowband measurement setup.

operation was involved. Hence, the problem of synchronization
between local oscillators of the Tx and the Rx was avoided.

2) Wideband Measurement Setup: The impulse response of
the multipath radio channel can be found by using time-domain
techniques, such as measurements using spread-spectrum sig-
nals [23] or measurements using the direct pulse-transmission
method [24]. In the spread-spectrum method, a maximal-length
pseudonoise (PN) code modulates the carrier and is sent into
the channel. At the Rx, the PN code is demodulated and
correlated with an identical code with a slightly lower rate.
The correlation function traced by the Rx gives an estimate
of the impulse response of the channel [20]. Using frequency-
domain measurements, the complex impulse response of the
channel is deduced from its transfer function by taking the
inverse Fourier transform (IFT). A band of swept frequencies is
sent into the channel. Then, the received frequency components
are compared to the transmitted frequencies through a vector
network analyzer and the complex transfer function of the
channel is found. Due to equipment availability, the coherent
frequency response measurements have been used (this method
works well for indoor applications, since the distances in-
volved are short). Fig. 3 gives the schematic diagram of the
setup for wideband measurements. The main component of the
measurement system is the HP8753E vector network analyzer
from Hewlett-Packard, which measures the frequency response
of the indoor channel. A Matlab file has been used for data
postprocessing, to compute the channel impulse response from
the measured frequency response of the channel.

During the measurement campaign, the selected frequency
band was centered at 2.4 GHz with a span (measurement
bandwidth) of 200 MHz, corresponding to a time resolution of
about 5 ns. In practice, due to the use of windowing, which
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Fig. 3. Schematic diagram of the wideband measurement system.

has the role of suppressing the undesired sidelobes during the
IFT operation, this number is multiplied by a constant whose
value depends on the type of the chosen window function.
By choosing a Hanning window function, which is a good com-
promise between the main peak width and sidelobe suppres-
sion, a peak width widening of 1.5 may occur that multiplies the
time-resolution value by 1.5 (for a window with sidelobe level
equal to —44 dB, the time resolution will be multiplied by 2).
To improve the time resolution of the impulse response or
to be able to distinguish more indoor multipath components
arriving close to each other, one has to increase the span of
the frequency band. However, due to the limited bandwidth
of the transmission and reception antennas (about 200 MHz),
the measurement bandwidth was set to 200 MHz.

On the other hand, the sweep time of the network analyzer
has been decreased to validate the quasi-static assumption of
the channel. To do so, each sweep consisted of 201 points or
complex samples spaced 1 MHz from each other (200 MHz

divided by 201 points). The corresponding unambiguous delay
time (range resolution) of 1 us (inverse of the frequency-sample
spacing [25]) was far beyond the sum of the maximum excess
delay 7,.x encountered in indoor environments [1], [20] and
the propagation delay of the cable. Hence, the occurrence of
aliasing was minimized.

Different types of amplifiers were used in the wideband
measurement system (Fig. 3). The main characteristics of these
amplifiers were the band of operation frequencies, the gain,
the maximum output power, and the maximum input power,
which is an important variable to avoid any damage to these
components. Since the mobile Tx had to move all over the
underground gallery, a 60-m RF cable was connected between
the source portion of the network analyzer and the high-gain
amplifier. At the frequency of 2.4 GHz, the cable (whose opera-
tion frequency is between 2 and 18 GHz) showed an attenuation
of 26 dB and a delay of 270 ns. The output power of the
HP8753E’s built-in synthesizer source was set to —10 dBm,
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to avoid any damage to the amplifiers. A power level of about
30 dBm has been used at transmission in order to detect
weak signals at the Rx, since the channel exhibits an approx-
imate attenuation of 100 dB due to signal propagation when
a maximum separation distance between the Tx and the Rx is
considered [9], [10]. A 3-m RF cable has been employed to
connect the output of the power amplifier to the Tx antenna. At
2.4 GHz, the attenuation of this cable was about 1.9 dB.

The receiving portion of the measurement system consisted
of the receiving antenna, two passive cascaded step attenuators
of 70 dB each, a low-noise amplifier, a high-gain amplifier,
and the Rx portion of the network analyzer. An RF cable of 3 m
has been used between the antenna and the first step attenuator.
The attenuators were necessary to avoid any damage to the
amplifiers since, when the two antennas are close to each other
(for a short distance of separation), the level of the received
signal can be as high as the transmitted power.

In the case where the signal level at the Rx is maximum
(when the two antennas are removed, and transmission and
reception chains are connected with each other), the value of
the attenuators must be high to limit the input power at the
low-noise amplifier. This case corresponds to the calibration
of the measurement system, which is necessary in order to
remove the effects of the measuring equipment. It has to be
noted that the effect of the two antennas is not included in
this kind of calibration. However, since the antennas have a low
voltage standing wave ratio (VSWR), one can assume that the
calibration process described above will remove the effects of
the measurement equipment, including the two antennas [26].

In the case where the signal level at the Rx is minimal (when
the antennas are separated from each other by the total length
of the underground gallery), the value of the attenuators must
be set to zero, in order to have an acceptable reception of the
weak signal.

In the cases where the separation distance of the antennas
is varied, the step attenuators must be varied consequently to
have, at the same time, an acceptable reception of the signal
and an acceptable input power of the low-noise amplifier to
avoid any damage. During the calibration process (connection
of the transmission and reception chains in order to embed the
effects of the measuring equipment and components, as well as
the RF cables, into the network analyzer) defined as in [26],
the signal level at the input of the first attenuator was around
26 dBm. The attenuator level was selected as 84 dB to avoid
damage to the amplifiers.

C. Measurement Procedure

Two different experimental procedures (for narrowband and
wideband measurements) have been defined to assess various
characteristics of the channel, in order to achieve a success-
ful communication link in the underground gallery. The ob-
jective of the narrowband measurements was to assess the
power—distance relationship of the channel and notably the
impact of the relative position of the transceiver unit and
the mine-shaft wall (thus affecting the antenna pattern) on
the received power. The wideband measurements were then
performed in order to characterize a broad set of wide-
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band parameters of the channel by using an experimental
procedure that is more realistic from an underground-mine-
operation perspective.

1) Narrowband Measurement Procedure: Four sets of mea-
surements were taken, with the Tx (i.e., the synthesizer and
the transmit antenna) placed at a different location for each
set. The Rx, consisting of the spectrum analyzer, the personal
computer (PC), and the receive antenna, was moved (at both
sides of the fixed antenna, i.e., the Tx) to a new position
for each power measurement. The position of the Tx for the
four sets was (x =8 m, y = 1.5 m) for TxI, (x =25 m,
y = 0.5 m) for Tx2, (x =39 m, y = 0.5 m) for Tx3, and
(x = 56 m, y = 0.5 m) for Tx4, with respect to the predefined
referential (Fig. 1). The predefined referential has x = 0 at the
end of the mine shaft (at the entrance of the closed heated
room), while the y = 0 position corresponds to the closest
position to the wall. Noticeably, Tx2, Tx3, and Tx4 are closer to
the wall than Tx1. As for the mobile Rx (circular dots in Fig. 1),
it covered the entire underground gallery (situations with LOS
and with few NLOS) by varying its position 1 m widthwise
(3 positions distant of 1 m for the gallery width of 5 m) and 2 m
lengthwise (35 positions distant of 2 m for the gallery length of
70 m). Some other extra intermediate positions have also been
used for the NLOS cases, giving a total of 115 measurement
points for each Tx location.

2) Wideband Measurement Procedure: The network ana-
lyzer and the PC were stationed with the receive antenna and
the other Rx components at the predefined referential (Fig. 4,
i.e., on the mine-shaft wall). The equipment were calibrated
in the presence of the RF cables, as described in the previous
section. The transmit antenna and the other Tx components
were moved to different locations (circular dots in Fig. 4)
within the underground gallery by varying their position 0.5 m
widthwise (6 positions separated by 0.5 m for the gallery width
of 5 m) and 1 m lengthwise (70 positions separated by 1 m
for the gallery length of 70 m). Some other extra intermediate
positions have also been used for the LOS and NLOS cases,
giving a total of 490 measurement locations among which
only 20 measurement locations corresponded to NLOS cases.

It should be noted that these measurements were not made
in both directions along the gallery from the fixed transceiver
unit (i.e., the Rx, in this case) as they were in the narrowband
case. Moreover, the Rx was fixed very close to the mine
shaft, whereas it was situated further from the wall (0.5 or
1.5 m) for the narrowband measurements. In addition, due to
the availability of the limited-length RF cable and due to the
right-angle corner following the curvature at the end of the
gallery (beyond which the signal is below the noise floor),
only 70 m of the gallery length have been considered. During
the measurement campaign, the transmit and receive antennas
were both mounted on carts at a height of 1.9 m, replicating
the receive antenna placed on the wall and the transmit antenna
placed on the helmet of a miner.

IV. EXPERIMENTAL RESULTS

From the narrowband measurements, the path-loss exponent
n of the channel has been determined. From the wideband
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Fig. 4. Map of the underground gallery with the wideband measurement setup.

measurements, the magnitude of the impulse response has been
determined and several relevant parameters, such as the mean
excess delay 7, the rms delay spread 7,5, the maximum
excess delay Tyax, the coherence bandwidth B, the relative
multipath total power P, the number of multipath components
N, and the power and the arrival time of the first multipath
component P, and 7; of the channel have been extracted.

A. Narrowband Experimental Results and Analysis

1) Power—Distance Relationship of the Channel: The total
received power P, measured at all 115 measurement locations
with four different Tx locations, as a function of the distance
d (consisting of measurement locations situated at both sides of
the Txs) is shown in Fig. 5. Using the linear regression fit to
process the four sets of measurement data, path-loss exponent
values of the channel have been found to be equal to 2.13,
2.33, 2.15, and 2.17, respectively. It is important to note that
the path-loss exponent value (for each of the four sets of mea-
surements) is a global one computed over the entire length
of the gallery for both LOS and NLOS situations, as well as
with the impact of adjacent galleries. Variations of path loss
in specific regions of the gallery are emphasized in the section
describing the wideband-measurement results.

On the other hand, the results showed a greater variability
(standard deviation) of the received power when the Tx is closer
to the mine-shaft wall.

Finally, the value of the path-loss exponent, for the com-
bined four sets of data, has been determined to be equal to

2.16 with a standard deviation (o) of 6.13 between the received-
power data and the linear-regression line.

2) Power—Distance Relationship of the Channel Along
a Predefined Walk: The total received power P, can provide
a simple means for inferring user location. To visualize the
correlation between the received power and the spatial location
of a user, a plot of the total received power from each Tx
(Tx1, Tx2, Tx3, and Tx4) as a function of the distance along
a walk (the walk or the movement of the Rx starting from the
predefined reference and terminating at the end of the gallery)
is given in Fig. 6. Not surprisingly, the signal power at the
user or the Rx is the strongest when the Tx is close to it and
weakest when it is far away. Moreover, results of the received
power, for the four different Tx positions (sets of measure-
ments taken at both sides of the Tx), show site-specific char-
acteristics, notably as a result of the adjacent galleries and the
NLOS cases seen by the Tx located at different positions (Tx1,
Tx2, Tx3, and Tx4) in the underground gallery.

B. Wideband Experimental Results and Analysis

1) Typical Frequency Response Function of the Channel
H(f): The complex transfer function was obtained at all 490
measurement locations. For each location, a temporal average
has been performed on a set of ten measurements of different
observation times. Notches found in the magnitude (decibel)
of a typical frequency response (Fig. 7), as measured by the
network analyzer, illustrate the frequency-selective nature of
fading in the indoor-gallery channel.



2447

NERGUIZIAN et al.: RADIO CHANNEL CHARACTERIZATION OF AN UNDERGROUND MINE AT 2.4 GHz

Received Power as a Function

Received Power as a Function

of the Distance for Tx2

o

-40

of the Distance for Tx1

(W |2qi10ap) 1oMmod paniaday

Distance Tx—Rx (meter)

Distance Tx—Rx (meter)

Received Power as a Function

Received Power as a Function

of the Distance for Tx4

(w |2g109p) JaMmod paniaoay

Distance Tx—Rx (meter)

Distance Tx—Rx (meter)
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Fig. 6. Total received power from four transmitters as a function of distance along a walk in the underground gallery (distance between Rx and the predefined

referential).

sampling of 2 ns) from the measured samples of the frequency-

domain response using the IFT. Magnitudes of the computed
complex impulse response, for typical LOS and NLOS cases,

2) Typical Magnitude of the Complex Impulse Response of
the Channel |h(7)|: The time-domain magnitude of the com-
plex impulse response |~ (7)| has been obtained (with a time
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Fig. 8. Magnitudes of the complex impulse response corresponding to the LOS and NLOS cases.

show a first arriving component and many multipath compo-
nents with various propagation delays (Fig. 8).

3) Parameters Characterizing the Temporal Spread of the
Channel: The mean excess delay 7,, the rms delay spread
Trms, and the maximum excess delay T,.x have been computed
for all 490 measurement locations by using predefined thresh-
olds for the multipath noise floor. The four chosen thresholds,
referenced to the maximum value of |h(7)|, were 10, 15, 20,

and 26 dB. Two sets of parameters, using a threshold value
of 20 dB and a threshold equal to the average of the noise
plus four times its standard deviation, have been computed. A
comparison between the two results showed negligible differ-
ences. Hence, the threshold value of 20 dB, considered as a
relevant choice for reliable channel-parameter estimation, has
been chosen in order to avoid the effect of noise on the statistics
of multipath arrival times.



NERGUIZIAN et al.: RADIO CHANNEL CHARACTERIZATION OF AN UNDERGROUND MINE AT 2.4 GHz

2449

RMS Delay Spread as a Function of the Distance for a Threshold of 20 dB

120 T T T

RMS Delay Spread (nanosecond)

100 |- - - - L& R S deomimios it i

Distance Rx—Tx (meter)

Fig. 9. RMS delay spread as a function of the distance, for a threshold value of 20 dB.

The plot of 7., for a threshold of 20 dB, as a function of
distance, is shown in Fig. 9. For in-building environments, in
which the Tx and the Rx are confined to a closed structure, the
reported T.ns-distance profile in [18], [19], and [27] follows
a dual-slope relation in which 7., increases with distance
and decreases again after a certain separation between Tx and
Rx. For the considered underground gallery, the profile seen in
Fig. 9 does not follow a relationship similar to those observed in
[18], [19], and [27]. Results show a propagation behavior that
is specific for these underground environments. This is likely
due to scattering on the rough sidewalls’ surface that exhibits a
difference of 25 cm between the maximum and minimum sur-
face variations. Moreover, the dependence of 7,5 on the bidi-
mensional position of the user is found to be very significant.
On the other hand, the 7,,,s-distance profile shows a multimode
behavior depending on the different sections of the underground
gallery (areas of propagation dictated by measurement points
close to the adjacent galleries and the curvature of the gallery).
For a Tx located beyond the point of curvature of the under-
ground gallery, 7,5 has a relatively small value compared to
the cases where the Tx is closer to the Rx. This is probably
due to the high path loss of the channel (Tx located at the
far region of the Rx with NLOS conditions), which eliminates
the multipath components arriving with longer delays and
reduces the number of detectable paths, implying a decrease
of the 71,5 value. As for the mean excess delay, the computed
values did not show a tangible relationship between 7, and the
Tx—Rx separation distance.

In order to identify the effect of the predefined threshold on
Trms, itS cumulative distribution function has been computed
and its curve has been plotted in Fig. 10 for the four chosen
threshold values (10, 15, 20, and 26 dB). It can be seen

from Fig. 10 that for 50% of all locations, in the investigated
underground gallery, 7,5 iS equal to or less than 6, 12, 24,
and 32 ns for threshold values of 10, 15, 20, and 26 dB. For
the same four threshold values, 7, is equal to 11, 15, 22, and
75 ns and the value of 7, is given by 33, 108, 188, and
338 ns, respectively. The mean, standard deviation, and max-
imum values of 7, Trms, and Tmax for the four different
threshold values are summarized in Table 1.

On the other hand, it is possible to characterize the rms
delay spread of the channel in the frequency domain by using
its coherence bandwidth B.. The value of B, (for a correlation
coefficient of 0.5) has been computed for all 490 measurement
locations and, as expected, its profile showed an inverse be-
havior with respect to the profile of 7,,,5. By using a linear
regression between B, and Ty, the following equation of a
straight line has been obtained

Be(MHz) = —0.56Tums (ns) + 40.4. 7

Finally, the relative multipath total power P has been com-
puted (5) for all 490 measurement locations, and the number of
multipath components N has been extracted from the impulse
response of the channel.

Fig. 11 gives the variations of P as a function of the Tx—Rx
separation distance for a threshold of 20 dB. The plot of
Fig. 11 shows distinct areas of propagation separated by the
zone of adjacent galleries and by the point of curvature of
the underground gallery, as reported in [17]. For the region
starting from the predefined referential until the zone of adja-
cent galleries (mostly LOS propagation), the decrease of the
relative multipath total power with distance is less severe than
the other sections of the gallery. When the Tx is located
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cdf of rms delay spread for all mobile locations
and for threshold values of 10, 15, 20 and 26 dB
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Fig. 10. Cumulative distribution function of 7+ms for the four different threshold values.

TABLE 1
MEAN, STANDARD DEVIATION, AND MAXIMUM VALUES OF Ty, Trms AND Tmax FOR THE FOUR DIFFERENT THRESHOLD VALUES
7 (nanosecond) Tims (nanosecond) Tmax (nanosecond)
Threshold| Mean | Standard | Maximum| Mean Standard |Maximum| Mean | Standard |Maximum
(decibel) Deviation Deviation Deviation
10 8.7 10.6 69.4 15.2 19.1 99.4 62 86.9 384
15 11.2 12.2 77 19.8 20.3 929 89.4 95.9 384
20 16.5 20 127.2 274 23.3 116.4 152.2 119.4 388
26 57.2 53.2 229.2 37.1 23 116.8 271.9 99.1 394

Relative Multipath Total Power as a Function of the Distance for a Threshold of 20 dB
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Fig. 11. Relative multipath total power as a function of the distance, for a threshold value of 20 dB.
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Power of the First Multipath Component as a Function of the Distance
for a Threshold of 20 dB
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Fig. 12. Power of the first multipath component as a function of the distance, for a threshold value of 20 dB.

Arrival Time of the First Multipath Components as a Function of the Distance
for a Threshold of 20 dB
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Fig. 13. Arrival time of the first multipath component as a function of the distance, for a threshold value of 20 dB.

between the entrance of the adjacent galleries and the point of
curvature, the Rx sees a higher transmit-signal attenuation be-
cause of extra propagation path losses in the adjacent galleries.
For the region starting from the curvature until the end of the
gallery (mostly NLOS propagation), the signal attenuation is
the highest.

On the other hand, the 7;,,5-distance and N-distance pro-
files (obtained from the computed values) exhibit similar varia-

tions confirming that, for the far region, multipath components
arriving with longer delays and subjected to a high path loss
are not detectable. Moreover, it has been noticed that the
application of the threshold value, to screen multipath com-
ponents, affected the value of N significantly. The mean, the
standard deviation, and the maximum values of N for all
locations, using a threshold of 20 dB, have been found to be
equal to 7, 5, and 25, respectively.
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4) Other Parameters Describing the Type of Signal Visibil-
ity (LOS, NLOS): Due to the topology of the considered
underground gallery, both LOS and NLOS cases may be
encountered. When there is direct visibility between the Tx and
the Rx, the magnitude of the first path is the highest compared
to the other multipath components. For the NLOS situation, the
magnitude of the first path is not necessarily the strongest. In
order to identify the type of signal visibility (LOS or NLOS),
the power and the arrival time of the first path have been
determined from the impulse response of the channel by con-
sidering all of the 490 measurement locations. Figs. 12 and 13
give the variations of P; and 7; as a function of the Tx—Rx
separation distance for a threshold value of 20 dB.

It can be seen that the P-distance and P;-distance profiles
obtained in Figs. 11 and 12 exhibit similar behaviors. This
result was predictable since, for the considered environment,
only 5% of the measurement locations correspond to the NLOS
situations. Accordingly, for the majority of locations (mostly
LOS), P; (power of the first path) is dominant and its value is
close to P (algebraic-power sum of all multipath components).

As for the arrival time of the first path, the 7 -distance profile
(see Fig. 13) shows a straight-line behavior with a slope equal
to the inverse of the signal-propagation speed (3.33 ns/m).
Moreover, the computed standard deviation of 7y, with respect
to the approximated straight-line, is equal to 14.5 ns.

V. CONCLUSION

The results of the wideband measurements show that the
Tyms-distance profile is specific to the studied underground
gallery and does not follow a dual-slope relation with respect to
distance. Due to the rough sidewalls’ surface, the dependence of
the rms delay spread on the bidimensional position of the user
is found to be very significant. Furthermore, for the majority of
locations (90% of the cases), values of 7., (for a threshold of
20 dB) are less than 60 ns. On the other hand, the coherence
bandwidth, computed from the mean value of 7,5, 1S approxi-
mately equal to 7 MHz (the inverse of five times the 7, mean
value). Hence, when transmitting a signal having a bandwidth
larger than 7 MHz through the considered underground gallery,
frequency-selective effects will be observed in the channel.
Finally, it has been noted that, for the studied underground
gallery with low human activity, the impulse response of the
channel is reproducible and respects the uniqueness property
(the impulse response of the channel in one location is relatively
different from the one in another location).
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