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Abstract—Results are presented on wideband radio propagation
measurements and statistical modeling at 2.4 GHz and 5.8 GHz in
real underground mine tunnels. This peculiar type of confined en-
vironment is characterized by very rough surfaces and a frequent
absence of a line-of-sight between transmitting and receiving an-
tennas. The resulting propagation characteristics differ from those
frequently encountered in more typical indoor environments such
as offices and corridors. Indeed, the rms delay spread shows little
or no correlation with respect to transmitter-receiver distance and,
in addition, no impulse response path arrival clustering effect is
observed. However, the path amplitude distribution does tend to
follow a Rice distribution in the line-of-sight case, and a Rayleigh
distribution otherwise.

Index Terms—Characterization, path amplitude, path arrival,
propagation, radio wave, statistical modeling, tunnels, under-
ground mine, wideband.

I. INTRODUCTION

THIS paper describes the results of a measurement cam-
paign performed at frequencies of 2.4 GHz and 5.8 GHz in

a real underground mine. This former gold mine is located ap-
proximately 530 kilometers north-west of Montreal and is now
managed by the Government of Canada as an experimental mine
(named CANMET), in which in-situ tests and trials can be per-
formed in a realistic environment. This type of confined envi-
ronment differs significantly from conventional indoor environ-
ments (e.g., offices) as a result of narrow labyrinths with rough
surfaces, curvatures, side galleries, etc. Wideband characteriza-
tion of the underground channel is presented, with a particular
focus on path loss effects and impulse response structure, fol-
lowed by statistical modeling and simulation of the propagation
channel, based on the appropriate models. As is noted in various
parts of this document, wireless propagation in typical under-
ground environments (e.g., mines and caverns with rough sur-
faces, curved galleries and side shafts) is a challenge to model
theoretically with high precision and low complexity. As such,
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this field still presents many open research avenues. Available
results at the state of the art provide “rules of thumb” and guide-
lines to understand the impact of various environmental charac-
teristics (e.g., surface roughness) and to generate parameters for
statistical simulations.

A significant number of theoretical analyses and experiments
have been conducted on radio channel characteristics in tunnels.
References [1]–[6] represent a sample of such studies gener-
ally carried out in tunnels with smooth surfaces, relatively large
widths (e.g., large enough for trains or cars), and with at most
mild curvatures. However, the open literature available on un-
derground mining environments with rough surfaces, narrow
widths, curves and side galleries is far more sparse [7]–[12].
Furthermore, as most previous mining environment propaga-
tion studies have dealt strictly with narrowband characteristics,
this study is one of a few that has examined wideband statistical
modeling (and particularly the impulse response structure) for
these environments. Deterministic modeling is an alternative ap-
proach, e.g., the cascade impedance method [13] can be used on
the basis that rough surface tunnels can be considered as a cas-
cade of dielectric impedances with losses. This technique yields
a significant complexity improvement with respect to previous
deterministic approaches, but still requires a detailed segmented
mapping and characterization of the environment. As such, in
addition to providing new wideband measurement results at 2.4
GHz and 5.8 GHz, this work focuses on statistical modeling of
the impulse response structure in confined environments with
rough surfaces (such as underground mines) which, to the au-
thors’ knowledge, has not been addressed in the open literature.

A. Narrowband Radio Propagation Studies

The first comprehensive theoretical study of propagation
characteristics in underground mines was performed in 1975
by Emslie et al. [7]. This work compared theoretical results
with published measurements in coal mine tunnels, with a
particular focus on the rate of loss of signal strength along
a tunnel, and from one tunnel to another around a corner at
frequencies in the range of 200–4000 MHz. The work modeled
a straight section of the tunnel as a dielectric waveguide with
rough surfaces and derived expressions relating the attenuation
of radio waves in terms of wave polarization, radio frequency
and tunnel dimensions. From this work, it was noted that
the loss due to surface roughness increases with wavelength.
Hence, while Emslie et al. mentioned that loss introduced by
roughness is most important at low frequencies, loss introduced
by tilt of the tunnel walls was shown to be most important
at high frequencies. This theoretical work is highly rigorous,
but using it to quickly predict propagation behavior in various
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underground environments can be complex in view of the large
number of site-specific parameters involved and in view of
various simplifying assumptions.

Zhang [8] conducted experiments in two underground coal
mines at 900 MHz on horizontal and vertical polarization. He
observed that the propagation characteristics are quite different
in the arched tunnels reinforced with concrete “passageways”
(4.0–4.2 m wide and 3.0–3.5 m high) and in the “mining areas”
which are rather irregular in shape and with no reinforcement.
In the passageways, he noted that propagation exhibits guided
wave characteristics in the region after a so-called “breakpoint”
whose position is based on a hybrid tunnel propagation model
consisting of a free space propagation zone on the near side of
this breakpoint and of a modified waveguide propagation zone
(with reduced attenuation) following the breakpoint. Zhang
noted in [1] that the formula to calculate the location of the
breakpoint in [14], [15] for urban microcells is inapplicable for
tunnel microcells, and he proposed an equation for propagation
along a LOS (line-of-sight) in tunnels which he applied to the
“passageways” in the coal mines under study. He compared
his results with data measured in various tunnels at different
frequencies (900 MHz, 1.8 GHz and 2.448 GHz) and showed
that the breakpoint depends strongly upon frequency, antenna
position, and tunnel transversal dimensions. Zhang also indi-
cated in [8] that no analogous theoretical model is available
for the “mining areas” but that the waveguide model could
provide somewhat approximate attenuation values, albeit while
typically underestimating them.

Experiments made in CANMET at a 40 m depth [9], [10]
have shown that the gallery curvature, passing from a LOS to a
non-line-of-sight (NLOS) between transmitter and receiver an-
tennas, has created two distinct areas of propagation, at both fre-
quencies of 2.45 and 18 GHz [9]. At first glance, these results
could be interpreted in terms of a hybrid propagation model.
However, the value of is at this gallery, in the range of 200
m at 2.45 GHz and 1500 m at 18 GHz. As such, no waveguide
effects are likely present in this case. It can be determined that
the presence of these two areas of propagation is induced by the
absence or presence of a LOS between the transmitter and the
receiver [9], [10]. Other experiments in the same gallery at the
same frequencies, but with additional people movement, have
shown the signal envelope to follow a Rice distribution in the
LOS case. For the NLOS case, the signal envelope still follows
a Rice distribution, but changes to a Rayleigh distribution after
several meters of distance between the two antennas.

B. Wideband Radio Propagation Characteristics

As indicated previously, the open literature available on wide-
band characteristics for underground mines is very limited and
one usually resorts to results from more conventional tunnels
as an approximation. As an example, Zhang reported [2], [4]
at 900 MHz and 1.8 GHz, that the rms delay spread is gener-
ally less than 25 ns for a straight empty subway tunnel (3.34
m wide, 2.6 m high, 258.7 m long with rectangular cross sec-
tions) and increases to 103 ns in a tunnel occupied by vehicles.
He also noted that higher frequencies tend to cause larger delay
spreads. Liénard et al. [16] have observed rms delay spreads of
19 ns in LOS conditions in their underground mine gallery and

Fig. 1. Gallery at a 70 m depth.

of 25 ns to 42 ns in NLOS conditions. Hamalainen et al. [17]
have observed that the total delay spread did not exceed 500 ns.
Hamalainen’s work is one of the few available studies on un-
derground mine impulse response structure, albeit brief. They
typically observed three dominant propagation paths with the
first path always dominant and in 50% of observations, 16 dB
higher than the second strongest path.

Experiments made in CANMET at a 40 m depth and at a
frequency of 2.4 GHz, in a gallery presenting a LOS and a NLOS
areas between transmit-receive antennas, have shown an abrupt
fall in receive power after a gallery curvature [10]. On the other
hand, for a transmitter and a receiver located on opposite sides
of the point of curvature of the gallery, the rms delay spread

has a relatively small value compared to the cases where
the transmitter is closer to the receiver. This is probably due
to the high path loss of the channel, which eliminates multipath
components arriving with longer delays and reduces the number
of detectable paths, implying a decrease of the value.

II. EXPERIMENTAL PROTOCOLS

A gallery in CANMET, at a 70 m depth as depicted in Fig. 1,
was used for these experiments at 2.4 and 5.8 GHz. This gallery
has very rough surfaces, adjacent galleries, LOS and NLOS
areas, and is very humid. The floor is flatter than the ceiling and
the walls, and has some water puddles. The gallery stretches
over a length of 70 m with a width of 2.5 to 3 m and is approx-
imately 3 m in height. The CANMET gallery at a 40 m depth,
in which the previous wideband measurements at 2.4 GHz were
performed [10], was quite different than the one at a 70 m depth,
as it was characterized by a width and height of both approxi-
mately 5 m.

The experimental protocol used to perform measurements in
this gallery is based on measurements with omnidirectional an-
tennas. A VNA (vector network analyzer) was used for trans-
mission and reception of the radio frequency signal. Wideband
measurements at 2.4 and 5.8 GHz were taken in the gallery
with identical protocols at both frequencies. A bandwidth of
200 MHz has been used with a 1 MHz sweep frequency. The
VNA has a minimal permitted sweep time of 75 ms for the con-
sidered bandwidth. With this value, a quasi-stationary state of
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Fig. 2. Schematic diagram of the wideband measurement system.

Fig. 3. Wideband experiments (only areas in white are considered).

the channel has been assumed during the measurements. Each
sweep was composed of 201 samples spaced by 1 MHz. Prior
to performing the measurements, the system was calibrated in
order to filter the effect of the system frequency response.

To investigate the statistical behavior of the channel, ex-
periments were conducted in which channel impulse response
structures in the two bands of interest were compared for 420
different receiver locations along the gallery. The transmitter
remained fixed and both transmitter and receiver antennas had
a height of 1.8 m. The equipment used is shown in Fig. 2. For
both frequencies, the transmit power was set to 10 dBm, the
system noise floor was dBm and the system dynamic
range was 100 dBm.

Three separate areas of the mine gallery are considered—a
LOS area and two NLOS areas (NLOS1 and NLOS2) of
about 24 m in length—each depicted in Fig. 3. Hence,
approximately 140 measurements were taken in each area,
for each frequency.

The complex transfer function was obtained at all 420 mea-
surement locations for each frequency. For each location, a tem-

Fig. 4. Impulse response processing: (a) path identification and (b) time axis
quantization.

poral average has been performed on a set of ten measurements
corresponding to different observation times. The time domain
magnitude of the complex impulse response has been obtained
from the measured samples of the frequency domain response,
using the inverse Fourier transform (IFT). Considering the band-
width of 200 MHz, the original time resolution was 5 ns (cor-
responding to the inverse of the bandwidth). In order to counter
the effect of the 200 MHz windowing in an actual infinite band-
width, the transfer functions are processed by a Hanning filter,
thus lowering the time resolution to 8 ns. The time axis of each
experimental impulse response is therefore quantized into bins
of 8 ns duration, by considering the inflexions and peaks, to
find the multiple paths of each impulse response [18]. The 1
MHz sweep frequency gives a temporal range of 1 s (corre-
sponding to the inverse of the sweep frequency), which is quite
sufficient when compared to the highest maximum excess delay
observed through all sets of measurements. Moreover, the noise
is removed using a predefined threshold set to four times the
standard deviation plus the mean of the noise measured over
the tail of the considered impulse response. This threshold does
not correspond to the system noise floor; it was determined em-
pirically following a visual inspection of the set of all impulse
responses. However, this definition may not be the same for dif-
ferent measurement hardware as the noise may then have a dif-
ferent magnitude. An example of such processing for each im-
pulse response is depicted in Fig 4.
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Fig. 5. Number of multipath components N as a function of distance at: (a)
2.4 GHz and (b) 5.8 GHz.

III. MEASUREMENT RESULTS

The measurement results describe the time dispersion charac-
teristics of the impulse responses, as well as the received power
characteristics, for all 420 measurement locations and in both
bands of interest.

A. Time Dispersion Characteristics

Figs. 5 and 6 illustrate the number of multipath components
and the rms delay spread , as a function of the transmit-

receive antenna separation for both frequencies.
These results show that, for the underground gallery consid-

ered and in the two frequency bands, random reflections have the
effect of flattering the relationship between the rms delay spread
and distance. Results were slightly different at the 40 m depth of
the mine [10], where the gallery is wider (5 m in width), i.e., the
rms delay spread exhibited little or no correlation with distance
except at a specific breakpoint corresponding to the presence of
a side shaft in the mine. As such, in both the 40 m depth and 70
m depth cases, the rms delay spread behavior as a function of
distance in the mining environment differs from the correlation
with distance which is frequently observed in indoor building
environments with smooth surfaces. In fact, in [19], measure-
ments at 10 GHz in office corridors showed that the rms delay
spread follows a dual slope relation with a maximization point
dependent on antenna directivity. Similarly, results in [20] at
950 MHz also showed that the rms delay spread has a peaked

Fig. 6. Rms delay spread � as a function of distance at: (a) 2.4 GHz and (b)
5.8 GHz.

characteristic with respect to distance in empty indoor environ-
ments (meeting hall or shopping mall) and that the peak varies
according to building dimensions and to the electrical properties
of walls and windows. In indoor corridors but at much higher
frequencies (i.e., 63 GHz) [21], the rms delay spread was again
found to increase with transmitter-receiver separation up to a
certain distance and to then decrease at larger separations. More
recent results [22] at 2.11 GHz in different types of corridors and
rooms also show, in a LOS corridor, an increase of rms delay
spread with respect to distance followed by a decrease; how-
ever, the relationship between rms delay spread and distance
was found to be less significant than with respect to path loss.
In another study [23] at 60 GHz in a LOS corridor, the correla-
tion between rms delay spread and distance was observed to be
much smaller but to still exhibit a generally increasing and then
decreasing trend beyond a certain distance. In [24], for the 2–6
GHz range, the rms delay spread was found to increase with dis-
tance while in the 900–1100 MHz and the 1.5–1.7 GHz bands in
LOS office environments, the rms delay spread was found [25]
to increase up to a certain distance and to then fluctuate around
some mean value. Our results therefore tend to show that the cor-
relation of the rms delay spread with respect to distance is far
less likely in underground mines than in conventional indoor en-
vironments. This is likely due [10] to the scattering on the rough
sidewalls’ surface of the mines which can exhibit a difference of
25 cm between the maximum and minimum surface variations.
However, comparisons of results herein for a gallery with a 2.5
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Fig. 7. Probability of path occupancy from the set of all impulse responses.

m width with those in [10] where the gallery has a 5 m width
show that some correlation of rms delay spread with respect to
distance seems to appear as the gallery becomes wider. It is also
important to note that the rms delay spread values at each trans-
mitter-receiver distance is based on an average of values ob-
tained at different receiver positions between the two sidewalls.
As such, results for a fixed receiver position with respect to the
sidewalls could vary as the rms delay spread was also found [10]
to be highly dependent on the bi-dimensional position of the re-
ceiver.

Fig. 7 illustrates the probability of path occupancy for each
delay time bin of 8 ns. Fig. 8 shows the ratio of receiver po-
sitions for which the rms delay spread and the 90% coherence
bandwidth are less than a specified value, i.e., the CDF (cumu-
lative distribution function).

As the delay spreads were greater at 2.4 GHz in several loca-
tions (Fig. 6), the CDF plot for that band is consequently below
the plot for the 5.8 GHz band in Fig. 8. It can be seen that, in the
2.4 GHz band, the rms delay spread is less than or equal to 6.34
ns for 50% of all locations. The corresponding value for the 5.8
GHz band is 4.98 ns. Furthermore, Fig. 7 shows that after 80 ns,
the probability of having path arrivals is very small for both fre-
quencies. This probability of path occupancy is quite different
from what has been observed in another mine [17] at a center
frequency of 1 GHz, where it is likely to have path arrivals up
to 4.6 s. The frequency band, as well as the different structural
characteristics of this other mine, reinforce the point that under-
ground mine propagation behavior can be highly site-specific.

For wideband radio systems in such an environment, perfor-
mance levels under static conditions would thus be marginally
better in the 5.8 GHz band (assuming multipath diversity is not
exploited), since delay spreads are slightly smaller in this band
than at 2.4 GHz as shown in Fig. 8(a). As such, and as can be
seen in Fig. 8(b), the coherence bandwidth at 5.8 GHz tends to
be wider than at 2.4 GHz, the latter frequency band imposing
therefore a narrower frequency band for efficient communica-
tion (e.g., the need for a powerful equalizer would be more im-
portant). Consequently, we can say that the maximum usable
data rate with a relatively simple transceiver would be higher at
5.8 GHz than at 2.4 GHz in this underground environment.

The mean, standard deviation and maximum of (number
of multipath components), (mean excess delay), (rms
delay spread) and (maximum excess delay) in both bands
have been computed from the time domain responses and are
summarized in Table I.

Fig. 8. Cumulative distribution function of: (a) rms delay spread and (b) 90%
coherence bandwidth, at 2.4 and 5.8 GHz.

By comparing the results at 2.4 GHz with those obtained
at the same frequency in another gallery at CANMET [10],
we can see that and have smaller values in our
case, probably due to site-specific configuration. Indeed, the
gallery studied in [10] is wider and has more important side
galleries. Zhang et al. [2], [4], with center frequencies of 900
MHz and 1800 MHz, have obtained very short delay spreads
as compared to our results for an empty straight tunnel [4], but
they have obtained even greater delay spreads than our results
when the tunnel was obstructed by a vehicle. They have ob-
tained greater rms delay spread as compared to our results for
five different tunnels (emptied and occupied conditions), some
being straight, others being interconnected or curved [2]. Con-
trary to our results, measurements in [2], [4] for tunnels re-
vealed that higher frequency caused larger rms delay spreads.
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TABLE I
MEAN, STANDARD DEVIATION AND MAXIMUM OF N;T ; T AND T AT 2.4 AND 5.8 GHZ

Fig. 9. Received multipath total power as function of distance at: (a) 2.4 GHz
and (b) 5.8 GHz.

Wall roughness in our case may be the reason for that propa-
gation difference as function of frequency. Our results demon-
strate higher delay spreads in our mine gallery as compared to
the mine studied by Liénard et al. [16] at lower frequencies, even
in obstructed LOS conditions.

B. Received Power Parameters

Fig. 9 illustrates the received multipath total power (rel-
ative to the transmitted power) versus distance, which is the
power sum of all path arrivals for a given impulse response.

The results show that the curvature of the gallery located at
about 17 m from the transmitter does not have a visible effect
on the attenuation of the signal in both frequency bands, with
the attenuation remaining close to the free space value on both
sides of the curvature. Based on a hybrid propagation model
interpretation (defined in [8] for rectilinear mine tunnels), this
area would thus still be within the first Fresnel zone clearance
as is, in this gallery of 3 m maximum width ( m),

Fig. 10. Path loss as function of distance at: (a) at 2.4 GHz and (b) 5.8 GHz.

in the range of 75 m at 2.4 GHz ( m) and 170 m at
5.8 GHz ( m).

However, an abrupt fall in the power of the signal in the 2.4
GHz band was noticed for the two specific transmitter-receiver
spacings of 43 and 44 m. The same phenomenon was noticed
at approximately 70 m, still at 2.4 GHz. This can likely be ex-
plained by multipath destructive combinations resulting from
local gallery topology. On the other hand, a slight increase in the
multipath total power for some receiver locations, at both fre-
quency bands, was recorded between 47 and 53 m. The number
of multipath components varies marginally at these distances
as shown in Fig. 5. This increase is probably a result of the
variation in the phase of the paths induced by the first con-
necting gallery (this gallery is about 7 m deep), possibly im-
plying constructive combinations. This is more visible in the
2.4 GHz band. It should be noted again that these local signal
variations are likely highly site-specific (e.g., with the presence
of connecting side galleries).

Path loss as function of distance is shown in Fig. 10 for
both frequencies. The path loss values for the LOS and NLOS
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TABLE II
MEAN PATH LOSS AT THE REFERENCE DISTANCE, PATH LOSS EXPONENT AND STANDARD DEVIATION OF THE RANDOM VARIABLEX

(NLOS1 and NLOS2 together) areas are evaluated separately.
The received multipath total power in these areas is likely
to fluctuate differently, even if that difference is not obvious
in Fig. 9. Path loss in the channel is normally distributed in
decibels (dB) with a linearly increasing mean and is modeled as

(1)

where is the mean path loss at the reference distance
is the mean path loss referenced to , and

is a zero mean Gaussian random variable expressed in dB.
The mean path loss at and the path loss exponent were
determined through least square regression analysis [24]. The
difference between this fit and the measured data is represented
by the Gaussian random variable . Table II lists the values
obtained for , and (standard deviation of ).

Fig. 10 and Table II show that there is no significant difference
regarding path loss at 2.4 and 5.8 GHz in this mine gallery.
In both cases, by considering all the measurements from 1 m
to 70 m, coverage would be relatively similar, albeit slightly
better at 2.4 GHz. For the LOS area, the 2.4 GHz band yields a
propagation exponent very close to free space (where ),
while the exponent is larger in the 5.8 GHz band, in addition to
a greater path loss fluctuation and a greater mean path loss at .
For the NLOS area however, the path loss exponent is smaller
at 5.8 GHz than at 2.4 GHz with, in addition, a smaller path
loss fluctuation; however the mean path loss at does remain
higher (as expected at a higher frequency).

From measurements at 2.4 GHz in another gallery at
CANMET [10], the path loss exponent was around 2.2 over the
entire length of the gallery for both LOS and NLOS situations
as well as with the impact of adjacent galleries. This result
is comparable to our LOS situation at the same frequency,
although we have obtained a smaller value. However, our
NLOS situation gives a much greater path loss exponent. The
difference in gallery dimensions and configurations play an im-
portant role in these results. In [17], propagation measurements
in a mine tunnel resulted in a path loss exponent of 4.0 in a
straight cave and 8.0 in a curved one. Although they have used
a smaller frequency (1 GHz) this represents roughly twice the
values we have obtained. The particularity of this environment
(LOS and NLOS situations with many side galleries) may
explain this great difference with our results. Zhang et al.
[2], [4], at frequencies of 900 and 1800 MHz, found out that
propagation loss is higher in curved or branched tunnels than in
straight tunnels. This is in concordance with our results (LOS
compared to NLOS). In [2], they have obtained slightly higher
path loss exponents and standard deviations, as compared to
our results. Because their five different tunnels may be emptied,
occupied, straight, interconnected or curved, it may have an
impact on radio wave propagation and degrade received signal

power more than in our mine gallery. Finally, path loss seems
to be more severe in our mine than the one studied by Liénard
et al. [16], perhaps as a result of higher frequencies used in our
case and because of the different mine environments.

IV. WIDEBAND STATISTICAL MODELING

As propagation characteristics specific to such confined en-
vironments with rough surfaces have been observed, a deter-
ministic approach to wideband modeling was developed [13] as
an initial step. However, this approach can be very complex in
capturing the very specific nature of propagation in a confined
gallery with rough surfaces. Its results are also highly site-spe-
cific and dependent upon a large number of environmental pa-
rameters.

This section thus reports on the results of a wideband sta-
tistical modeling approach for channel characterization in un-
derground mines. Statistical modeling is attractive in that it can
quickly and reliably generate simulated impulse responses for a
particular frequency and topography based on accurate models
derived from experimental measurements. As opposed to the
time-consuming process of gathering a huge amount of experi-
mental impulse responses, simulated impulse responses can be
readily available to test new applications for mines such as wire-
less geolocation [26].

Prior to beginning the modeling process, the path loss, which
is superfluous in this specific part of the modeling process, was
removed prior to testing the candidate amplitude distribution
with the experimental impulse responses. However, the path loss
is reinserted during the simulation process in order to reflect the
real propagation environment.

A radio propagation channel can be completely characterized
by its random impulse response as per

(2)

where is the number of multipath components, and
are the random amplitude, arrival-time and phase of the th

path, respectively, and is the delta function. The path arrivals
and amplitudes are modeled in the following sections

by comparing them to some already known distributions fre-
quently used in the literature. The phases are assumed to be,
a priori, statically independent uniform random variables dis-
tributed over .

A. Path Arrival Modeling

The modeling process considers the following distributions
for path arrivals, which are the most commonly used in the lit-
erature [27]: Poisson, modified Poisson, and Weibull. The com-
parison is based upon the probability of having a certain number
of path occurrences since the second time bin, up to the set of all
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Fig. 11. Example of distributions comparison for the number of impulses up
to a fixed time bin number (2.4 GHz, LOS). (a) Probability of path occurrences
from bin #2 up to bin #7, (b) probability of path occurrences from bin #2 up to
bin #10, (c) MMSE obtained from all three distributions compared to experi-
mental results, for all bin numbers.

time bins. The first time bin is not considered because path oc-
currence for that bin is deterministic (always present). As an ex-
ample, Fig. 11(a) and (b) shows the distribution for the number
of path occurrences for the 7th and 10th time bin, respectively,
but a similar distribution is actually obtained for all time bins.
The parameters of each of these distributions are estimated from
experimental measurements, based on minimum mean square
error (MMSE), and results suggest that the modified Poisson
distribution offers the best fit for all areas and both frequencies,
as shown in Fig. 11(c).

In 1987, Saleh et al. [28] added an alternative to the con-
ventional Poisson model after observing that impulses arrive
in clusters in typical indoor environments such as offices. Each
cluster occurs with a certain arrival rate, and each impulse oc-
curs with another arrival rate within each cluster. Since we have
not observed any clustering effect in our impulse responses,
clustering has not been included in our modeling process. This is
likely as a result of the highly random reflection and diffraction
effects caused by the rough wall surfaces of these mine gallery
environments. However, the Modified Poisson distribution, be-
cause of its high flexibility, can be used to model this specific
multipath randomness.

B. Path Amplitude Modeling

The most popular distributions for path amplitude, especially
for indoor environments, are considered as candidate models
[27]: Rayleigh, Rice, Nakagami, Weibull, and lognormal. In
order to estimate the parameters of each candidate distribution
at each time bin, the method of moments is used with the exper-
imental results [29]. A curve-fitting technique is used to obtain
decreasing exponential curves of the form

(3)

for both amplitude average and standard deviation as a function
of time bins, as depicted by the example of Fig. 12. The first
and second fitted moments can be used to approximate the pa-
rameters of the five amplitude distributions for each bin, with

Fig. 12. Example of both normalized amplitude: (a) average and (b) standard
deviation exponential curves (2.4 GHz, LOS).

these two statistical properties. The simulation process is how-
ever required to determine which of these distributions is the
most appropriate to model the channel.

C. Simulation Process

Three steps are needed in order to simulate impulse re-
sponses. First, a set of path arrivals (including all the time bins)
is generated following the Modified Poisson distribution with
its optimal parameters for each bin found during modeling.
Second, five sets of path amplitudes are generated following
the Rayleigh, Rice, Nakagami, Weibull, and lognormal dis-
tributions, with their optimal parameters for each bin found
during modeling. Finally, each of the generated sets of path
arrivals is combined with the sets of path amplitude, resulting
in a simulated impulse response. One could also reinsert the
path loss effect that has been removed prior to path amplitude
modeling.

As the rms delay spread is the main comparison criterion, it
is extracted from both simulated and experimental impulse re-
sponses. The Kolmogorov–Smirnov test is then used to identify
the distribution which best represents the experimental results,
based on this most commonly used propagation characteristic.
An example of this test is presented in Fig. 13.

After comparing a set of 100 simulations to the experimental
results, each simulation including 3000 impulse responses, the
best amplitude distribution for each area of the mine tunnel
and for each frequency is shown in Table III, where the perfor-
mance score of each distribution is reported. The results shown
in Table III clearly suggest that the best amplitude distribution,
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Fig. 13. Example of the Kolmogorov–Smirnov test for the rms delay spread
(2.4 GHz, LOS).

TABLE III
SIMULATIONS MATCH RESULTS IN % BASED ON THE RMS DELAY SPREAD

regardless of frequency, is Rice for a LOS propagation, and
Rayleigh for a NLOS situation. The best distribution for path
arrivals is the Modified Poisson, as mentioned previously.

The most relevant models could provide simulations that
could be used in many upcoming projects that need a large im-
pulse response data base representing the studied mine tunnel.
Further work will seek to compare results of this statistical
modeling approach with those of deterministic modeling.

V. CONCLUSION

This paper has focused on empirical and statistical ap-
proaches to describe the path loss effects and impulse response
structure. This approach lends itself naturally to the use of
channel simulators and emulators. There is relatively little
propagation measurement data openly available for under-
ground environments. It then makes it all the more important
to understand, at least in terms of trends, the impact of various
environmental characteristics when providing parameters for
statistical simulations.

This work is one of only a few that has provided openly avail-
able results dealing with impulse response structure in these un-
derground environments. This structure was found to differ from
the one observed in more conventional indoor environment (e.g.,
offices and corridors) in two respects. First, while path arrivals
in office environments are often characterized by clusters, no
such phenomenon was observed in the mine galleries and the
path arrival process can be described by a single statistical dis-
tribution. Second, while rms delay spread against distance in in-
door corridor environments frequently exhibits correlation with
respect to distance, rms delay spread shows very little correla-
tion with distance in the mine galleries, particularly when the
gallery is narrow. Both these observations are likely the result
of the rough wall surfaces which highly randomize the multi-
path phenomena.

The measurement results have shown that delay spread is
more severe at 2.4 GHz than at 5.8 GHz in this underground en-
vironment, but the coverage is somewhat superior at 2.4 GHz.
A higher data rate could thus be supported when deploying a
relatively simple transceiver (i.e., without exploiting multipath
diversity) using the 5.8 GHz frequency band, as it offers a wider
coherence bandwidth. Results also show that the NLOS area
will only yield a weaker received signal as compared to the
LOS area, with approximately the same delay spread. Thus, with
sufficient transmitted power, the deployment of WLAN access
points would not necessarily need to be done on a LOS basis,
therefore limiting the overall system cost.

It is clear that wireless propagation in underground mine tun-
nels can be a challenge to model accurately in view of the com-
plexity of the environment. As such, further narrowband and
wideband measurement campaigns should be also undertaken
in galleries with different configurations and at different oper-
ating frequencies.
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