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Abstract—In this work, experimental results of the Rician K-
factor and the co-polarization ratio (CPR) are obtained and
discussed from measurements conducted at 40 m CANMET
underground mine gallery with Horn and Omnidirectional an-
tennas with Horizontal (H) and Vertical (V) polarizations. These
results suggest that the VV polarization offers a larger number
of multipath components than the HH polarization, a correlation
coefficient of about (.86 between them, and an average CPR of
about 6 dB. Furthermore, the average value of the Rician K-
factor shows little or no difference between the HH and VV
polarizations. The average CPR value remains around 6 dB. A
correlation coefficient of multipath total power between HH and
VV polarization is also found to be 0.8649.

Index Terms—60 GHz wideband channel measurement, under-
ground mine, polarization, K-factor, co-polarization ratio (CPR).

I. INTRODUCTION

Recently, the 60 GHz unlicensed band received tremendous
interest for future indoor wireless communications due to its
advantageous higher attenuation and frequency reuse factor
[1]-[3]. In this particular 5 mm wavelength, experimental
research interest in underground mine environments is influ-
enced by the effect of multipath phenomena caused by the
reflection, scattering and diffraction of radio wave propagation.
This multipath fading can be modelled by Rician and Rayleigh
distributions [4]. Most commonly used Rician K-factor which
determines how much dominant is the line-of-sight (LOS)
component compared to the other multipath components. In
other words, higher values of the K-factor demonstrate lower
values of multipath amplitudes [4].

Rotational K-factor measurement techniques in home and
office environments at 60 GHz reported in [S5] revealed that
the K-factor lies between 6.35 dB and 15.1 dB with an average
of 9.89 dB. The authors also mentioned that a larger K-factor
indicates higher losses of reflected signal strength caused
by lossy scattering objects. In an aircraft cabin, K-factor
measurement at 2.4 GHz, 3.52 GHz, and 5.8 GHz suggested
values between 8 dB and 12 dB [6]. In an underground mining
environment over a frequency range of 2 to 10 GHz, LOS

measurements revealed an average K-factor value of around
18 dB at transmitter-receiver separation distances between 2
m to 7 m with 1 m steps [7]. It was also mentioned there that
high measured values of the K-factor show a better fit with
the Lognormal distribution and that gallery walls are more
absorbant thereby causing lower multipath signal strength.
Moreover, no correlation has been found between the K-factor
and transmitter-receiver separation distance. Cellular mobile
communication channel measurements with different antenna
polarizations were investigated in [8] to report that co-polar
channel components have the same power on average. Mea-
sured values from 0.86 to 0.96 of the correlation coefficient
of different streets between horizontal and vertical polarization
powers were reported in [9].

However, the K-factor and the the CPR have never been
investigated so far in an underground mine environment at 60
GHz. In this paper, we present and analyze their experimental
measurements.

In section II, we will describe the experimental measure-
ment setup and protocol. In section III, we analyze the K-factor
parameters extracted from the measured data. In section IV, we
investigate the CPR before concluding in Section V.

II. EXPERIMENTAL MEASUREMENT SETUP AND PROTOCOL

In the CANMET experimental mine, we choose a measure-
ment zone at a 40 m level gallery of 5 m both in height
and width. The floor, mostly flat, has large slopes in the
tangent plane and is full of dry dust covered with small rock
particles. The ceilings, especially rougher, are covered with a
metallic net. Gallery walls are mostly rough and have sharp
edges. From the wall roughness measurements, the estimate
roughness (standard deviation) is of 6 cm and the maximum
and the average roughness thickness values are around 37 and
20 cm, respectively [10]. The humidity and the temperature
levels are of 100 percent and 6 degrees, respectively. The 40
m underground mine level is illustrated in Fig.1.

A 60 GHz frequency domain wideband measurement sys-
tem was used to measure the channel impulse responses.
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Fig. 1. Illustrative picture of the 40 m CANMET mine gallery.

A Vector Network Analyzer (ANRITSU MS 4647A) wit

a frequency band ranging from 40 MHz to 70 GHz was
employed. A 30 dB gain for the Power Amplifier (CBM
57653/015-03 CERNEX) and a 4 m cable with 7.86 dB/m loss
at the transmitter, in conjunction with a Low Noise Amplifier
(CBL 57653/055-01 CERNEX) and another 4 m cable at
the receiver, were considered in the setup. A second Low
Noise Amplifier (QuinStar, Serial N11328, Model 001001)
with an 18 dB gain was added to enhance the signal at the
receiver. The bandwidth of the signal was fixed to 2.16 GHz
ranging from 57.24 GHz to 59.4 GHz. The transmitter power
was set to +4 dBm. The system was calibrated with 2000
frequency sweep points with a sample frequency of 1.08 GHz.
Directional and vertically polarized pyramidal horn antennas
with 24 dBi gain and half-power beam width (HPBW) of
around 12° in azimuth and in elevation planes were used.
A vertically polarized Omni directional antenna with 3 dBi
gain and HPBW of 360° in azimuth and —10° to 40° in
elevation directions was used as well. The heights of the
transmitter and the receiver were approximately 1.5 m. An
ideal measurement setup was conducted with an Omni-Horn
(O — H) configuration and horizontal (H) and vertical (V)
polarizations. The polarization of the antenna is changed from
V to H manually by a shift of 90°. A camera tripod and a laser
were used for the measurements of the quasi-static wireless
channel (i.e., no movements of people) in order to have the
accurate position of LOS condition. The data acquisition was
completed by connecting a computer to the VNA via a GPIB
interface. A Velmex table having the capability to translate the
receiver along the x direction by steps of a small fraction of
A/2 was used. A Labview program was employed to control
the whole measurement procedure.

During measurements, the transmitter and receiver were
aligned and the receiver was moved every 40\ along the LOS
condition (i.e. x direction) from 1 m to 7.2 m distance. At
each position, three consecutive measurements were taken,
separated by \/2, with 15 different observation time instances.
Since, far field of the horn and omni directional antenna was
around 1 m, to remove the antenna effect and the system losses
from the channel, data from 1 m measurements have been

25
® vV
* HH
20
(2}
ES
©
S15f
= ° oo
€ 0o
‘s peoO o®e X3 °
> L] eee o ® e o
‘E3100 o0 ®
S © o® (X ] ®0 00 © o0 oo
Z xxexkcxk ° [] [ X XJ oo
* % *K KX * % ® ek
KK K@ K MBI XK XK K K Xk i 00 000 X X000 X0
5 %% % oemekkkXk X MK KADIO @ K ok © He e e kK * %
* K M KKK okl KKK K MKk
* % * * *
KK KHKK *
0 L L L L L |
1.2 2 3 4 5 6 7.21
Distance (m)

Fig. 2. Number of the multipath components.

used.

Using the inverse Fourier transform (IFFT), the time domain
normalized magnitude with 0.46 ns time resolution of the
complex impulse responses was obtained from the recorded
frequency responses using the procedure employed in [11].
Therefore, for a position d, the measured channel impulse
responses h(7; d) have been obtained and calculated the PDPs
P(r;d) = |h(;d)|*. The noise threshold level was then
selected after careful inspection of the maximum access delay
of multipath. Its value was set by a dynamic threshold as
described in [12].

III. K-FACTOR

Rician K-factor characterizes the statistical distribution of
the input signal amplitudes at the receiver (relative strength
of the LOS signal and scattered signal). It can be calculated
from multiple observations of the channel response [5]. Several
methods have been proposed to estimate the K-factor such as
the moment of the signal fading variations over time, space
or frequency, using the I and Q components, or the maximum
likelihood (ML) [7]. The received signal fading can be also
characterized by the Rician probability density function (PDF)
of the random amplitude of x, which is given by

(D

where A is the peak amplitude of the dominant component and
o? is the variance of the multipath components. Io(-) is the
modified Bessel function of order 0. Therefore, the K-factor
is given by

x (22+42) Ax
)= — € 202 ] (—)
p( ) 0_2 0 0-2

2

K(dB) = 10109(2%) dB )

which is defined by the power ratio between the LOS and the
multipath component.

Consequently, in order to find the K-factor values, the
relative signal amplitudes at the receiver at each distance and
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Fig. 3. Kolmogorov-Smirnov test (KST) score with different distributions
of the number of multipath components for (a) the VV and (b) the HH
configurations.

the corresponding number of multipath components have to be
determine. Fig. 2 plots the number of multipath components
in the VV and HH polarization configurations versus the
transmitter-receiver separation distance. The latter suggests
that the VV polarization offers a larger number of multipath
components than the HH polarization. Indeed, the vertically
polarized antenna radiates over 360° in azimuth and from
—10° to 40° in the elevation direction. Results show that
once the transmitter-receiver separation distance increases, the
number of multipath components decreases. Fig. 3 shows
the Kolmogorov-Smirnov test (KST) results for the number of
multipath components to find the best fitted distribution among
Rayleigh, Rice, Nakagami, Weibul, and Lognormal. The latter
suggest that Weibul is the best fitted distribution for both the
VV and HH configurations.

Fig. 4 plots the measured K-factor values in dB versus the
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Fig. 4.
distance.

K-factor values in dB versus the transmitter-receiver separation

transmitter-receiver separation distances. The plots suggests no
correlation between the K-factor and the transmitter-receiver
separation distance. It can be noted that, at 4 m distance
with HH polarization presents lower value of K-factor, which
described that a lower number of multipath components with
a higher amplitude may cause the lower value of K-factor
and the rough surface and gallery curvature might be the
environmental issue.

Fig. 5 shows the Rician distribution fitting results of the
measured K-factor values with the HH and VV polarizations.
The estimated statistical parameters are listed in the Tab. I. The
mean values are almost the same (i.e., around 25 dB where [7]
reported around 18 dB over a frequency range of 2 to 10 GHz)
for both polarization configurations whereas a difference is
found in the standard deviations. Indeed, the HH polarization
results in higher fluctuations of the reflected signal and the
receiver may experience multipath from different angles with
higher amplitudes.

TABLE I
RICIAN DISTRIBUTION FITTING OF K-FACTOR VALUES

L Statistical parameters (dB)
Polarization
A o I o?
\AY 24.68 | 6.44 | 25.54 | 40.05
HH 2492 | 9.52 | 26.83 | 83.53

IV. CO-POLARIZATION RATIO

Parallel and perpendicular polarizations have different re-
flection coefficients and vertical and horizontal polarized
waves are independent of each other. The two co-polar com-
ponents Py and Pppy are independent but related to the
environment and the number of multipath components received
by the receiver. The co-polarization ratio (CPR) is defined as
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Fig. 5. Rician distribution fitting of K-factor results for the (a) VV and (b)
the HH configurations.

P
CPR(dB) = PV—" dB
HH

3)

which characterizes the significant decimal difference between
the vertical and horizontal multipath component amplitudes.
Since, the surface of the environment is rough and since the
roughness values of the floor, the wall, and the ceilings are
different from each other, then the reflected and scattered
multipath total powers are different. The CPR value could be
different at each distance and depends on the antenna, and may
follow linear power degradation versus the transmitter-receiver
separation distance. Due to the rough surface, the CPR values
are related to the gallery curvature.

Fig. 6 shows the CPR value in dB versus the transmitter-
receiver separation distance. Results at 1.2 to 3 m suggest that,
the CPR value remains below 4 dB. However, at 3 to 7 m, the
CPR value increases to about 8 dB on average. In contrast,
the average CPR value remains close to 6 dB.
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Fig. 6. CPR versus the transmitter-receiver separation distance.

Fig. 7 plots the KST results for the measured CPR values
to identify the best fitted distribution, namely the Rician
distribution.
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Fig. 7. Kolmogorov-Smirnov test for the measured CPR values.

The correlation coefficient between Py and Py also
characterizes how strongly they are correlated each other. The
Pearson correlation coefficient r between x and y can be
written [13], [14] as

(x; —2)(ys — Y)
. 4)

(n—1)o,0,

-

K3

Toy =

where x and y are the Py and Pgpg, respectively, n is the
total number of measurements. o, and o, are the standard
deviations of x and y, respectively.

The measured 7, value of 0.8649 satisfied with the outdoor
street experimental results reported in [9].



V. CONCLUSIONS

This paper describes experimental results of the propagation
at 60 GHz for an underground mine gallery at 40 m level
depth and studies the influence of the antenna polarization on
the Rician K-factor. This paper also presented and analyzed
the co-polarization ratio (CPR) between Py and P . Time
dispersion results were extracted and results show that an
omnidirectional antenna polarization generates a larger number
of reflected paths from the rough surface. The measured Rician
K-factor values have found an average of 25 dB for both po-
larizations whereas a higher value of standard deviation found
with the HH polarization. The CPR value remains around 6 dB
and analysed that its value depends on the roughness and the
gallery curvature. Furthermore, high correlation between the
total multipath powers Py and P over both polarizations
was reported. These measurement results and corresponding
statistical parameters can be exploited subsequently to build
quite useful empirical models for an underground mine wire-
less channel in the 60 GHz.
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