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Abstract—This paper presents reflection coefficient measure-
ments in order to analyze the scattering effect of rough walls and
floor on mm-Wave propagation at 60 GHz in an underground
mine. A 60 GHz frequency domain measurement system with
directional antennas is considered. Reflection coefficients are
obtained by individual reflected signals and line of sight (LOS)
signals with a particular reflective angle then compared with
theoretical models. Results suggest a distinguishable reflection
and scattering characteristics between mine wall and floor. In
specular directions, the path loss difference between the LOS and
the reflected signal lies between 11 dB to 18 dB. In both surfaces,
strong reflections on specular directions and scattering on non
specular directions have been observed. Moreover, wall surface
of the mine produces more scattering with strong reflections than
floor surface. These reflection coefficient parameters are useful
to estimate multipath signal strength in channel modelling for
propagation prediction in underground mine.

Index Terms—60 GHz propagation measurements, reflection
coefficients, scattering.

I. INTRODUCTION

In the last few years, the demand of 60 GHz unlicensed band
for Wireless Local Area Network (WLAN) is increasing due to
the high speed (i.e. Gbps) multimedia communication in home
and commercial environments [1]. The special characteristics
of this band, e.g., 57-64 GHz, such as high absorption loss
and less interference during propagation, enable improved
frequency reuse compared to lower-frequency bands. Besides,
in niche markets such as underground mines, automation and
security requirements are further driving to the development of
60 GHz wireless communication systems. To develop WLAN
system with a 5 mm wavelength, however, the characteristics
of propagation reflection and scattering phenomena (e.g., due
to the high roughness of the mine gallery surfaces that may
cause a non-negligible multipath contribution) must be inves-
tigated. Indeed, reflection coefficients are key to the design a
scattering channel model in an underground mine with rough
surfaces.

To the best of our knowledge, only few experimental inves-
tigations of reflection characteristics of interior and exterior
homes and office buildings at different frequencies have been
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published [2]-[8]. Earliest experimental study of reflection,
scattering and transmission characteristics of building ma-
terials at 60 GHz by Langen er al. [6] demonstrated the
measurement procedures and exhibited power dependent scat-
tering of building materials. Also noted that, depending on
the reflection profile shapes, either Fresnel model or the mul-
tiple reflection model can be proposed. Another measurement
campaign has been conducted in an office building by Sato et
al. [5] at 60 GHz frequency and results have been compared
with multilayer dielectric models. Measurements of common
flooring materials have been carried out in [4] to analyse the
frequency dependencies on the reflection coefficients of the
materials. Recently, Zhao et al. [3] reported measurements
of outdoor mm-Wave cellular communications at 28 GHz
in New York city and found that outdoor building materials
are more reflective (reflection coefficient of 0.896 for tinted
glass at 10° incident angle) than indoor ones. Moreover, it
was reported in [7] and [8] that, multipath reflections from
buildings caused at least 15 dB additional pathloss over line
of sight signals against 15 to 20 dB in office environments.
Some works with the wireless channel characterization at 60
GHz in underground mine has been done in [9], however,
no experimental investigation of the reflection coefficients
for propagation in underground mines has been reported so
far. The objective of this paper is to study of the scattering
phenomena of the mine floor and the wall surfaces relative to
the reflection coefficients.

This paper is structured as follows: in Section II, different
reflection and scattering models are introduced. Experimental
setup and the measurement campaign are exposed in section
III. Section IV presents the measurement results and analysis.
Finally conclusions are given in Section V.

II. REFLECTION MODELS

Since the underground mine surface is rough and the wave-
length (\) is 5 mm, a single reflection or multiple reflections
can be present during interaction of electromagnetic (EM)
wave to the mine surface. A schematic illustration of the
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Fig. 1. Rough surface reflection geometry.

multiple reflections, e.g. refers as scattering geometry, is given
in Fig 1, where 6; is the incident angle and 6, is the specular
reflected angle.

A. Fresnel Model

The Fresnel reflection coefficients (I') for smooth surfaces
provide only the specular reflections. They are related to the
material properties, which depend on the incident angle (6,),
the polarization (vertical, horizontal) and the frequency defined

as [2], [10]
12 cos 8 — mp cos b;

P =
I 72 cos 6y + 11 cos b;

12 cos 6; — ny cos Oy

6]

FL= 12 cos 6; + 1y cos 0,

The E-field component that is parallel to the plane of incidence
which has vertical polarization of an antenna refers as parallel
reflection coefficient (I')), whereas the E-field which is perpen-
dicular to the incident plane has horizontal polarization of an
antenna and is defined as perpendicular reflection coefficient
(I" ). The wave impedances (7)1,2) and the transmitted wave
angle (0;) are expressed in [2].

B. Gaussian rough surface scattering Model

The rough surface produces diffuse reflection, in which
incident energy is distributed over the specular direction as
described in [10], [11]. Giving the critical height (h.) of
the surface, the dependency on the surface roughness can
be defined by the Rayleigh criterion as h. = A/(8cos0;).
When the height (h) of a given rough surface is defined as the
minimum to maximum surface protuberance, as shown in Fig.
1, it is considered smooth if h < h,. and rough if A > h.. In
the considered underground mine, / is used to be greater than
1 cm which implies a environment with rough surface. Then,
the scattering loss factor (ps) [2] with the standard deviation
of surface heights (o) will be given by

wopcos 0; 2
ps = exp | —8 — (2

C. Modified Gaussian rough surface scattering Model

The scattering loss factor p; is reported in [10] as modified
Gaussian rough surface scattering loss factor given by

wopcos 0; 2 wopcos 0; ?
Psm = €xp | —8 — Iy |8 — 3)

where Ij(z) is the modified Bessel function of zero™ order.

D. Kirchhoff scattering Model

Beckmann and Spizzichino derive an analytical description
of the electromagnetic field scattered from a rough surface [11]
with the assumption of a Gaussian height distribution. Such
surface is characterized by its 0y, and surface correlation length
T. Knowing the angles 61, 62 and 03, the average scattering
coefficient is given, for a roughness factor g equal or less than
1, by

—e 9. (p? o
Pr=¢ (p0+ A Zm!me '

TT2F? ~ g™ T
4)

Where A = [, x 1, is the surface area. The values of [, and [,
of the scattering surface have to be chosen large compared to
the values of \ and 7T'. p3 describes the scattering in specular
direction and the second term of (4) is defined as the diffuse
scattering. Other parameters of (4) are described in [11]. The
Rayleigh roughness factor g is an indicator for the relative
surface roughness at a given wavelength, which is given as

g = k?c7(cos(61) + cos(fz))? ®)

It has to be noted that the value of o}, 1" and )\ are related to
each other through (4) and (5). If o}, is low and 7T is high, then
the value of g will be less than or equal to 1 which produces
specular reflections.

The Gaussian rough surface scattering model, modified
Gaussian rough surface and Kirchhoff scattering model are
defined when ps, psm and pg are used to modify the Fresnel
reflection coefficients, given by

{FHaFJ_}rough = {ps7psmapk} . {FH7FJ_} (6)

ITII. EXPERIMENTAL SETUP AND PROCEDURE

A measurement campaign in a static condition, has been
carried out at 70 m level in the CANMET mine located in Val
d’Or, Quebec. The 70 m gallery, which is narrow in dimension,
has a height of 3.5 m and width of 3 m. Digital photographs
of measurement campaigns of the floor and the wall of that
gallery are shown in Figs. 2 and 3. The measurement point
of the reflection coefficient on the floor was mostly covered
with small rock tiles (dimension was approximately less than
1 cm and the form like crystal and round) and was wetted,
covered with mud and mostly flatted. For the wall, which was
entirely less wetted with rough surface in which the rock shape
form consists like plates with large heights (average 20 cm)
and sharp edges. The gallery was dusty and the humidity was
around 100 percent. The temperature was between 6° C and 7°
C. Large machinery noise caused by the air ventilation system
was also observed in the gallery.

A. Setup

In order to find channel impulse responses, a 60 GHz fre-
quency domain wideband measurement system setup has been
used. A Vector Network Analyzer (ANRITSU MS 4647A)
with a frequency band ranging from 40 MHz to 70 GHz
has been employed. Gain of 30 dB for the Power Amplifier
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Fig. 3. Reflection measurement champaign of the wall.

(CBM 57653/015-03 CERNEX), in conjunction with Low
Noise Amplifier (CBL 57653/055-01 CERNEX) have been
considered. A second Low Noise Amplifier (QuinStar, Serial
N11328, Model 001001) has been added, with a gain of 18
dB, to enhance the signal. Directional horn antennas with 24
dBi and half-power beam width (HPBW) of around 12° in
azimuth and in elevation planes were used for the transmitter
(Tx) and the receiver (Rx). The frequency range has been
selected from the IEEE Standard 802.15.3c which considers
a central frequency channel between 57.24 GHz to 59.4
GHz. The transmit power was set at 4 dBm. For the setup
configurations, the system noise floor was -107 dBm. The
system calibration was done with 2000 sweep points for the
whole bandwidth of 2.16 GHz with a spacing of 1.08 MHz. In
order to have accurate and fixed position for the transmitter and
the reflection points, a pointing laser with a camera tripod was
used. Transmitter and receiver heights were around 1.42 m.
The data acquisition was completed by connecting a computer
to the VNA via a GPIB interface. A Labview program was
employed to control the whole measurement procedure.

B. Procedure

A measurement procedure was carried out to find reflection
characteristics in a particular reflected angle. The reflection
profile has been measured with a defined test area of the
underground mine floor and wall using two step processes,
as depicted in Figs. 4 and 5. For a particular incident angle,
the first step consisted of recording the frequency response of
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Fig. 4. Illustration of the Line of sight signal measurement procedure.
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Fig. 5. Illustration of the reflected signal measurement procedure.

the line of sight (LOS) signal as shown in Fig. 4. Secondly,
the frequency response of the reflected signal (REF) from the
surface point was recorded as shown in Fig 5, in which Rx
remained fixed and the Tx moved from 0° to 75° with a step of
15° keeping the distance (D + Ds) constant. Dy and D5 are
the distances between Tx and the surface point and between
the surface point to Rx, respectively. In order to make a far
field region of the horn antennas, Tx and Rx were set with
a separation of at 1 m. For the floor measurements, Rx was
fixed with a wood at an angle of 60° and the Tx was vertically
moved. For the wall measurements, the Rx remained fixed at
45° angle and the Tx was moved horizontally, and Tx and Rx
were placed 1 m away from the wall. Tx and Rx positions
and incident angles were assumed to be fairly accurate during
measurements due to mechanical and automatic movement
apparatus constraints. Physical distances D1, D2 and Drpg
were measured from the site in order to verify with recorded
propagation delays.

IV. MEASUREMENT RESULTS

Measurements were performed for perpendicular (horizontal
antenna polarization) and parallel (vertical antenna polariza-
tion) polarizations for the floor and wall surfaces. For each
incident angle, an average of 10 LOS and 10 REF channel
impulse responses have been recorded. For the post processing
of the measured data, LOS and reflected channel impulse
responses are shifted by 1 m reference measurement delay,
samples for perpendicular polarization for the wall surface are
given in Figs. 6 and 7. Fig. 6 shows a delay of 0.46 ns for LOS
measurement at 0° and a delay of 3.2 ns at 45°. The delay of
reflected signal with all incident angles remains almost fixed
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Fig. 6. Channel impulse response of LOS signal for the wall surface.

-4

x 10
---6=0
% REF measured delay = 7.4 ns _ei=45
St REF calculated delay = 8 ns ]
%
€
<
0 = . < o — e T, —
0 10 20 30 40 50

Delay (ns)

Fig. 7. Channel impulse response of REF signal for the wall surface.

TABLE 1
COMPARISON OF REFLECTION COEFFICIENTS OF WALL AND FLOOR.

Ty Ty |
Surface

Fresnel | Measured | Fresnel | Measured
Wall (6; = 45°) 0.247 0.1267 0.536 0.2445
Floor (6; = 60°) 0.155 0.1389 0.691 0.2656

Note: ¢, o for the floor (limestone [2]) and the wall (Granite [6])
are assumed as 7.51, 0.03 S/m and 5.5, 0.215 S/m, respectively.

values between 7.4 ns to 7.8 ns. LOS and REF delays were
compared with calculated physical delays and agreed fairly.
Moreover, those delays are being used to calculate measured
distances Dj, Do and Dyog to find |T'|. Fig. 7 shows the
maximum amplitude that has been obtained at 45° compare
to 0°, since the incident and reflected angles corresponded
to the specular direction at 45°. Pathloss has been calculated
from equation 7, where N is the value of the sweep points and
H(f) is the average (i.e., 10 snap shots) transfer function of
the channel.

2

1
PL(dB) = —10log, [N Z ‘H(fz) @)
i—1

Each measured reflection coefficient was obtained by using (8)
with the associated measured received power (P.(dBm) =
P.(dBm) — PL(dB)) and values of Dy, Dy and Dyos.

Dy+D, [P
{|oy |, Ly = 2L =2 JoTREE (8)
Dros Prros

Table I gives the predicted Fresnel reflection coefficients with
the measured values. Measured values exhibited additional
losses of reflected signals from the wall and the floor compared
to smooth surfaces. It is useful to point out that the average
pathloss difference between LOS and reflected signals for the

TABLE 11
PATHLOSS DIFFERENCE VALUES OF WALL AND FLOOR IN DB.

PL(|Ty|) PL(T".])
Min | Max | Min | Max
Wall 18 23 13 21
Floor 16 22 11 26
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Fig. 8. Measured reflection coefficients for the wall surface.
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Fig. 9. Measured reflection coefficients for the floor surface.

wall and for the floor is found to be around 19 dB and the
maximum and minimum values of the pathloss differences are
listed in table II. The measured values of D and D5 and PL
differences at each 6;, have significant impact on reflection
coefficient measurements. For example, in case of |[' | of the
wall surface, the D + Do value lies between around 2.08 m
to 2.5 m, if PL difference is low at a particular #; and the
|T'| value will experience higher value. Figs. 8 and 9 show the
measured reflection coefficients for perpendicular and parallel
polarization for wall and floor surfaces with different incident
angles of 6;, respectively. According to the surface height
measurements of the wall surface (large scale range, i.e.,
1.5m x 5m area) with 10 cm grid spacing, the o, and T
were found to be 6 cm and 84 cm, respectively [12]. The
wall surface consists of a bunch of tilted rock plates (with
maximum heights much higher than the wavelength) and sharp
rock edges. However, in small scale area (50 mm x 50 mm), it
is assumed that the wall surface consists of tangent planes with
a roughness less than A\ and a correlation length much greater
than \. This may produce strong reflections (specular) as well
as strong scattered (non specular) signals. Measurement results
show high fluctuations of the reflection coefficient and strong
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Fig. 10. Predicted reflection coefficients for the wall surface.

reflections. With zero oy, the |T'| is independent of the A. In the
considered environment, the wall surface has a o}, exhibiting
reflection coefficients that are functions of the A. According to
Kirchhoff theory, if T' > A, the reflections will be in specular
directions. If 7" > )\, more diffuse components will be produce
across specular directions. If the value of o}, is constant at a
particular incident angle in a given area, either it has 7" > A
or T' > ), the maximum amplitude of reflection coefficients
remains constant. Fig. 10 shows the predicted |T'| for the
considered surface material (i.e. granite) of the wall with
0; = 45° and T' = 10, considering the roughness between 0
to 50 mm. According to the predicted reflection coefficients
and the measured scattering limit (between maximum and
minimum value) of the wall, the appropriate scattering model
can be chosen for the wall surface.

On the other hand, the floor was mostly flat and filled with
mud containing small rocks. By considering a small scale
area (b0 mm x 50 mm), it may also assumed that, o, is less
than A\ and the value of 7' is higher than the wall surface
height. Measurement results show strong reflections mostly
in specular directions and low scattering in non specular ones.
Less variability of |I'| compared to the wall has been observed
due to the fact of lossy surface (which absorbs power), and
its structural characteristics and higher correlation length of
surface heights. Since the measured scattering limit of |I|
for the floor (with both polarizations) in specular and non
specular directions is between 0.0591 to 0.2656 (as shown in
Fig 9), it can be modelled with one of the scattering models
used for the wall as shown in Fig. 10. Girders and pipes may
have significant scattering effect on the propagation, since the
directional antennas have 12° HPBW, however, no effect has
been observed during the measurements because they were
outside the propagation area.

V. CONCLUSION

In this paper, the reflection coefficients in an underground
mine wall and floor surfaces have been measured and intended

to find possible scattering models. According to the results,
specular reflections of the wall and floor are strong and scat-
tering phenomena has been found in non specular directions.
This scattering phenomena exhibits to choose an available
appropriate scattering model for the mine surface. Moreover,
a wall surface of the mine is more reflective and scattered
than lossy floor surface. The results can be used for scattered
channel modelling purpose. Further investigations may be
carried out to determine the reflection coefficients associated
with mine floors, walls and ceilings into different frequencies
and different areas and make a statistical distribution.
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