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Natural Wave Propagation in Mine Environments

Martine Liénard and Pierre Degaugdember, IEEE

Abstract—Theoretical and experimental aspects of the natural mode, which is less attenuated because the return current flows
propagation of high-frequency waves in mines are presented. A in the second wire rather than through the surrounding rock.
narrow-band and a wide-band analysis have been carried out 0 \1qqe converters are inserted in one line but this mode conver-

determine the most important characteristics of the channel such . Iso b hieved without dditi | device due t
as the longitudinal attenuation, the coherence bandwidth, and the sion may also be achieved without any additional device due to

delay spread of the impulse response in the various areas of an un- the random change in the tunnel cross section. The propagation
derground mine. The basic principle of a localization of a mobile constants of these various modes and the field distribution in the

has also been checked by determining the direction of arrival of the - gallery have been widely studied by James R. \&&atl. [3], [4].

waves. An improvement of this technique appeared with the intro-
Index Terms—Delay spread, electromagnetic (EM) wave propa- duction of leaky coaxial cable. The continuous leakage through
gation, mining industry, propagation in tunnels. the outer shield of the cable allows a coupling between the trans-
mission modes inside the cable and the modes supported by the
I. INTRODUCTION external region. For frequencies up to 100 MHz, an inexpensive

solution is to use a loosely braided coaxial cable. In this case, the
T HE propagation of electromagnetic (EM) waves in miningneath is characterized by a transfer impedance and its value is a
environments has been extensively studied during the lgglgeoff between the longitudinal attenuation of the cable and the
30 years and the contribution of James R. Wait to this fielghypling loss between the coaxial mode and the external modes.
was outstanding. Underground mines are extensive labyrinidgeneral formulation accounting for both the ohmic losses in the
that employ many people working over many square kilomete{fnel and a thin lossy film layer on the outer surface of the dielec-
and communications are necessary to achieve coordinated taﬁi?,sj-acket of the cable has been proposed by \&kt. [5]—[7]. It
The main emphasis of both the theoretical and experimeniglpearsthat, fortypical cable parameters, the optimum frequency
approach concerned the field attenuation versus the distaRCgyund to be in the range from 2 to 10 MHz. More recently, the
between the transmitter and the receiver in order to optimiz&:reasing demand of the coverage ofroad and railway tunnels for
the choice of the transmitting frequency for the analog tranggital phone, i.e., in a band extending from 900 MHz to 2.1 GHz,
ceiver. Furthermore, in such confined areas, various solutu&@e rise to the development of new types of radiating cables. In
have been proposed to get a wide radio coverage and, beigjig case, transverse, orinclined slots are distributed on their outer
describing the more recent research in this field and the new @pje|d. The distance between each slot being on the same order of
plications, it may be of interest to recall very briefly the Variou%agnitude as the wavelength, the cable behaves as a long array
options to transmit a signal. Let us first consider a transmissigfequivalent magnetic dipoles. The radiation of such a cable is
in the low frequency range, typically on the order of 10 MHz. Iyescribed in [8], for example, for an application in a road tunnel
an empty mine entry, the signal strength is often not useable fg{q in [9] for a digital communication in mine access galleries. A
distances greater than about 30 m. Nevertheless, in most pragiew of various aspects of EM wave propagation in tunnels can
tical cases, electric cables, pipes, etc., are running in the ggkg be foundin[10].
leries and one can expect that the magnetic field radiated byowever, the geometrical configuration of a mine is not lim-
a loop transmitting antenna will couple to these wires exciting to a succession of interconnected galleries and the exploita-
thus, guided modes propagating with a low attenuation. As mefsn, js now essentially based on room and pillars techniques.
tioned by Emslieet al. [1], mines with electrical rail haulage Typically, thick ore deposits are exploited by means of heavy
almost always use carrier frequency communication, the tralfggers in a very changing area that has a complicated pattern
mission line being formed by the trolley wires and the rails. Tgng the implementation of radiating cables is out of question.
avoid the effect of many bridging loads, branches, and unterrine only possibility is to use the natural propagation of the
nated line ends, a dedicated auxiliary wire can be deployedjgyes owing to the multiple reflections, diffraction and diffu-
the tunnel supporting a so-called monofilar mode, propagatiggn on the walls. In this case, preliminary experiments have
like a coaxial or TEM mode. Another communication techniqugnown that the transmitting frequency must be greater than few
developed by Delognet al. [2] utilizes a two-wire transmis- yndred megahertz to cover an approximate square area, 100-m
sion line that can be suspended from the upper wall. The kgie. In order to improve the productivity and the safety con-
step of this system is to convert the monofilar mode to a bifilgjitions in underground mines operations, systems of commu-
nication and localization of mine workers and mobile equip-
Manuscript received June 25, 1999; revised February 24, 2000. This wérkent have to be developed. Furthermore, data sent by the var-
was supported in part by the European Community, BRITE Project MICOLOg 15 equipment, sensors, and actuators in the mine monitoring
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Villeneuve d’Ascq Cedex, France (e-mail: Martine.Lienard@univ-lille1.fr). System must use an efficient and reliable network and a wire-
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Fig. 1. Variation of the received power in a mine gallery versus the distance transmitter-receiver at 450 MHz.
decreasing curve corresponding to the contribution of the direct path. Curve (b) Experimental results on 500 m.
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Fig. 2. Same as in Fig. 1, but at 900 MHz.
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Fig. 3. Amplitude of the transfer function of the channel measured at a distance varying from 40 to 44 m from the transmitter. The color scalestoraspond
level expressed in decibels above an arbitrary level. Comparison between (a) experimental and (b) theoretical results.
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Fig. 4. Direction of arrival of the rays represented in the plaioe @-delay). (a) Theoretical results in the gallery. (b) Experimental results. (c) Theoretical results
in a large tunnel.

to present the main theoretical and experimental results dealgtgad of installing a radiating cable. The first part of this paper
with this application, the frequency band under consideratiovill thus deal with the characterization of the propagation in
extending from 150 to 900 MHz. a straight tunnel. If the longitudinal attenuation is an important
If the lengths of the access galleries are not too important (feriteria, the localization technique and the optimization of a dig-
hundred meters), the natural propagation of the waves betwé@ahcommunication also needs to have a good knowledge of the
a mobile transmitter and a fixed base station can also be useddoherence bandwidth, of the delay spread, and of the direction
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of arrival of the rays. In a second part, experimental results ol
tained in a room and pillars will be commented. aj/\w

Il. PROPAGATION IN A STRAIGHT GALLERY O S
A. Theoretical Modeling '

The EM wave propagation inside a mine tunnel can be th TX‘, -
oretically studied by means either of a ray or of a modal ar]

proach. If the frequency is high enough, the tunnel behaves
an oversized waveguide with imperfectly conducting walls. i - —
order to get analytical solutions through a modal theory, the ng @
ometry of the problem must be limited to circular or elliptical

tunnels so that the air—ground boundary corresponds to a co Q
dinate surface for which Helmoltz equation is separable. Neve

theless, approximate solutions have been proposed for a strai

rectangular tunnel by Mahmoud and Wait [11], Mahmoud [12,

and EmSI.Ieet al. [13] AnOther appr(_)a_\ch is based on the ra'1¥ig. 5. Plane view of the room and pillars A, showing the position of the
theory by introducing reflection coefficients on the tunnel wallg;ansmitting antenna (Tx), the receiver moving along the three paths noted #1,
Nevertheless, these coefficients can only be defined for incideat and #3.

plane waves on infinite plane interfaces, but they can be practi-

cally used for incident spherical waves when these are sevef®
wavelengths from the source and when the interface is only of f;
nite extent. Assuming a straight tunnel of rectangular cross se
tion, the components of the two Hertz potential vectors on eag
interface and associated with the incident and reflected wavg
respectively, are related by a matrix equation whose terms a
the reflection coefficients. The total field in the tunnel due to 4
given source being equal to the sum of ray contributions fro
all images added to that of the source, it can be shown that t
resulting Hertz vector involves the product of all the reflectio
coefficient matrices associated with each image, taking the g
rectional cosines of the ray into account [11]. The three eleg
tric field components are then derived from the resulting Hert
potential leading to a wave depolarization. However, if, for ex{ = gt e
ample, a vertical transmitting antenna is considered, it is inter- @
esting to know if this depolarization effect occurs only in the,
near range of the transmitter. A parametric study shows that
cross polarized field components become negligible beyon
distance equal to three times the largest dimension of the tun
cross section [14] due to the fact that only waves incident on thg
walls with a grazing angle of incidence play a role at large dis®
tance. For the application described in this paper, this conditic
is always satisfied and an important simplification can be ing
troduced in the propagation model by considering that the elef =&
tric field remains vertically polarized, the transmitting antenna ™
being a vertical dipole. The source imaggs,. corresponding
to rays reflecting: times on the horizontal walls amd timeson |
the vertical ones, form a plane array perpendicular to the tunn
axis. Since the field is assumed to remain linearly polarized, th
vector summation corresponding to the contribution of all th€** .
images becomes a scalar one and the field amplifiige thus, (b)

given by the following expression: Fig. 6. Two typical views (a) and (b) of a partly refilled room and pillars.
E= Z ZEW"( RTE)"(RTM) @ If the gallery has an arbitrary shape, a ray-launching tech-

n m

nigue can be used, by discretizing the walls into planar facets.
where RTE and RTM are the reflection coefficients on the hotdHowever, for long tunnels, this leads to numerical difficulties

zontal and vertical walls, respectively, whil, ,,, is the direct and the convergence is very tedious. In the following, the mod-
field due to an image sourcs, ,,. eling will thus be made by only considering a straight rectan-
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Fig. 7. Variation of the electric field amplitude when the mobile turns around a pillar (path #1). Curves (a) and (b) correspond to a frequency @00 50Hxd
respectively, the receiving antenna moving at a distance of 3 m from the pillar. For curve (c) this distance has been reduced to 1 m, the frequeddytbeing 9

gular tunnel and by calculating the electric field from (1). In- For a given frequency, an equivalent conductivityand a

deed, in mines, many other parameters may play a leading padl permittivitye,. are introduced. These terms are frequency

in the propagation such as the presence of obstacles (pipes, vdafendent, but it is assumed that in the frequency range under

...), the roughness of the walls and the imperfect shape whicbnsideration, between 450—-900 MHz, their average values are

is also randomly variable along the gallery. equal tos = 1072 S/m ands,. = 5.

The reflection coefficients RTE and RTM in (1) and relatedto ]

the parallel and perpendicular incidences, depend on the argieField Attenuation

of incidence but also on the complex relative permittivifyof A first set of experiments have been carried out in a bauxite

the walls [15]. One can express this term as follows: mine in Greece in one of the access galleries, 6 m high and 5
m wide. Its shape is more or less rectangular but the rough-
ness is very important and the standard deviation of the average

er =g, + 0 /jweg (2) transverse dimensions is on the order of 50 cm. The transmit-

ting and receiving antennas are half-wave vertical dipoles, the

g being the permittivity of free-space. transmitting frequency being equal to 150, 450, and 900 MHz
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Fig. 8. Variation of the field amplitude along path #2 in the room and pillars A as shown in Fig. 5£a}50 MHz. (b) f = 900 MHz.

successively. At 150 MHz, the attenuation is prohibitive sincetitansmitter and the receiver can be divided into two zones. In the
reaches 32 dB/100 m. For the two other frequencies, the vanicinity of the transmitter there are important fluctuations due
tions of the received power, expressed in decibels above antarthe contribution of all high-order modes excited by the trans-
bitrary level are given in Figs. 1 and 2. The upper part of eachitting antenna while, at a large distance, the low-order modes
of these figures corresponds to the theoretical results, the cbreome dominant and the attenuation per unit length becomes
tinuously decreasing curve being the contribution of the direstuch smaller.
path to the total field. For a frequency of 450 MHz, as shown in Fig. 1, an exponen-
The global shape of these curves shows that the mean végldecrease of the signal occurs beyond a distance of 150 m and
ation of the signal amplitude versus the distance between the theoretical average attenuation is 4 dB/100 m, which must
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Fig. 9. Same as in Fig. 8, but in room B.

be compared to the much higher value of 9 dB/100 m deduceldined by the important roughness and the approximate shape
from the experimental curve. At 900 MHz, the theoretical anaf the walls. Indeed, the reflection coefficients introduced in (1)
experimental attenuation between 10 and 250 m are 30 anda48 calculated assuming perfectly conducting plane surfaces and
dB, respectively. It is difficult to deduce from the curves the att was not possible to improve the theoretical model since the
tenuation per unit length far from the transmitter since betweanalytical approximate formulas giving the reflected field in the
300 and 500 m the attenuation becomes very small. Unforgpecular direction always suppose that the roughness is small in
nately, for practical reasons, it has not been possible to makems of wavelength [13].

measurements in this access gallery beyond this distance of 50@ must be stressed that at higher frequencies and in much
m. The highest attenuation of the measured signal can be exder tunnels, the field distribution far from the transmitter
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would present fast fluctuations, the high-order modes being radta slightly larger distance,, but for a frequencyf, such that
too much attenuated. Consequently, it was shown that the field/ fi = z2/ f.
distribution around the regression line and calculated along fewThe coherence bandwidth, defined as the frequency separa-
kilometers in such tunnels follows a Rayleigh distribution [17}ion at which the envelope correlation is 0.5, has been deduced
from these curves and the theoretical and experimental values
are 13 and 15 MHz, respectively. By applying a Fourier trans-
form, the impulse response of the channel to a Gaussian pulse,
For a digital communication, parameters such as the impulk2ns at midwidth, has been determined. It appears that the pulse
response and the coherence bandwidth of the channel mustsbgightly broadened due to the contribution of the numerous
determined to optimize, if necessary, the modulation schemays, delayed from one another and, of course, the relative phase
and the bit data rate. Furthermore, as previously mentionelifference between these rays give rise to a distortion of the
another objective of the project is to localize the mobile. Thacident pulse. In order to quantify the spread of the impulse
longitudinal position can be simply based on the principle ofr@sponse, two quantities are usually introduced: the maximum
time interval measurement: the base station sends, after a gpesess delay and the delay spread. The first one is simply the
amble and the identification of the mobile to be localized, langest delay relative to the first arriving pulse for which the
pulse which is reemitted by the mobile transmitter after a sha@mplitude of the received signal, referred to the first peak, is at-
but known delay [18]. A crucial point is thus to determine théenuated less than a given value often chosen equal to 20 dB.
spread of the impulse response, both in time domain and in an§iace, in our case, it is not possible to clearly distinguish the
of arrival, due to the multiple reflections on the walls. successive pulses due to the finite bandwidth of the transmit-
In the access gallery, the transfer function of the chanrigig pulse, we have preferred to determine the delay spread
has been measured versus frequency and distance transnfiteen the power delay profilé*(7). If h(7) is the channel im-
(Tx)-receiver (Rx). First, the receiving antenna has been movedise response versus tinf%r) is found by taking the spatial
along a distance of 4 m, between 40 and 44 m from the tramverage of(7)|* over a local area [19]. The delay spread is
mitter. At each point, 6 cm apart, the transfer function, i.e., trlegjual to the square root of the second central momert of
received signal normalized to the transmitted signal, is det@nd is thus given by
mined in a frequency range extending from 400 to 500 MHz. o )
The results are presented in Fig. 3(a) where each color corre- o2 = Jo (r—mm)?P(r)dr 3)
sponds to an amplitude, expressed in decibels, above an arbi- T f0°° P(r)dr
trary reference level while the theoretical prediction is given in
Fig. 3(b). One remarks both in theory and in experiment, a kifeherer,, is the mean propagation delay, given by
of translation symmetry in the distance-frequency plane. For ex-

C. Wide-Band Analysis

ample, in Fig. 3(b), a maximum value occurs at 40 m and for = foOOTP(T) dT. (4)

a frequency of 450 MHz and can be found again at 460 MHz Jo P(r)dr

slightly far away. This typical shape has been found whatever o ) )

the distance Tx-RX. The statistical study shows that for this environment, the mean

To interpret such a variation, one can start to determine tfi§/2y SPread is on the order of 10 ns. It means that despite
contribution of each image to the total field. The images didle Multiple reflections on the walls, the difference in time be-
tribution of the transmitting antenna in a transverse plane c¥}E€N rays contributing significantly to the received power re-
be divided into series of horizontal lines, their spacing beir{aams small. The precision of a localization method in a mine
related to the tunnel height. The horizontal line passing by tg@llery, ba_sgd ona tlme_ measurement between a transmitting
transmitter corresponds to multiple reflections on the horizon@d @ receiving pulse, will thus not suffer on the effect of mul-
plane only, while the others are associated with reflections §Rath Propagation, at least if the expected accuracy is on the
both the vertical and horizontal walls. Taking the values of tH¥der of few meters. Indeed, we are not faced with the case of a
conductivity and permittivity of the walls into account, it ap_ﬂrst pulse of small amplitude followed by a succession of large

pears that these walls behave, at 450 MHz, as a low-loss die@ehoes. Another way to check this result is to determine the di-

tric material. For a vertically polarized wave, the reflection cd€ction of arrival of the rays.

efficient on the horizontal walls decreases rapidly withthe angle ] ]

of incidence, because the Brewster angle is on the ordercof 78 Direction of Arrivals

In a first approximation, one can thus only consider the contri- The spread of the angle of arrival of the successive rays as a
bution of the images situated on the horizontal line containidignction of time delay and amplitude is determined from the
the transmitter and eventually, the first two lines situated on batbmplex impulse response at successive positions of the re-
sides. If the distance Tx-Rx is much larger than the tunnel widtteiver. Fig. 4(a) and (b) shows the map of the directions of ar-
the expressions of the delays between the rays and of thereal at a distance of 40 m from the transmitter deduced from
flection coefficients can be simplified, using a second-order apxperimental and theoretical results, respectively. The abscissa
proximation. A straightforward calculation shows that the fielg the cosine of the angld between the tunnel axis and the
amplitude remains constant in a given zone, as the ratio diays, the ordinate is the excess time delay normalized to the first
tance over frequency. A minimum or maximum field amplireceived pulse, while the amplitude of the signal, expressed in
tude for a frequencyf; at a distancer; will thus also occur decibels, is given by the color scale. It clearly appears that most
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TABLE |
AVERAGE ATTENUATION VERSUS THEDISTANCE BETWEEN A REFERENCEPOINT, 10 m AWAY FROM THE TRANSMITTING ANTENNA, AND A MOBILE ANTENNA, IN
VARIOUS ROOMS AND PILLARS

Frequency 150 MHz 450 MHz 900 MHz
Distance
20m 40 dB 20dB 20dB
50m 50dB 40 dB 30dB
70m 60 dB 45dB , 50 dB
100m 75 dB 65 dB 60 dB

T
R path3

1 path2
'r - -
| |
i T
AR
3 4 5 6 7 8
delay spread s X 10-8

Fig. 10. Distribution of the delay spread measured along two paths in a room and pillars. Along path 3, the receiver is in the line of sight of tte tveinisenit
along path 2, the direct path is obstructed.

of the energy comes from a direction corresponding nearly toln conclusion of this first part, it has been shown that the
the tunnel axis, i.e., to a cosine equaktth or an angle of 180  wall roughness and a tunnel cross section whose geometry is
In such a gallery, the spread angle can thus be neglected everaafible from one point to another one, produce an important
short distance from the transmitter. To clearly point out an anglecrease of the longitudinal attenuation. Nevertheless, all the
distribution at this distance, it would be necessary to considerde-band characteristics of the channel such as coherence
much wider galleries, an illustration being given in Fig. 4(c) fobandwidth, delay spread, and spread of the angle of arrival
atunnel 13 m wide and 8 m high. In this case, it appears that té-the rays can still be satisfactory predicted from a simple
flected pulses arriving with an angle of incidence of 6&erred analytical model. Despite the distortion of the emitted pulse,
to the tunnel axis and a mean delay of 100 ns, still contributettee mobile localization can thus be achieved owing to the
the total field, their maximum amplitude being 12 dB less thamowledge of the instant at which the signal amplitude exceeds
the one of the most energetic pulse. a given threshold.
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TABLE I

AVERAGE DELAY SPREAD AND COHERENCEBANDWIDTH IN DIFFERENT ENVIRONMENTS

Configuration Line of sight | Non line of sight | Non line of sight In gallery
Room A Room B

Delay spread 19 ns 26 ns 42 ns Sns

Coherence 4.3 MHz 2.8 MHz 2 MHz 15 MHz

bandwidth

[Il. PROPAGATION IN ROOM AND PILLARS Indeed, by comparing curves (b) and (c), it appears that the ad-

. _ . . . ditional attenuation due to the masking effect is independent on
To localize a mobile in a room and pillars, the basic idea is Peo position of the receiving antenna behind the pillar

put at least two fixed antennas in the room and, by measuringTh t step is 1o determine th lonaitudinal att
once again the delay of the received pulse reemitted by the mo- € next step IS o determine the mean fongitudinal atten-

ation versus frequency. Various positions of the transmitting

bile antenna, to deduce its position by triangulation. For this ag—t h b idered. and furth t
plication, as well as for data transmission, a narrow-band a gienna have been considered, and furthermore, measurements

were made in various rooms in order to get reliable results. As
an example, curves (a) and (b) in Fig. 8 represent the field ampli-
tude variation along path #2, about 100 m long, shown in Fig. 5,
and for two frequencies: 150 and 900 MHz. The longitudinal
It must first be recalled that a so-called room and pillars is nattenuation is smaller at 900 MHz, but not in a so large propor-
necessarily horizontal and its height at any point depends on tlim as in the case of propagation in a straight gallery. Another
thickness of the ore deposit. Furthermore, its configuration éxample is shown in Fig. 9 in another room B, having a much
continuously changing, part of the room being filled up. A typmore complex geometry. The curves, plotted for a frequency of
ical plane view of such a room called room A (in the followingl 50 and 450 MHz exhibit the same variation with, however, a
is shown in Fig. 5. The mean height is about 6 m and the thickmaller attenuation at 450 MHz.
ness of a pillar is on the order of 4-6 m, its shape being moreTable | summarizes the average values of the attenuation,
or less squared or circular. Photos showing part of the enviraieasured along various paths and in different rooms, between
ment are given in Fig. 6. Due to the configuration of a room, it ig reference point situated at 10 m from the transmitting antenna
illusive to think that a global modeling could bring quantitativeind in its line of sight and areas situated between 20 m and 100
information. A lot of experiments has thus been made in various from this point.
rooms. The difference in the results obtained at 450 and 900 MHz
At first, it could be of interest to know the attenuation, neag not significant and, for practical reason in the system de-
the transmitter due to pillars intercepting the direct ray. In Fig. Bign, a carrier frequency of 450 MHz was chosen. Therefore,
the position of the transmitter is indicated kyTx>> and the the wide-band analysis presented in the next paragraph mainly
receiver is moved along path #1 by making a complete rotgencerns this frequency range.
tion around a pillar at a distance either of 3 or of 1 m from its
walls, part of the path being in the line of sight of the transmitteé
Curves (a) and (b) in Fig. 7, correspond to a distance of 3 m and
have been plotted for the two extreme frequencies under conThe transfer function of the channel between the transmitting
sideration: 150 and 900 MHz. The relative field amplitudes, ernd receiving antennas has first been determined by measuring
pressed in decibels above an arbitrary level, of course reach tleimany points in the rooms, the amplitude and phase of the
maximum values when the receiver is in the line of sight of theceived signal in a frequency band extending from 400 to 500
transmitting antenna. In the deep shadow region, the attenuatibéHz.
is about the same whatever the frequency, on the order of 35-4Fig. 10 gives the histogram of the delay spread, which has
dB. If the diffraction phenomena by the edges of the pillar wouldeen deduced from these measurements in room A, for points
be dominant, a decrease of the received signal must be obseisttibuted on two paths 100 m long, the receiving antenna being
at 900 MHz. The same kind of variation would occur if the pillasituated either in the line of sight of the transmitter, path 3, or
is considered as a smooth cylinder supporting creeping wavest, path 2, as shown in Fig. 5. The total number of stored files
The influence of the other pillars and walls giving rise to difalong each path is 64. In the first case, it appears that about 60%
fuse reflections is thus, by far, the most important phenomerwdithe values are between 15 ns and 20 ns, the mean delay spread
This can also be checked in Fig. 7 curve (c), plotted again foeing 19 ns. On the contrary, for an obstructed path, the values
a displacement of the antenna around the pillar for a frequerang more spread and larger since they extend from 15 ns up to
of 900 MHz, but at a distance of only 1 m from the pillar walls65 ns with a mean of 42 ns.

wide-band analysis has been made.

A. Narrow-Band Analysis

Wide-Band Analysis
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Fig. 11. Impulse response of the channel. (a) Geometrical configuration showing the position of the transmitter (Tx) and the two paths A and Batmse axe
the successive references for measuring the direction of arrivals. (b) Impulse response versus the position of the receiver. The unit of thésdndsateen
converted from time to equivalent distance.

To minimize the effect of the multipath propagation givingnd, thus, the height of the room accordingly. Furthermore,
rise to local deep fadings, various techniques such as the sprédpillars have a quite irregular structure, both in shape and
spectrum, can be used. For optimizing the various paramettrigkness, and they are randomly distributed. Finally, the room
of the link, it is also important to determine the coherends partly refilled and the floor is not flat at all. As a comparison,
bandwidth in various configurations. The results, summarizéioe results obtained in an access gallery are also recalled.
in Table I, have been obtained in two different rooms A and B. It appears that in a mine environment, the channel character-
The structure of room B is quite more complex than in room Astics vary considerably from an area to another one and the typ-
where the previous results have been obtained. Indeed, in ik values given above may be introduced in a channel model
room, the thickness of the ore deposit is continuously varying predict the performance of the link.
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Fig. 12. Amplitude of the impulse response versus both the direction of arrival and the delay of the EM waves.

The other aspect concerns the localization of a miner or ©heir extent, converted in meters, is between 40 and 60 m if an
a mobile in the room. It can be done, owing to the same priattenuation of 15 dB, referred to the highest peak, is considered.
ciple as in a straight gallery by measuring the time interval b&vhen the direct path is obstructed, the maximum amplitude of
tween the pulse transmitted by a fixed antenna and the receitiee pulses does not necessarily correspond to the shortest path
pulse,which has been reemitted by the mobile transmitter. 84 it appears from Fig. 11(b), path B. Furthermore, this peak
course, at least two fixed antennas are needed to determineahmplitude may considerably vary from one point to another
position in the horizontal plane. To get an idea of the error introne, even situated in the same area and the impulse response
duced by the multipath propagation, another set of experimergsmuch wider. It is thus important to base the localization
has been carried out. The transmitter (Tx) was put at the entraggstem on the detection of a threshold level, for example 15 dB
of a room, near the end of the access gallery. Two different cabove noise. Indeed, the advantage of an underground mine is
figurations have been tested in order to be or not in the line thfat all the EM disturbances present above the ground surface
sight of the fixed antenna, acting in this case as a transmittiage strongly attenuated and that the noise due to the electric
one. The first path, called path A in Fig. 11(a), is situated bengines such as vents, decreases rapidly above few hundred of
tween 40 and 44 m, in the line of sight of the transmitting arkilohertz.
tenna, while the second one, path B, is situated at the bottom ofAnother interesting point concerns the directions of arrival of
an important slope and the direct path is always obstructed. the rays. They are deduced from the complex impulse responses

The amplitudes of the impulse response are shown afithe channel measured at many points, few centimeters apart.
Fig. 11(b). The abscissa corresponds to the true distanidgese points are situated along a straight line and, in this two-di-
between the transmitter and the receiver, while the ordinatensional approach, the angle of arrival is defined, as previ-
is the delay of transmission, which has been converted irtasly, as the angld between a ray and the axis of displacement
meters, assuming that the waves propagate at the velocityobthe receiving antenna. Fig. 12 shows the results in the plane
light. For a given abscissa, the impulse response is represerited A, delay), the amplitude of the received signal, expressed
owing to a color scale, each color referring to an amplitude decibels, being given by the color scale. Along path A, there
expressed in decibels above an arbitrary level. If we considemnly one significant contribution corresponding to the line of
the path A, it clearly appears that the first received pulse hasight, the receiver moving away from the transmitter. For path
maximum amplitude and is thus clearly identified, even if thB, in the absence of the direct ray, there are two main contribu-
multiple echoes on the various pillars and walls broaden tkiens, one arriving with an angle of about P4@os A = —0.8)
incident pulse and give rise to a series of other delayed pulsasd the other one at 10Qcos A = —0.15). The first one nearly
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corresponds to the line joining the transmitter and the receivers]
since, as it appears in Fig. 11(a), the receiver was not moving in
the direction of the Tx-Rx axis, but along a path making a angle[9]
of about 130 with this axis. From additional measurements, it
thus appears that even if the direct path is obstructed, the locdlol
ization of the mobile can be still achieved by detecting the timg, ;;
when the signal level exceeds a threshold value, 15 dB above
noise. In this case, the expected precision of the localization ifiz
on the order of 5 m. ]

[13]

IV. CONCLUSION

The theoretical modeling in a straight rectangular tunnel hag4l
been presented and a good agreement was obtained between
theoretical and experimental results for trials made in a roags)
tunnel. However, in mines, the imperfect shape of the walls aB-6]
well as their important roughness lead to an important increase
of the longitudinal attenuation which can reach 9 dB/100 m at17]
450 MHz.

The configuration of a room and pillars is so complicated[18]
that only an experimental approach has been made. The average
characteristics of the channel have been determined such as th8&
coherence bandwidth and the delay spread of the impulse re-
sponse. These values are, of course, strongly dependent on the
various types of areas within the mine but can be introduced in a
channel model to optimize the telecommunication scheme. Fi-
nally, it appears that the localization of a mobile, based on a tir
interval measurement, can be made with an expected accur
of 5m, even in a room and with pillars.
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