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RÉSUMÉ

Depuis plus d’une décennie, les applications du système de communication sans fil sont exigeantes
et augmentent rapidement pour fournir des services multimédias au public. De nos jours, la re-
cherche se concentre sur la conception de communication sans fil à haute vitesse (i.e., 1 Gbps) en
particulier dans des zones denses telles que des salles de conférence, des centres commerciaux,
des stades et des lieux d’événements publics ouverts. Des réseaux locaux sans fil (WLAN) et des
réseaux cellulaires utilisent des hauts potentiels pour réussir les haut débit de données en utilisant
différentes technologies de pointe telles que la coexistence entre l’évaluation à long terme non au-
torisé (LTE-U) et les canaux Wi-Fi. En outre, la faisabilité d’utiliser le spectre à haute fréquence
(i.e,> 6 GHz), une couche physique à 60 GHz pour les réseaux denses sont mis en évidence lorsque
des liens de communication à courte distance (par exemple, <10 m) sont nécessaires aussi bien dans
WLAN (i.e, WiGig) et le réseau cellulaire (i.e, 5G petite cellule). Cependant, les applications à 60
GHz se dirigent vers la communication sans fil souterraine pour une meilleure géolocalisation, les
applications haute définition (HD) de streaming vidéo dans une galerie plus grande longueur (i.e,
> 100 m) en raison de sa capacité de formation de faisceau et de plus grande capacité. Pour aider
le concepteur du système, il est nécessaire de connaître les informations de propagation du canal
sans fil diffusé puisque le plancher de la galerie, le plafond et le mur ont différentes rugosités (i.e.,
> 5 mm). Cette thèse présente les résultats de la caractérisation du canal sans fil et la modélisation
statistique à 60 GHz d’une mine souterraine à CANMET ayant des galeries dont la profondeur va-
rie entre 40 m et 70 m. Depuis plus d’une décennie, les applications du système de communication
sans fil sont exigeantes et augmentent rapidement pour fournir des services multimédias au public.
Les résultats montrent que l’écart angulaire de la propagation par trajets multiples est inversement
proportionnel à la distance entre l’émetteur et le récepteur. Un phénomène de dispersion solide
est également observé dans le canal en observant l’angle de propagation des différents trajets. Des
polarisations horizontales (H) et verticales (V) ont été utilisées puisque les diagrammes de rayon-
nement sont différents et peuvent fournir des comportements de dispersion temporelle différents.
Les résultats montrent que l’antenne à polarisation verticale fournit un plus grand nombre de trajets
multiples par rapport à polarisation horizontale et une valeur plus élevée de moyenne quadratique
(RMS) par rapport à une horizontale. Par ailleurs, les mesures du coefficient de réflexion ont été
effectuées pour étudier l’effet de dispersion de la surface rugueuse. Étant donné qu’aucun effet de
regroupement sur le canal multitrajets n’a été observé, une approche de modélisation statistique a
été considérée en tenant compte des différents trajets parcourus et leur amplitude. Par insertion des
paramètres de hauteur de la surface de mesure, les modèles de diffusion connus ont également été
analysées pour permettre la mise en œuvre d’une approche de modélisation du canal dispersif.
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ABSTRACT

More than a decade, there is a surge in demand and development of wireless communication system
applications to deliver multimedia services. Nowadays the research is focused on the design of high
speed (i.e., 1 Gbps) wireless system particularly in dense areas such as conference room, shopping
mall, stadium and open public events. Wireless local area network (WLAN) and cellular network
are making high potential approaches to fulfill high data rate by using different advanced technolo-
gies such as coexistence between Long Term Evaluation Unlicensed (LTE-U) and Wi-Fi wireless
channels. Moreover, the feasibility to use high-frequency spectrum (i.e., > 6 GHz), a physical layer
research at 60 GHz for dense networks are highlighted where short-distance communication links
(i.e., < 10 m) are required both in WLAN (i.e., WiGig) and cellular network (i.e., 5G small cell).
However, the applications of 60 GHz bands is driven into underground wireless communication
for higher precision geolocation, a High Definition (HD) video streaming applications in a larger
gallery length (i.e., > 100 m) due to its beamforming capability and higher capacity. To assist the
system designer, it is necessary to know the scattered wireless channel propagation information
since the gallery floor, ceiling and walls consist of the different magnitude of the roughness (i.e., >
5 mm). This thesis presents the results of wireless channel characterization and statistical modeling
at 60 GHz where the measurements were carried out in CANMET underground mine (40 m and
70 m gallery depths). Several measurements were conducted with different antenna configurations
and polarizations. Results show that angular and temporal dispersion are proportional to the mine
gallery dimensions. Results also show that the angular spread of the multipath is inversely pro-
portional to the transmitter receiver separation distance. A strong scattering phenomenon is also
observed in the channel by observing multipath angle of arrivals. The use of Horizontal (H) and
vertical (V) polarizations were performed due to its different radiation pattern can provide a differ-
ent temporal dispersion behavior. The results show that a vertically polarized antenna provides a
lower value of path loss exponent and a higher value of root mean square (RMS) delay spread com-
pared to a horizontal one. Since no clustering effect was observed, a statistical modeling approach
with the multipath arrivals and amplitudes was considered. In addition, the reflection coefficient
measurements were conducted to investigate the scattering effect from the rough surface. By in-
serting measured surface height parameters, the known scattering models were also analyzed to
have an idea to implement a modeling approach of the scattered channel.
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CHAPTER 1 INTRODUCTION

1.1 Basic overview

Wireless communication systems at 60 GHz are new wireless gigabit transmission phenomena for
short range multimedia communication [1]. Due to the low data rate and the interference problems,
the lower frequency bands do not allow the degree of freedom to design a high-speed wireless com-
munication system for short-range distances. In the underground mine environment, the use of 60
GHz band is important due to its 5 mm wavelength, large bandwidth, possibility of frequency reuse
and large scale path loss [2]. A wireless communication system designed for this wavelength is ex-
tremely dependent on the propagation channel, environment and angle of arrival of the multipath.
The roughness of the underground mine surface that produces scattering is a dominant factor in the
system design perspective. The objective of the thesis is to study the characteristics of the scattered
propagation channel at 60 GHz in an underground mine and in order to provide channel modeling
tools for propagation prediction.

1.1.1 Research problem

Wireless channel measurements and modeling at 60 GHz are of interest for communication resear-
chers, particularly in an underground mine environment. During the last few years, 60 GHz radio
frequency (RF) modules are being developed in industries and research centers, but not yet been
commercialized so far for all environments application perspectives. The challenges involved for
the channel characterization in the experimental mine (i.e., CANMET) are summarized below :

Measurement campaigns
Measurement campaign procedure at 5 mm wavelength at 40 m and 70 m mine gallery due
to the existence of a some roughness of the gallery floor.

Investigation of scattering effect
Measurement champaign and investigation of the scattering phenomenon and establishing a
scattered channel modeling approach.

Investigation of polarization effect with different antennas
Investigation of the effect of a wireless multipath channel with different antennas (such as
directional and omnidirectional) and different polarizations.

Investigation of multipath angle of arrivals
Investigation of angular dispersion measurements, and the characterisation of the multipath
arrivals and the analysis of the scattering existence.
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Statistical modeling of the channel
Investigation of the statistical modeling complexities due to the differential results of the
number of multipath, multipath arrivals and amplitudes (due to the use of antenna polariza-
tions and lower number of multipath).

The challenges are to study the scattering and polarization effects on the scattered channel
which could provide different radio propagation behavior as compared to the smooth sur-
face due to the different dimensions of the galleries and different roughness magnitudes of
the wall, floor and ceiling of the surface. The scattered wave (coherent and incoherent field
components), both in specular and non-specular direction, results in the extreme time va-
riations and unpredictability. Therefore, the scattering and polarization investigations could
provide a new research aspect of the feasibility to use dual or single polarized antennas. In
general, 60 GHz dual antenna polarized antenna may offer an advantage in this particular
environment since the polarization may change due to roughness. Hence, wireless propa-
gation phenomena such as reflection, diffraction, and scattering make major contributions
at this small wavelength in which the phase shifts by 180 degrees for every 2.5 mm in the
propagation direction. Therefore, in an underground mine, for communication system design
perspective at 5 mm wavelength, the physical phenomena of scattering, angular dependen-
cies of the multipath profile and wireless channel behavior with different antennas and with
different polarizations are required to be investigate in order to find a scattered channel mo-
deling approach. As a summary, the flow chart of the research problem is illustrated in Fig.
1.1.

Scattered Channel

 Angular spread, 
 Antenna polarizations,
 Scattering and reflection 

coefficients

Scattered channel 
modeling approach

Figure 1.1 Flow chart of the research problem.

1.1.2 Objective of the research

Scattered wireless channel characterization and modeling at 60 GHz provide a contribution on
wireless communication system design in underground mine environment in which system designer
will be informed particularly the channel information with different antennas and polarizations. Fig.
1.2 shows the generalized flowchart of the research objective.
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Rough surface

Directional and 
Omnidirectional 

antennas

Scattering

Polarization

Underground mine

Characterization

Modeling

Figure 1.2 General objective of the research.

1.1.2.1 Specific objectives

To characterize and model the scattered channel, the following specific objectives are given below :
– Perform 60 GHz channel measurements in an underground mine.
– Characterize 60 GHz channel with different antennas and polarizations.
– Estimate the angular spreads and characterize the multipath angular dependencies.
– Estimate the reflection coefficients of the mine surface and include it into the scattering modeling

approach.
– Develop a statistical channel model.
– Analyze the experimental results and make a conclusion and propagate new research issues.
In contrast, the flowchart of the research objectives is illustrated in Fig. 1.3.

1.1.2.2 Scientific hypotheses

– Hypothesis 1 : Different antenna polarizations will provide the feasibility to use of dual or single
polarized antenna and polarization diversity. The use of different antennas, such as directional
and omnidirectional, will provide the feasibility of beamforming in underground mine.

– Hypothesis 2 : Statistical channel model will provide a concept of channel modeling approach in
underground mine.

– Hypothesis 3 : Scattering and reflection coefficients measurement results will provide an estima-
ted scattered wireless channel information.

1.1.3 Research methodology

1.1.3.1 Channel measurements-PHASE I

– Setup : A Vector Network Analyzer (VNA) for wideband measurements in underground mine
was used to perform the measurements. A 3D movable table was used in the mine gallery to have
accurate measurements with 5 mm wavelength for the antenna rotation and grid movement for
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Measurement 
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Wireless Channel
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Multipath arrival 
and amplitude 

Models

Comparison 

Figure 1.3 Specific objective of the research.

the large scale and small scale measurements.
– Procedure : The objective of the measurements is to have the Power Delay Profile (PDP) accor-

ding to different transmitter receiver separation distances.
– Validation : The channel parameters were extracted from the measurement results and compared

with previous works.

1.1.3.2 Channel characterization and modeling-PHASE II

– Characterization : The fundamental idea in this approach was to extract scattered channel statis-
tical parameters such as path loss exponent, delay spread, angular spread and reflection coeffi-
cients.

– Modeling : Considered statistical modeling approach in order to generate impulse responses of
the channel is based on scattered path arrival and amplitudes. Reflection and scattering coefficient
results could perform an integration into a deterministic modelling approach.

1.1.3.3 Polarization and scattering analysis-PHASE III

– Polarization issue : Polarization is a property of EM waves that describes the orientation of
electric field E and magnetic intensity H in space and time. In order to find the polarization impact
on the scattered channel, channel information with different antenna polarizations are required.



5

The reflection coefficients are different since E field component is parallel and perpendicular to
the plane of incidence for vertical and horizontal polarization of the antennas, respectively.

– Scattering issues : The scattering from the rough surfaces on a specular and non specular reflec-
tions were considered as the impact of scattering on the channel. Scattering coefficients were
estimated by known scattering models based on the reflection coefficient measurement results.
Particularly, Kirchhoff scattering approach were considered with a single ray concept for the
floor and the wall of the gallery.

1.1.4 Contribution based on state of the art

Concerning the public demand at present and future, 60 GHz wireless communication promises
potential contribution for home and particularly confined environments such as underground mine
where the high-speed data transfer over the wireless channel is about the main concern. Among
other major applications of the 60 GHz, HD video streaming and remotely controlling of heavy
vehicles are highly elevated. These applications can contribute to wireless communication system
design for the underground mining industry. This is to note that the difference between home and
underground mine is the rough surface and narrower passages of the gallery.

The core contribution of the thesis is to characterize (such as power distance relationship and mul-
tipath delay spread) the 60 GHz channel based on the measurements of different underground mine
gallery depth levels in large (less than 10 m) and 3D small scale (10mm3) cases. Polarization effect
due to the use of different antenna polarizations is highlighted as the first-degree contribution of this
thesis. Scattering effect based on reflection coefficient measurements and angular discrepancies of
multipath arrivals is considered as the second-degree contribution of the thesis. Simulation of im-
pulse responses of the channel based on the statistical parameters of the measurement results and
comparison between different amplitude distributions by curve fitting techniques are considered as
a third-degree contribution of the thesis.

Therefore, the contributions compared with other works are given below :
– Use of different CANMET mine galleries.
– Use of directional and omnidirectional antennas.
– Use of 3D small scale (10 mm3) measurements.
– Use of vertical and horizontal antenna polarizations.
– Scattering and reflection coefficients measurements.
– Angle of arrival measurements.
– Statistical channel model with vertical and horizontal antenna polarizations.

Thesis keywords : 60 GHz wireless channel measurements, angle of arrivals, antenna polariza-
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tions, scattering and reflection coefficients and statistical modeling.

1.2 Short summary of results

Measurements have been carried out in CANMET underground mine at both 40 m and 70 m gallery
depths.

The summary of the large scale measurement results : The results of the two levels show that the
larger gallery dimension provides higher root mean square (RMS) delay spread values. Waveguide
effect is mostly dominant with vertically polarized antennas in both galleries. Directional antenna
with vertical polarization provides higher number of multipath than horizontal polarizations. For
statistical model, multipath arrivals and amplitudes of each time index are best fitted for modified
Poisson and lognormal distributions, respectively.

The summary of the small scale measurement results : 3D (5 m×5 m×5 m) Measurement results
show that the small scale fading ranges from 1 to 2 dB and 3 to 5 dB for Horn - Horn and Horn
- Omni antenna configurations, respectively. Results of the Horn - Horn configuration yield lower
values of RMS delay spread than those of the Horn - Omni or Omni - Horn antenna configurations.
70 m gallery is more time disperse than 40 m gallery. Rician distribution is fitted with small scale
fading.

The summary of the scattering measurement results : Surface roughness measurements show that
the maximum, mean and standard deviation of the wall heights are 37.5 cm, 20.5 cm, and 6.0658
cm, respectively. The correlation length of the heights is found to be 84 cm. The scattered power
loss in not insignificant and originated around the specular direction from wall and floor surface.
Based on these results a channel modeling approach is initiated with known Kirchhoff scattering
Approximation.

The summary of the polarization measurement results : In the considered mine environment,
the surface walls, floor, and ceiling have different values of roughness. The results show that the
use of different antenna polarizations has a direct impact on the radio propagation channel due
to antenna radiation pattern. Moreover, the VV (transmitter as vertical and receiver as vertical)
antenna polarization configuration offers a larger number of multipath components than the HH
(transmitter as horizontal and receiver as horizontal) one. A correlation coefficient between VV
and HH is found to be about 0.86, and an average co-polarization ratio (CPR) of about 6 dB. The
average value of the Rician K-factor shows little difference between the HH and VV polarizations
but higher standard deviation is observed with VV than HH.

The summary of the angle of arrival measurement results : The angle of arrival measurement
results are in the azimuth directions and show that a higher gallery dimension provides a higher
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value of angular spread. The angular spread value lies around 14.3◦ (3.2 m - 4 m) at 70 m and
34.75◦(3 m), and 12◦ (4 m) at 40 m gallery. Estimated multipath shape factor values do not severely
change within a short distance (3.2 m to 4.4 m). A simulation scenario (with smooth surface) of 70
m gallery is compared with measurements (rough surface). Based on multipath angular dispersion
the comparison results show that the scattering exists with 5 mm wavelength.

1.3 Structure of the thesis

The Thesis is organized as follows : Chapter 2 presents the state of the art of the thesis. Chapter 3
describes measurement setup and protocols. Chapter 4 provides the reflection and scattering coef-
ficients measurement results, analysis, and modeling approaches. Chapter 5 provides the channel
characterization with different antenna polarizations. Chapter 6 discusses angular dispersion mea-
surement results. Chapter 7 provides statistical modeling of the channel. Finally, chapter 8 consists
of the conclusion of the thesis, the future work and an analysis of the extension of a possible future
work based on LTE-U and Wi-Fi channel coexistence measurement results.
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CHAPTER 2 STATE OF THE ART

Wireless Local Area Network (WLAN) standards IEEE 802.11a and 802.11b provide the connec-
tivity in indoor and outdoor environments. The speed of the wireless system is relatively low about
54 Mbps at 5 GHz and 11 Mbps at 2.4 GHz for 802.11a and 802.11b, respectively and does not
satisfy the current public demand. IEEE 803.11g is introduced with the maximum data rate of 54
Mbps. Later in 2009, with maximum single channel data rate of 100 Mbps, the 802.11n standard
with MIMO technology is introduced to carry with 4 physically separated transmitter and receiver
antennas.

In recent decades, wireless systems at 60 GHz was planned to be used in a wide variety of applica-
tions including the establishment of access networks. In the spectrum of millimeter wave, however,
the band around 60 GHz has major advantages, especially regarding unlicensed regulations and
allocation of frequencies. In Europe, European Radiocommunications Board (ERO) proposes to
reserve the band 59-62 GHz for WLAN applications. In the US, the 59-64 GHz band can be used
for mobile applications without having a license. In Japan, a band from 59 GHz to 66 GHz is avai-
lable for general wireless applications with or without a license. The first prototype of WLAN at
60 GHz was conducted in Japan in 2000 with a gross rate of 51.84 Mbps [3].

Since last decade, millimeter wave communication systems appear as a promising solution for new
types WLAN and cellular networks. A significant amount of theoretical and experimental studies in
millimeter wave frequency band have been conducted on wireless channel characteristics and mo-
deling in confined environments such as underground mines and tunnels. An outdoor propagation
measurement campaign at 28 GHz has been conducted in New York City to find a channel model
as reported in [4]. Proposed statistical model for the large scale parameters between 28 GHz and
73 GHz are compared in [5]. Frequency spectrum, such as 28 GHz, 38 GHz, 60 GHz, 70 GHz, 80
GHz and 90 GHz are providing tremendous research opportunities for future cellular and WLAN
communications.

There is a possibility to use cmWave and mmWave combined with cellular, WLAN, Internet of
things (IoT) network as illustrated in Fig. 2.1. Transferring those frequency bands into confined
environments such as railway tunnels and underground mines is creating a new research domain,
particularly in wireless channel propagation.
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Figure 2.1 An example of cmWave and mmWave networks.
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2.1 Technological advantages at 60 GHz frequency

2.1.1 Ease to reuse frequencies due to the high signal attenuation

The signal attenuation due to free space path loss (PL) propagation at distance d is given by [6] :

PL(d) [dB] = 10 log10
Pt
Pr

= −10 log10

[
GtGrλ

2

4π2d2

]
(2.1)

The description of equation 2.1 is defined in [6] and noted that the free space propagation loss is 20
dB / decade (20 dB loss for 10 m transmitter receiver separation distance) with 5 mm wavelength.
Moreover, due to oxygen (O2) absorption, the signals at 60 GHz is attenuated more than 12 dB /
Km in addition with the free space [7] as shown in Fig. 2.2 and the O2 absorption at 60 GHz at 7
m is around 20 dBm. The Fig. 2.2 gives an idea to investigate if there is any theoretical observation
of additional losses at 60 GHz due to O2 and H2O in underground mine environment where 100%
humidity exists. The additional oxygen absorption loss along with the free space loss reduce the
range of 60 GHz communication systems and reduces the interference for a condensed network
compared with range of lower frequencies. So, it permits the reuse of the spectrum and thus a
better use of resources. This is to note that the path loss due to water vapour (wv) can be calculated
as Lwv(dB) = V (dB/Km) × d (Km) [7] where V is the absorption value due to water vapour
and d is the distance. With 42% of humidity, a temperature of 20◦C and a vapour concentration 7.5
g/m3, the water vapour absorption is 0.1869 dB/Km. With 100% humidity and 20◦C temperature,
the vapour concentration is found to be 12.85 g/m3. Thus, the water vapour absorption is calculated
as 0.42 dB/Km which is negligible for a short range distance (<10 m). The temperature with 6◦C
also makes negligible signal attenuation at 60 GHz. The penetration losses with brick and concrete
walls are > 20 dB [7] which may have an advantages for small cell deployment.

2.1.2 Minimize the electronic circuits package size

The size of the components (antennas, RF circuitry lines) is directly related to the wavelength of
operation of the circuit. Circuits operating at 5 mm wavelength which reduces the size of the system
design.

2.1.3 High data rates

The capacity is related to the system bandwidth according to Shannon [8] given by the following
equation

C = W log2(1 + SNR) (2.2)
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Figure 2.2 Signal attenuation caused by oxygen and water vapour (T=20◦C. water content = 7.5
g/m3)

where C is the capacity, W is the bandwidth, SNR is the received signal to noise ratio. Since the 60
GHz technology uses high system bandwidth (i.e., around 2 GHz), a high data rate with a reasonable
SNR is guaranteed.

2.2 60 GHz standards

IEEE 802.15.3c
The task group 3 (TG3) of IEEE 802.15 was mandated to develop a high rate (>20 Mbps)
wireless personal area networks (WPAN) in 2003. Three different physical layer specifica-
tions have been defined in 2009 [9] ; a single carrier (SC) mode, a high speed interface (HSI)
mode and an audio/visual (AV) mode. The SC and HSI modes use phase shift keying (PSK)
or quadrature amplitude modulation (QAM) where AV mode uses orthogonal frequency di-
vision multiplexing (OFDM). The SC/HSI modes are considered for lower power battery
operated equipment such as phone, camera, etc. whereas AV mode better deals with mul-
tipath distortion which can offer greater coverage. However, IEEE 802.15.3c standard with
SC is aimed at Gbps data transfer over a few meters in 2009 [1]. The IEEE 802.15.3c radio
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channel assignments are shown in Table 2.1.

Table 2.1 IEEE 802.15.3c RF channel assignment.

Channel Start frequency Center frequency Stop Frequency

1 57.240 GHz 58.320 GHz 59.400 GHz

2 59.400 GHz 60.480 GHz 61.560 GHz

3 61.560 GHz 62.640 GHz 63.720 GHz

4 63.720 GHz 64.800 GHz 65.880 GHz

WirelessHD
WirelessHD was founded to promote a specification for consumer electronics for short range
(10 m) high definition multimedia data transmission over an ad-hoc network at 60 GHz fre-
quency band. In April 2010, the standard specified a physical layer capable of 7.138 Gbps
and enhanced by using 4x4 spatial multiplexing techniques to reach a 28.552 Gbps [1, 10].

ECMA-387
The first edition of the ECMA-387 high rate 60 GHz PHY, MAC and HDMI PAL standard
for short-range unlicensed communications was published in December 2008 and the second
edition in 2010. Based on the complexity and power consumption, three types of devices
(i.e. Type A, Type B and Type C) were specified. Type A represented the most complex and
power-hungry device type, intended to deliver video/data even without LOS by employing a
beamforming technique. Type B represented moderate complexity and power consumption
devices and designed to deliver video/data in LOS without using beamforming. Finally, Type
C devices are the least complex and have the lowest power consumption, and has been desi-
gned for data delivery over the very short range (less than 1 meter). The ECMA-387 defines
four radio channels with a separation of 2.160 GHz [11].

Wireless Gigabit Alliance / WiGig
In 2009, the wireless Gigabit Alliance was aimed to develop specifications for audio/video
and data transmission for personal computers, consumer electronics, and mobile industries
in 60 GHz frequency band [12].

IEEE 802.11.ad
Task group ad (Tad) of IEEE 802.11 developed a standard for wireless local area network
(WLAN) based on the modification of 802.11 MAC and PHY layer to enable their operation
at 60 GHz frequency band. WiGig defined a short range (1 m - 10 m) wireless data transfer
at a data rate up to 6.75 Gbps over an ad-hoc network. LOS to NLOS switching operation
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is using beam steering techniques for higher data rate. In 2012, the final specification was
published [13]. More information is provided in Appendix D.

2.3 60 GHz applications in indoor and outdoor

Radio at 60 GHz has technological advantages to provide a high speed data service than the lower
frequencies. Some applications such as uncompressed high definition (HD), video streaming, synch
and go file transfer and wireless gaming [14] have been discussed in various standards and industry
alliances. Uncompressed video streaming is emerging as one of the most attractive application [1].
The 60 GHz indoor/outdoor applications are given below :

1. Wireless Display
– Projection in conference room, auditorium etc.
– In-room gaming.
– Streaming from camcorder.
– Professional HDTV.

2. Distribution of HD video
– Video streaming around the home.
– Large vehicle applications (e.g. airplane, ferry).
– Wireless networking for office.
– Remote medical assistance.

3. Rapid upload/download
– Rapid file transfer/sync.
– Downloading movie content to mobile device.
– Police surveillance data transfer.

4. Backhaul
– Mesh backhaul
– Point-to-point backhaul

5. Outdoor
– Real time video communication in stadium.
– Public safety.

2.4 60 GHz applications in Underground Mine

Nowadays, the short range wireless communication offers huge possibilities to provide seamless
multimedia services. Recently, the 60 GHz band has generated significant interest because of ex-
pected high data rates (i.e. > 1 Gbps) for short range communications in indoor environments [15].
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Consequently, the utility of wireless communication is essential requisite particularly for safety and
productivity in an underground mine [16, 17]. Along with the multimedia (Voice, Video, and data)
service, wireless communication is used for geolocalization of miners and equipment, real-time
portable video monitoring, speedy rescue operation of trapped miners under debris in this parti-
cular environment. For instance, a vehicular wireless communication system could provide, data
communication between a central server and mobile vehicles, as well as vehicle to vehicle coope-
rative communication solutions when an accident or disaster is a concern. Along with the use of
well-known TTE (Through The Earth) systems for vehicle tracking, monitoring, and controlling
in the mining industry, other systems such as Radio-Frequency IDentification (RFID), Zigbee wi-
reless systems, the Wireless Sensor Network (WSN), and Wi-Fi systems are also convenient for
these purposes. Possible vehicular location tracking solutions could be implemented with a chip or
tags implemented in miners bodies or installed in moving machines [18]. The use of the Internet
of Things (IoT) and aerial drones is also a possible future application for a faster wireless safety
system. However, the lower frequency bands are not enough to provide a large amount of multi-
media services to a dense network in a larger gallery length. The Tri-band (2.4 GHz, 5.8 GHz and
60 GHz) solutions however could provide a reliable wireless system to fulfill the mining industry
requirements. Therefore, it is important to find a suitable frequency for the required services in-
cluding the optimum attenuation, lower interference, and high accuracy of geolocation in a dense
network, which will help to design a scalable wireless communication device for underground mi-
ning environment.

At the 60 GHz band, the features such as low interference, unlicensed spectrum, larger bandwidth,
low-cost, smaller chip scale package size, phase array and beamforming capability could possibly
fulfil many of the mining industries demands, particularly for a dense mesh network in a larger
tunnel length (i.e., > 100 m), where a compatible high speed (i.e., > 1 Gbps) wireless system is
necessary. In this kind of hazardous confined environment a 60 GHz band is most suitable, for a
network with small cell mobile backhaul to be used, and for applications such as video monito-
ring, remote control of vehicles, real-time mobile 3-D mapping and creating virtual environments,
cooperative robotic system for remote operation of mineral extraction, etc. Particularly, a 60 GHz
band could improve scalability and extension of future cooperative robotic system development for
vehicular applications.

High camera resolution requires high-speed data transmission that may be possible with high band-
width. The frequency window around 60 GHz band can also play an important role since it has
unlicensed 7 GHz bandwidth. High camera resolution images can also be useful for extracting mi-
neral examination by using advanced image processing techniques. On the other hand, since short
distances are involved, a 60 GHz system uses low power consumption, which is an advantage in
underground mine tunnels, since the deployment of the power supply is a complicated process. On
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the other hand, low-cost and low-power 60 GHz phased array small cell technology is of interest
for mobile backhaul particularly in this confined environment.

However, the 60 GHz band suffers from dispersion, absorption, scattering, and attenuation due to
its 5 mm wavelength, and the heterogeneous and complex structure of the mine surface creates
further complication in terms of radio propagation.

2.5 Wireless propagation phenomena

In wireless communication, the radio channel can be described as a multipath propagation channel
where signals reach the receiver antenna by two or more paths [7]. The propagation of radio waves
is generally described with three basic mechanisms, such as reflection, diffraction, and scattering of
electromagnetic waves from various objects in the propagation environment. Propagation models
are particularly based on the physics of reflection, scattering, and diffraction. These three propaga-
tion mechanisms of electromagnetic waves are shown in Fig. 2.3 corresponding to the underground
mine rough surface. At 60 GHz, the wavelength is 5 mm, and thus any object of the rough surface
larger than 5 mm can be considered as a flat surface. Since surface roughness is irregular, three pro-
pagation phenomena can perform randomly, since within a small scale area (< 1 cm2) the object
could be larger than λ or lower than the λ or larger than λ with sharp edges, but it is expected to
have mostly scattering. Therefore, due to surface roughness a single reflection, multiple reflections
and diffractions as well as scattering can be present during the interaction of an electromagnetic
(EM) wave on the mine surface.

λ = 0.5cm λ = 0.5cm 
λ = 0.5cm 

Re�ection Di�raction Scattering

Rough surface

Figure 2.3 Reflection, diffraction and scattering.

Reflection
Reflection occurs when an electromagnetic wave interacts on a large dimension of an object
compared to the wavelength. It can change the direction according to the Fresnel reflection
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law. It also depends on the permittivity, permeability, conductivity as well as the incident
angle. Reflection can be modeled using the Geometrical Optics (GO) theory. The Fresnel
reflection coefficients (Γ) for smooth surfaces provide only the specular reflections which is
related to the material properties, incident angle (θi), polarization (vertical, horizontal) of the
wave and the frequency as defined in [6, 19].

Diffraction
Diffraction appears when any obstacle comes between transmitter and receiver during elec-
tromagnetic wave propagation. Basically it happens when a radio wave interacts sharp ir-
regularities (edges) of a dense obstacle with large dimensions compared to the propagated
wavelength shown in Fig. 2.3. As a result, diffracted waves arise in any possible direction
from the surface. It is possible that the diffracted waves bend around the obstacle and pro-
vide an almost artificial LOS between transmitter and receiver [7]. Diffraction phenomenon
particularly depends on the geometry of the surface object, incident angle, amplitude, phase
as well as the polarization of the incident wave. Diffraction can be modeled using the Geo-
metrical Theory of Diffraction (GTD) or the Uniform Theory of Diffraction (UTD) [6].

Scattering
Scattering is the most important phenomenon, particularly at high frequency wave propaga-
tion environments. It happens when the object dimensions are small compared to the wave-
length and where the number of obstacles per unit volume is large. In other words, scattering
is an interaction between an electromagnetic wave and an arbitrarily shaped obstacle. Lar-
ger than the wavelength and regularly shaped objects can be demonstrated using reflection
and diffraction approximations, and only smaller than the wavelength and irregularly shaped
objects cause scattering [6]. During scattering, the incident energy is distributed in all angu-
lar directions in coherent and incoherent ways and it is difficult to compute those directions
using deterministic ray optical theories.

2.6 State of the art of wireless channel characterization and model

Prior to design a wireless system and predict its capacity, it is required to have the channel charac-
terization and modeling. Multiple radio waves usually travel over different paths in the propagation
medium due to reflection, diffraction and scattering phenomena in different directions, delays and
amplitudes. This is indeed called multipath propagation and the channel is the multipath channel.
If the surface is rough enough to scatter, the reflected, scattered and diffracted paths may be added
constructively or destructively at the receiver which provides signal power variations.

Multipath channel characterization and modeling perform major contribution for any wireless sys-
tem design [1, 14, 20]. Radio wave propagation, particularly in an underground mine is very com-
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plex in nature and diverse in practice, which makes it an interesting research problem especially
at 5 mm wavelength. It is required to have a realistic channel model in order to properly capture
the key channel effects and to have a simple model. A radio channel model can provide particu-
lar information of RF propagation and also allows to examine and theoretically predict the system
performance without having further experiments.

In the context of the 60 GHz channel, wideband (i.e., around 2 GHz bandwidth) systems are consi-
dered in general. Directional antenna concepts are usually used for this kind of design. Moreover,
the polarization and scattering effects are challenging to investigate the channel characterization
in a practical point of view as the scattering makes multipath arrivals in different directions at the
receiver and the polarization of the signal at the receiver depends on the material properties, the
incident angles and the geometry of the object which performs scattered wave.

There are different modeling approaches reported in the literature. Reflection from the floor, wall
and obstacle, and diffraction around the corner of the furniture are major constraints to simplify a
channel model. In general, there are two categories of modeling, namely deterministic and stochas-
tic models [1, 14]. Deterministic model approaches can be further divided into subgroups such as
empirical (based on measurement) approach and ray tracing approach. The empirical approach is
partially acceptable due to its simplicity. The ray tracing approach is based on ray optical theory and
usually considered for indoor but it is usually complex and computationally expensive for confined
environments [1, 14].

Stochastic Modeling is the most popular approach in the channel modeling community. Compared
to the deterministic modeling, stochastic modeling has lower complexity and can provide suffi-
ciently accurate channel information. Stochastic models are derived based on the measurements
collected in an array of locations with a small fraction of grid points within the environment. To
provide a statistical representation of the channel, associated statistical channel parameters are used
to generate the channel impulse response (CIR) [1, 14].

2.6.1 Background study

In wireless communication system design, the mathematical demonstration that characterize the
propagation channel, is necessary. Characterization and modeling of a channel can be studied by
a time invariant system illustrated in Fig. 2.4 for single input and single output communication
system which consists of single antenna at the transmitter and single antenna at the receiver and
additive noise. This noise can be thermal noise, impulsive noise, multiple access interference and
can be ignored for simplicity. The received signal, y(t) is the convolution of the transmitted signal
x(t) and the channel impulse response h(t) and can be written as y(t) = x(t) ∗ h(t). In a linear
time invariant system, the convolution of the transmitted signal with the channel can be written as
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a product in the frequency domain (using Fourier transformation), Y (f) = X(f)H(f).

Channel
h(t) 

Transmitted signal 
X(t)

Received signal 
y(t)

Noise 
n(t)

Figure 2.4 Block diagram of a channel model.

For linear time variant system (frequency dispersion - mobility and signal amplitude fluctuation -
fading) the following input-output relationship can be used by using the Inverse Fourier Transform
of Y (f) [7] :

y(t) =
∫ +∞

−∞
X(f)H(f, t)exp(j2πft)df (2.3)

Generally, the channel transfer function, H(·) is a function of frequency, time and distance. If a
signal is transmitted through a linear time-varying channel, the received signal as a function of
time (t) and space (d) can be expressed as [7] :

y(t, d) =
∫ +∞

−∞
h(τ, d, t)x(t− τ)dτ (2.4)

where τ is the multipath delay. During multipath propagation, the total electromagnetic field is the
summation of direct and multipath components. Each multipath component can be characterized
by its amplitude, phase and time of arrival (TOA). Therefore, for a finite bandwidth and discrete
time variant channel, the impulse response in a specific position can be written as

h(τ, d, t) =
N∑
i=1

ai(t, d)ejθi(t,d)δ{τ − τi(t, d)} (2.5)

where N is the number of multipath components, ai, θi and τi are the ith time variant amplitude,
phase and path delay, respectively.

2.6.2 Related underground mine measurements

Some studies led by the LRTCS-UQAT, located in Val-d’Or, have been performed in order to de-
sign and improve mining industry wireless communications systems. For more than a decade, a
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former gold mine named CANMET, which is now an experimental mine, has been used for several
measurement campaigns for wireless channel characterization. This mine environment, different
from the indoor environment (e.g., office, corridor), is affected by multiple reflections, scattering,
and diffraction due to surface roughness and narrow passages [21, 22, 23, 24, 25].

So far, experiment with different frequencies and galleries have been performed in CANMET and
the results are listed in Table 2.2. Comparative results of this research show that as the operating
frequency increases and as the antenna half-power beamwidth (HPBW) decreases, a lower value of
RMS delay spread is obtained. The values of the path-loss exponents are found to be around 2. The
value of τrms particularly depends on the antenna HPBW, the topology of the experiment, gallery
curvature, and operating wavelength as well as the Tx - Rx distance.

In addition, measurements with a heavy vehicle between the Tx and Rx with inside and outside
of the 40 m gallery have been carried out in a frequency range between 2 GHz and 6 GHz and
reported in [26]. The results showed that the path loss exponent is found to be approximately 2.23
and 1.96 when a scoop vehicle was inside and outside of the gallery, respectively. Furthermore, the
average values of RMS delay spread inside and outside of the mine were found to be approximately
5.02 ns and 3.85 ns, respectively [26]. Therefore, for vehicle to vehicle communication application
in underground mine, with the above scenarios, measurements with 60 GHz frequency can be
performed to characterize the channel.

Experimental work carried out in different mines and tunnels were reported in [27, 28, 29, 30].
Emslie et al. [28] compared theoretical and measured results in a coal mine at 200-4000 MHz and
noted that the increase of signal loss was caused by surface roughness and the tilt of tunnel walls.

2.6.3 Related 60 GHz indoor measurements with and without use of different antenna po-
larizations

Several experimental works on indoor environments using 60 GHz band listed in [1], particularly
in [2] and [39] reported a path loss exponent of less than 2 with fading between 0.14 and 2.14
dB. Moreover, a 1 ns RMS delay spread has been achieved with a fan-pen antenna configuration.
Channel fading and dispersion effects are also well defined by Geng [40], where the obtained
path loss component is less than the free space value, due to the waveguide effect in an indoor
environment.

Su Khiong Yong noted that polarization changes with respect to the reflection and incident angles
as well as the surface roughness [1]. Zhao et al. [41] noted co- and cross-polarization patterns of
the antennas and multipath propagation which could change the polarization states (from vertical
to horizontal and vice versa) are the main reason for signal depolarization. No obvious difference
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Table 2.2 CANMET underground mine experimental results in Line of Sight (LOS).

Reference Gallery (m) fc (GHz) BW (GHz) Atx Arx Tx - Rx (m) Atg Arg n τrms (ns)

[21] 40 2.4 0.2 Omni Omni ∼ 70 0 0 2.16 15-37

[31] 40 2.4 0.1 2x2 Omni 2x2 Omni ∼ 26 2.5 2.5 1.76 3.23

[24] 40 2.4 0.1 2x2 Patch 2x2 Patch ∼ 25 6-9 6-9 1.73 N/A

[32] 40 2.45 0.2 4x4 Patch 4x4 Patch ∼ 30 7 7 1.29 1.38

[33] 40 5.8 0.2 2x2 Patch 2x2 Patch ∼ 11 12 12 2.1 N/A

[34] 40 6.6 7 2x2 Patch 2x2 Patch ∼ 10 12 12 1.42 N/A

[35] 40 60.5 7 2x2 Patch 2x2 Patch ∼ 10 10 10 1.48 7.65

[36] 40 60.5 7 2x2 Patch 2x2 Patch ∼ 10 24 24 1.36 1.85

[37] 70 2.4 0.2 Omni Omni ∼ 23 0 0 2.04 6.31

[38] 70 3.5 3 Omni Omni ∼ 15 0 0 1.47 11.8

[22] 70 5.8 0.2 Omni Omni ∼ 22 0 0 2.22 5.11

[37] 70 5.8 0.2 Omni Omni ∼ 23 0 0 2.22 6.14

[23] 70 6.5 7 Horn Horn ∼ 10 6-14 6-14 2 2.09

[23] 70 6.5 7 Omni Horn ∼ 10 1 6-14 1.99 7.79

[23] 70 6.5 7 Omni Omni ∼ 10 1 1 2.11 9.74

[37] 70 60 2 Horn Horn ∼ 6 20 20 1.68 2.41

Note : n is the path loss exponent. τrms is the mean RMS delay spread. Atx and Arx are the
transmitter (Tx) and receiver (Rx) antennas, respectively. Atg and Arg are the Tx and Rx antenna
gains in dBi, respectively. Tx - Rx is the maximum transmitter receiver separation distance.

between vertically and horizontally polarized received power at 5.3 and 61.7 GHz in LOS corridor
has been obtained, but a significant difference found in NLOS [41].

Measurement results show that, in LOS, the directional circularly polarized antennas reduce RMS
delay spread compared to the omnidirectional and the directional linearly polarized antennas. In
LOS environments, the received signal is dominated by the LOS component, which is not depo-
larized. Conversely, in hallway corners, reception is primarily due to reflection, diffraction, and
scattering, which depolarizes the transmitted signal and high RMS delay spread is observed [42].

The performance of 60 GHz wireless communications in the library, hallway, and residential envi-
ronments, using circular polarization, gave a better result in terms of bit error rate (BER) due to a
reduction of the multipath effect than linear polarization [43]. Measurement results show that the
number of strong reflection waves depends on the polarization type (i.e., horizontal and vertical).
Moreover, the received cross-polarized signal power is found to be small but not negligible [44].
Antenna imperfections such as channel XPD (Cross Polarization Discrimination) and polarization
mismatch are interference for polarization diversity or dual polarization transmission system. The
Angle of Arrival (AoA) of the strong reflected waves depends on the polarization type due to the
variation of the reflection coefficient with different polarizations [44]. Manabe [45] found that the



21

RMS delay spread for circular polarization is about half of the one obtained with linear polarization
in an indoor environment. He also showed that its value with horizontal polarization (H) is slightly
lower than with vertical (V) polarization. However, the IEEE 802.15.3c Task Group demonstrated
in 2009 that the mismatch of polarization characteristics of transmitting and receiving antennas can
result in large degradation of the received power by 10-20 dB [46]. Similarly, Zhao et al. [41] noted
that vertical polarization applied in the transceiver gives higher received power in the shadowing
region compared to horizontal polarization.

2.6.4 Related antenna polarization measurements in underground mine

A very significant amount of theoretical and experimental studies has been made on the polarization
effect in underground mine and tunnels. Cawley et al. [47] defined that different polarizations have
different coupling losses, attenuations and bend losses. Zhang et al. [48] also analyzed different
polarization losses at 900 MHz.

So, polarization characteristics are very important for 60 GHz WLAN systems and need to be
properly addressed in the channel model. In the case of an underground mine environment, this
channel characteristic is obvious due to surface roughness and narrow passage galleries, and the
receiver may experience different dominant power with different polarizations.

The polarimetric measurements and channel characterizations are motivated by the Co (HH and
VV) polarization radiation patterns of the antennas and the different magnitude of the floor, wall
and ceiling roughness. Polarization can also be changed by the rough surface specially with rock
walls. Thus, an underground mine rough walls can change polarization type and the new polarized
signal can not be received at the single polarized antenna at the receiver which tends to decrease
the capacity of the WLAN system. Therefore, polarization characteristics based on wave propa-
gation in different gallery dimensions could be an interesting topic in underground mine wireless
communication research.

2.7 State of the art of scattering analysis

Scattering phenomena due to the high roughness of mine surface may cause a non-negligible scat-
tered multipath contribution at the receiver. Standard theoretical scattering models available in li-
terature based on different techniques such as Kirchhoff Model consists of the Geometrical Optics
Model, Physical Optics Model by using ray optics to estimate the electric field on a surface and the
Small Perturbation Model is dominated by the coherent component of scattering [49]. The scatte-
ring patterns for a Kirchhoff model surface are dominated by the diffuse components. The small
perturbation approximation requires small standard deviation of heights and correlation length with
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respects to the wavelength. Therefore, based on the explanation and validation of models, Kirch-
hoff scattering model is suitable for a very rough surface, whereas Physical Optics Model is mostly
considered for average roughness and small perturbation approximation is well suited for small
roughness. A suitable analytical approach of Kirchhoff scattering approximation commonly found
in the literature is widely used for scattering analysis [50]. Non specular, specular and diffused
scattering analysis and measurement at THz frequency are reported in [51, 52, 53, 54]. The mul-
tiplication of the reflection coefficients (derived from the Fresnel equations) with the Rayleigh
roughness factor is considered as the extension of the Kirchhoff theory of scattering [50]. This
theory is thoroughly implemented in THz communication for home environment [51]. Also, backs-
cattering measurement procedure and measured reflected signal from building in urban areas have
been analyzed at 4 GHz frequency and have been found that the reflected energy is between 20
to 30 dB higher than the diffused scattered energy [55]. This is to note that the diffused energy is
particularly depends with the wavelength.

2.8 State of the art of scattering analysis based on reflection coefficients

So far, few experimental investigations of reflection characteristics of interior and exterior of homes
and office buildings at different frequencies have been published [56, 57, 58, 59, 60, 61, 62]. Earliest
experimental study of reflection, scattering and transmission characteristics of building materials
at 60 GHz by Langen et al. [60] demonstrated the measurement procedures and exhibited power
dependent scattering of building materials. The authors also noted that, depending on the reflection
profile shapes, either Fresnel model or the multiple reflection model can be proposed. Another mea-
surement campaign was conducted in an office building by Sato et al. [59] at 60 GHz frequency and
results have been compared with multilayer dielectric models. Measurements of common flooring
materials is carried out in [58] to analyse the frequency dependencies on the reflection coefficients
of the materials. Recently, Zhao et al. [57] 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 [61] and [62] 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, however, no experimental investigation of the reflection coefficients for propagation in un-
derground mines has been reported so far. The objective in this issue is to study of the scattering
phenomena of the mine floor and the wall surfaces relative to the reflection coefficients.
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2.9 State of the art of angular spread analysis

Some experiments of angle of arrival (AoA) have been reported in the literature for indoor [44, 63,
64, 65] and outdoor [66, 67] environments. Hao et al. [68] reported that multipath comes along the
LOS direction in the hallway and the angular spread is smaller than that of the rooms. Moreover,
it is mentioned that, by increasing the distance along the hallway, the angular spread increases due
to more multipath coming from different directions. Higher angular constriction results were also
observed for close distances in the hallway. Spencer et al. [69] observed uniform distribution of
angular arrivals of a cluster and showed that the multipath arrivals within a cluster have a Laplacian
distribution having standard deviations of angular spread of 22◦ to 26◦. Plattner [70] showed also
that the multipath reflections follow a geometric law to estimate the delay spread in an indoor
environment. Loni et al [71] noted that the angular spread values for indoor environments are
higher than those for outdoor environments showing that multipath comes from multiple directions
in an indoor environment. In addition, the AoA shape factors in an indoor environment relate to a
specific area and correlation between the environment and the multipath channel structure as shown
in [72].

2.10 State of the art of channel modeling

Propagation characteristics in underground mine and tunnels are site specific and depend on the
employed frequency band. Recent surveys of wireless communications and propagation modeling
in underground mines and tunnels have been reported in [27, 73, 74]. Several channel modeling
approaches such as numerical methods for Maxwell equation, wave guide and ray approach are
reported in [48, 75, 76, 77, 78, 79, 80, 81, 82]. A theoretical and a ray optical theory have been
developed by Ndoh et al. [76] and Fono et al. [77], respectively as for deterministic modeling to
characterize the CANMET underground mine channel. Prediction of amplitude, arrival time and
the RMS delay spread were modelled both in narrow band and wide band cases using the theoreti-
cal ray optical method in [48]. As in open literature, waveguide approach gives analytical solution
for smooth walls and ceiling. Since the surface roughness of the underground mine is higher than
the wavelength, and the gallery walls contain metallic pipes, nets, arches preventing collapse and
various kinds of objects mounted on the walls and ceiling, ray tracing approach might not be appro-
priate since large number of reflected, diffracted and scattered rays and higher computational time.
As referenced in literature, radio wave propagation modeling approaches using electromagnetic
theory for rectangular, circular, semi circular tunnels might be useful. Using ray frustum technique
and Fast Fourier Transform (FFT), a temporal millimeter wave propagation model for tunnels is
reported in [83]. However, the problem can be partially solved for the best fitted approach so far
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by using a hybrid modeling approach or empirical based statistical model for multipath simulation.
The statistical model can be obtained by using the performance of multipath arrivals and amplitudes
[22].

2.11 Measurement approaches

In order to characterize the underground mine channel at 60 GHz frequency, measurement ap-
proaches can be used to obtain the channel impulse responses [84]. The first approach is to transmit
a series of very short periodic RF pulses and measure the impulse response of the channel on the re-
ceiver. The second approach is for wideband measurement using the principles of spread-spectrum
technology and it is based on the pseudorandom bit sequences as direct-sequence spread-spectrum
(DSSS) communications. The impulse response of the channel can be obtained by correlating the
received signal with a replica of the pseudorandom sequence. The third approach is based on fre-
quency domain measurement technique using a vector network analyzer which sweeps the channel
with equal increments frequency samples and measures the similar number of complex samples of
the frequency response H(f). Given the availability of a network analyzer operating up to 70 GHz
in LRTCS laboratory, it was decided to use the frequency domain measurement technique to obtain
the channel impulse response.

The propagation channel in underground mine is a time variant due to environmental effects and
narrower gallery dimensions. The duration of the measurement is proportional to the number of
frequency samples. For several GHz band measurements, the duration of the measurement is of the
order of few seconds. A Vector Network Analyzer (VNA) was used to record transmission scatte-
ring parameters. During the channel measurement, port 1 of VNA was connected to the transmitting
antenna and port 2 was connected to the receiving antenna. The S21 parameter represents the entire
system transfer function (H(f)) including the measuring equipment and the channel being measu-
red.

2.11.1 Large scale (< 10 m at 60 GHz) measurement approach

Large scale channel characterization consists of path loss (PL) and fading of the channel. PL is
defined as the ratio of the received signal power to the transmitted signal power, which describes the
attenuation of the mean power as a function of distance travelled. PL is necessary for the link budget
analysis and network planning in order to ensure the targeted coverage. The distance power loss
coefficient at 60 GHz is approximately 22 dB in office environment as reported by ITU [1, 85]. It is
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known that the path loss can be modeled as a function of distance using the following relationship

PLdB = 10log10(d0) + 10nlog10(d/d0) + δσ [dB] (2.6)

where 10log10(d0) is the PL at the reference distance d0 in dB and n is the PL exponent. δσ is the
Gaussian random variable in dB with standard deviation σ.

PL at 60 GHz also has additional losses due to oxygen absorption and rain attenuation, but negli-
gible for the short range radio link. It makes a promising candidate for indoor rather than outdoor
applications. Large scale fading signifies the average signal power variations over an area due to the
constructive and destructive behavior of the multipath, particularly in an underground mine where
dynamic multipath behaviour exists [1, 86]. Therefore, a large scale measurement approach was
conducted and presented in Chapter 5.

2.11.2 Small scale (1 cm3) measurement approach

Small-scale fading is caused by the multipath signals that arrive at the receiver with random phases
that add constructively or destructively within a small scale area compared of a grid separated
by a half of the operating wavelength. To investigate the rapid changes in signal amplitude over
a smaller distance (less than 10 wavelengths), a 3D measurement approach was conducted. The
channel parameters such as mean delay and root mean square delay spread are demonstrated in
[86, 87] and more explanations are in Chapter 5.

2.11.3 Scattering measurement approach

Since the objects on the rough surface in the underground mine are smaller than the 5 mm wave-
length, scattering phenomenon occurs during wave propagation. To analyze the effect of scattering,
a measurement approach was conducted and presented in Chapter 4. Extraction of the statistical
parameters and comparison with the known Kirchhoff scattering approximation are presented. Mo-
reover, to investigate scattering behavior, reflection coefficient measurements were carried out and
extracted parameters are compared with available scattering models.

2.11.4 Angular dispersion measurement approach

To characterize the scattering phenomenon and angular spread of multipath in the underground
mine, an angle of arrival measurement approach was conducted and presented in Chapter 6. The
measurement results provide an idea of multipath angular spreads. The multipath shape factor is
analyzed which characterizes the scattered channel and provides more relative information regar-
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ding the transmitter receiver link lobes. The analysis of the results could help to understand the
feasibility of beamforming technology in the underground mine.

2.11.5 Antenna polarization measurement approach

The use of polarization concept has gained attention in wireless communication. Measurements
with different antenna polarizations (VV, HH) were considered to investigate for this particular
multipath environment where different roughness and different gallery dimension exhibit an impact
on the scattered channel. Moreover, antenna radiation patterns can have an effect on the scattered
channel.

2.12 Difference between other CANMET 60 GHz experimental works

The 60 GHz previous experimental results performed in CANMET underground mine galleries are
listed in Table 2.3. In this thesis, wireless scattered channel experiments, with different antenna
polarizations, provide the use to determine whether dual or single and which type of polarization
those would be best suited to use of polarization diversity. Different antenna configurations contri-
bute to the decision to use directional or Omnidirectional antenna in underground mine galleries. A
combination of gallery dimensions, antenna configurations, and polarizations, as well as 3D small
scale experiments, provide more information on channel characteristics compared to other works.
Particularly, the advantage of AoA experimental work is to have information of angular spread and
angular dependencies of multipath arrivals on the scattered channel. Different gallery depths with
different antenna configurations in conjunction with different antenna polarization experiments pro-
vide much more channel information for statistical modeling.

Table 2.3 Difference between other CANMET 60 GHz experimental works with this work

Ref. Gallery depths Polarization A n τ lrms 3D τ srms AoA S Model
[35] 40 m × × X X × × × ×
[88] 70 m × × X X × × × ×
[37] 70 m × × X X × × × ×
This work 40 m, 70 m X X X X X X X X

Note : n is the path loss exponent. A is the antenna configurations (i.e, Horn - Horn, Horn - Omni
etc.). S is the scattering experiments. The τ lrms and τ srms are the large scale and the small scale RMS
delay spread, respectively.
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2.13 Summary and benefits of the thesis

Based on this research work the following list is given as for the benefits of the thesis, in other
words, what kind of information will be available.
– Which antenna configuration is useful for underground mine environment.
– Which antenna polarization is useful to design antenna in underground mine environment.
– What could be the expected antenna beamwidth.
– What are the temporal and angular dispersion characteristics to help wireless system designer.
– An idea of having statistical modeling of scattered channel.
– An idea of having high frequency wireless channel coexistence based on practical LTE-U and

WiFi channel sharing experiment.
Therefore, measurement approaches have been carried out in CANMET experimental mine in order
to investigate the scattering, polarization effect those are described later in this thesis. The motiva-
tion is to do in-depth research in this area. However, 60 GHz channel characteristics and modeling
in underground mine based on scattering and polarization effect is not yet carried out and published
according to the open access literature review.
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CHAPTER 3 MEASUREMENT SETUP AND PROTOCOLS

A 60 GHz frequency domain measurement system was used to perform channel characteristics in
underground mine environment.

3.1 Underground mine galleries and environment

Two measurement zones (i.e., 40 m and 70 m levels) were used in the CANMET mine, located in
Val-d’Or, Quebec, as shown in Fig. 3.1 and 3.2. From surface roughness measurements (explained

Figure 3.1 Measurement zone at 40 m level.

in Chapter 4), the maximum and average roughness thickness of the side walls are around 37 cm
and 20 cm, respectively. The ceilings are especially rougher. Some metallic pipes are present in the
corner of the gallery at 70 m. Digital photographs of both environments are shown in Fig. 3.3. The
floor is mostly covered with water puddles at 70 m, whereas it is more dry and mostly covered with
dust on the floor at 40 m galley.
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1 m

Figure 3.2 Measurement zone at 70 m level.

The humidity in both galleries were found to be around 100 percent. The temperature varied bet-
ween 6◦ C and 7◦ C and the minimum temperature was felt at 70 m. The presence of large amounts
of dust in the air at 70 m compared to the 40 m gallery also observed. Large machinery noise cau-
sed by the air ventilation system was also observed in both environments. This kind of phenomena
in the mine environment may constitute a signal fluctuation and unexpected behavior of wireless
propagation in the 60 GHz frequency band. The dimensions of the mine galleries at both levels
are listed in the Table 3.1. The value of the length is an approximate straight line of sight distance
before a curvature [17, 22]
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Table 3.1 Approximate dimensions of mine galleries.

Depth (m) Height (m) Width (m) Length (m)

40 5 5 30

70 2.5-3 3 70

(a) 40 m (b) 70 m

Figure 3.3 (a) 40 m and (b) 70 m galleries.

3.2 Measurement setup and campaigns

A 60 GHz channel measurement setup was implemented in the CANMET underground mine in
cooperation with the LRTCS laboratory and used for the measurement campaigns in both mine
levels. The setup was based on frequency domain measurements using a 60 GHz cable architec-
ture. The illustration of the measurement setup is shown in Fig. 3.4. A Vector Network Analyzer
(ANRITSU MS 4647A) with a frequency band range of 40 MHz to 70 GHz has been used as a
two-port network measurement system for transmission and reception of the radio signal. The Po-
wer Amplifier (CBM 57653/015-03 CERNEX) was used with a gain of 30 dB. Since we had a high
loss (almost 36.8 dB) for the 4.6 m cable, even with a Low Noise Amplifier (CBL 57653/055-01
CERNEX) with 30 dB gain, the level of the signal was not strong enough especially in the 70 m
gallery. Hence, a second Low Noise Amplifier (QuinStar, Serial N11328) was added with a gain
of 18 dB to enhance the signal power. The frequency range was then selected, following the IEEE
Standard 802.15.3c, between 57.24 GHz to 59.4 GHz (channel 1). Experiments with other channels
in this standard have also been taken into account during measurements, but high attenuation of the
radio signal was observed because of the 61 GHz upper frequency range of the QuinStar LNA. The
transmit power was set at 4 dBm. Horn and Omnidirectional antennas were used in order to make
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directional and omnidirectional propagation scenarios between the transmitter and receiver. Horn
antenna presents a half-power beam width (HPBW) of about 12◦ in azimuth and elevation planes.
Since the Pyramidal Horn antenna is vertically polarized, the electromagnetic (EM) field radiation
is mostly directive in the HH (Tx as Horizontal and Rx as Horizontal) case, whereas some ripples
have been found in the VV (Tx as vertical and Rx as vertical) case. The omnidirectional antenna
(vertically polarized), has an HPBW of 360◦ in azimuth and ∼ 40◦ in elevation direction. Moreover,
8 dB below from the peak values the omnidirectional antenna covers ∼ 40◦ in the elevation direc-
tion. In order to find the polarization effect in the underground mine, horizontal polarization of the
omnidirectional antenna was used to see if there was an influence between horizontal and vertical
polarizations considering the geolocation links between moving miners. An similar experimental

VNA

ANRITSU MS4647A

60GHz cable(4m ) 60Ghz cable(4m )

Power Am plifier 

CBM-57653

015-03 Cernex, 30dB

60GHz cable(60cm )
60Ghz cable(60cm )

Low Noise Am plifier

CBL-57653

U55-01 Cernex, 30dB

Low Noise Am plifier

Quinstar 5459001

QLN6055P0, 18dB

Transm it ter Receiver

Velm ex 3D table
Cam era Tripod

+4 dBm

Tx power

-32 dB

Cable loss

-4.8 dB

Cable loss

+24 dBi +24 dBi

-4.8 dB

Cable loss

-32 dB

Cable loss

Figure 3.4 Measurement setup.

setup has been used for all antenna configurations (Horn-Horn, Horn-Omni, Omni-Horn) and po-
larizations (VV, HH). The polarization of the antenna has been changed from vertical to horizontal
and vice versa manually using a sift of 90◦.

A laser and a camera tripod were used in order to have accurate and fixed placement of the trans-
mitter and receiver in case of line of sight (LOS) condition. No measurements have been carried out
in NLOS situation due to unavailability of the radio signal. Indeed, the channel considered for the
geolocation links between miners and the transmitter and receiver was in the middle of the gallery
widths at heights of approximately 1.5 m in both galleries. The complete list of the measurement
campaign parameters is shown in Table 3.2. The data acquisition was completed by connecting a
computer to the VNA via a GPIB interface. A Labview program was used to control the whole mea-
surement procedure and a MATLAB program was employed to move the VELMEX 3D positioning
table.
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Table 3.2 Parameters of 60 GHz channel measurements

Mine Level 40 m, 70 m

Frequency range 57.24 GHz-59.4 GHz

Center frequency 58.32 GHz

Bandwidth 2.16 GHz

Tx power +4 dBm

Tx/Rx height ∼1.5 m/∼1.5 m

Sweep points 2000

Sampling frequency 1.08 MHz

Power amplifier gain 30 dB

Low noise amplifier gain 18 dB and 30 dB

Pyramidal Horn antenna Gain 24 dBi, HPBW 12◦

Omnidirectional antenna Gain 3 dBi

Polarization HH, VV

60 GHz cable Loss 7.86 dB/m

The Vector Network Analyzer (VNA) with 1 kHz IFBW (i.e., the intermediate frequency band-
width) permits a one channel (S21) full sweep time of around 6 s for 2000 points which provides a
stable state for the frequency response of the channel. The standard VNA system noise floor (e.g.,
-10 dBm source power, 10 Hz IFBW) is -107 dBm [89]. Therefore, with 1 kHz IFBW, the VNA dy-
namic range (i.e., the difference between the maximum rated source power and the specified noise
floor) was 87 dB (e.g., narrowing IFBW to 1/10 IFBW decreases by 10 dB the receiver noise floor).
SOLT (short-open-load-thru) calibration were performed for the measurement system with 2.16
GHz bandwidths, 2000 sweep points spaced by 1.08 MHz [21]. The measurements were conducted
as continuous wave measurements, where 2000 samples were transmitted separately on the chan-
nel to have a power delay profile at the receiver. At both mine levels, the transmitter and receiver
antennas were always pointed directly at each other using a laser as shown in Fig. 3.3. The channel
was static in all conditions. The antenna far field region df from the transmitter antenna aperture
has been calculated using the equation df = 2D2

λ
, where D is the physical dimension (diameter) of

the antenna. For our measurements, df of the Horn and Omni directional antennas were 0.83 m and
0.58 m, respectively. Over the air calibration measurement was set 1 m distance to remove system
losses and antenna effects, which was also been used for the post processing of channel impulse
responses. During the measurements two fixed references, a 2 m long plane of wood on the floor
and a rope were used outside the channel in order to ensure maximum accuracy of LOS. Signifi-
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cant time was spent to place two fixed and parallel pieces of wood on the ground as rails to move
the trolley easily. The Velmex Stepping Controller was able to move the receiver via a MATLAB
program with a precision of 2.5 mm. For each measurement point, several snapshots were taken to
have a local average in order to eliminate the time varying fading.

3.3 Velmex 3D experimental table

The Table as shown in Fig. 3.5 used to support a load of 2 Kg with movements along the x, y and z
axis with a step of mm range [90]. x and y axis maximum ranges were 1.5 m and 1 m, respectively.
In the z axis, the maximum displacement of the load (i.e., antenna, motor, etc.) were between 250
and 500 mm. The load with an antenna along the z axis were able to rotate in azimuth direction
between 0◦ and 360◦. It has been used to have channel measurements in the underground mine and
perfectly placed on the trolley to move along the gallery tunnels.

Application Worksheet 

1) The system is fixed on a horizontal plan (table), it is used to support a load of 2 Kg, with X, Y and Z axis 

movements with a step of mm with a step of 1 mm. In the Z axis the displacement is between 250 and 

500 mm, (see figure below).  

In addition, the load is supposed to rotate around the Z axis. In the Y axis, only 500 mm is required with 

the same step. 

2) We are also interested by another quotation of a basic linear actuator of 1500mm in one axis 

displacement  

The systems will be controlled by computer with Matlab 

 

 

 

 

 

 

 

 

 

 

 

  
 

x y 

z 
1500 mm 750 or 1000 mm 

Load : 2 kg 

360° 

250 to 500 mm 

   Schematic of the proposed system Figure 3.5 Illustration of the Velmex 3D table.

3.4 mmWave measurement prerequisites for underground mine

– Before going to the underground mine, all necessary measurements should be done outside in
indoor to be familiar with the measurement procedures. Calibration, table movement, antenna
alignments, path loss and delay spread calculations should be performed.

– A SOLT calibration of the system including cables, amplifiers, etc., excluding the antennas has
to be performed. Verify transmitter (Tx) and receiver (Rx) positions on the gallery by looking
from a 50 m distance for example. To observe multipath characteristics from the floor, wall, and
ceiling, it is important to check the heights of the Tx and Rx in order to be in the middle of
the gallery in the elevation direction because the Velmex table height is around 1 m and it has
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metallic rods. If the height of the receiver is 1.2 m, some reflection may come from the Velmex
table itself.

– It is required to put a long wood piece along the axis in order to move the Velmex table smoothly
followed by the LOS direction. Wooden rails could be a perfect choice for mmWave measure-
ments, particularly in this kind of confined environment.

– First measurements has to be taken at a reference distance of 1 m (as an example) in order to
remove the antenna effects and cable loses.

– If the transmitter remains fixed and the receiver moves, since the table length is around 1.5 m,
each grid point separation can be less than 20λ (10 cm). It could be more precise but required to
see the data recording time. The recording time and one table movement time are necessary to
cover within a period of one day time.

– It is required to check the direct path (i.e., delay and amplitude) at each distance particularly once
the Velmex table moves (not the linear track) from one position to another. Once Velmex table
is moved to the second position, the distance between the last measurement point of the first
position and the first measurement of the second position should remain a Tx - Rx separation
distance of 20λ. It would be perfect if a colored spray is used to mark the previous and current
table positions.

– It is required to check if the received power is reasonably acceptable at a certain distance from
the transmitter. Necessary to calculate the data recording and calibration time and should cover
at least two table movements within a day time.

– The measurements of each scenario should be performed within one day if possible. If not,
recording at night time could be an alternative procedure by using automation scripting.

– For proper alignment of the transmitter and receiver, it is necessary to use a laser and verify
that the laser works with an acceptable azimuth and elevation angle drift. Moreover, the camera
tripod head type should pan and tilt in 3 directions (x, y and z coordinates).

– At least four persons are required during the measurement campaign to avoid misalignment
along the x, y and z directions. One person should stand at the transmitter to check LOS with
laser pointer once the Tx and Rx antennas change from V to H manually without changing the
physical position and heights of the Tx and Rx, one person should stand at the receiver to check
carefully the antenna alignment once the Velmax table moves, one person should monitor the
impulse response of the channel at each distance, during the movement of Rx and changes of
antenna polarizations or antenna configurations, in the laptop either any signal received or not.
One person should prepare the plans of the next measurements, and the validation of the recorded
data instantly on site not outside of the mine.

– It is required to clean the track rods and put oil in a timely manner to move the linear track easily.
– It is mandatory to have a commercial software or predefined post processing structures for real-
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time post-processing in order to verify the direct and first order path amplitudes and delays.
Moreover, necessary to identify the number of actual paths within a predefined geometry of the
scenario of the recorded data during the measurement.

3.5 Measurement protocols

3.5.1 Large scale

For the large scale case, 32 measurement locations were considered with a separation of 40 λ (i.e.,
20 cm), covering 1 m to 7.2 m, as shown in Fig. 3.6. At each location, three consecutive measu-
rements were taken, separated by λ/2 (2.5 mm). Different polarizations and antenna combinations
were considered. The transmitter location remained fixed and the receiver positions changed by a
distance of λ/2 using the Velmex 3D positioning table. The loss of cables used in the large scale

6.2 m

Figure 3.6 Large scale measurement procedure.

measurement setup had limited the measurement maximal transmitter receiver separation distance.
For large scale measurement, 1440 measurement points (32 points x 3 grids x 15 snapshots) were
considered. The average number of PDPs were 96 (32 points x 3 grids). The measurement proce-
dure is explained more in Chapter 5.

3.5.2 Small scale

For the small scale case, the channel characteristics in three dimensions (3D) measurements were
considered in order to eliminate antenna misalignments (caused by the roughness of the floor which
consists approximately a 1 m inclination which may provide tilting of antenna LOS in elevation di-
rection). The Velmex Stepping Controller permitted to move the x, y and z positions of the receiver
antenna. Due to antenna directivity and rough surface, it was difficult to know at which point the
maximum power was at the receiver. A 5 m×5 m×5 m grid was considered in order to characterize
the statistical behavior of the channel in a small scale (1 cm3) separated by a distance of λ/2 as
360◦ shown in Fig. 3.7. The rough floor had large inclination within a 1 meter square area, although
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the x direction did not change the direction of the antenna directivity, y and z movement offset were
required to compensate for misalignment. Recording of grid points followed a trajectory having the
profile of a square wave (defined by the Velmex table). The measurement procedure is explained
more in Chapter 5.

2 m

Figure 3.7 3D small scale measurement procedure.

3.5.3 Scattering

For wall surface measurements, a mine wall area of 1.5m × 5m (as z × x) was used to measure
manually the surface heights with a grid spacing of 10 cm by using a fixed rope. Another mea-
surement procedure was carried out to find reflection coefficients in a particular reflected angle.
The frequency response of the channel was measured with a defined test area of the underground
mine floor and wall using two step processes. The measurement procedures are described more in
Chapter 4.

3.5.4 Angle of Arrivals (AoA)

During AoA measurements at each position of both galleries, the transmitter was fixed and the
receiver was moved in azimuth directions from −90◦ to 90◦ with a step of 5◦ as well as along the x
direction. Along the z directions, six consecutive measurements were taken at each position sepa-
rated by λ/2 with 15 snapshots in different time instants. The measurement procedure is explained
more in Chapter 6.

3.6 PDP post processing procedure

To obtain the power delay profile (PDP) of each receiver position, firstly, an average of 15 snapshots
was performed. Secondly, over the air calibration was done by dividing the results of the frequency
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response (S21) of 1 m to all measurement points in order to remove the antenna effect and the cable
loss. Thirdly, using the Inverse Fast Fourier Transform (IFFT), the time domain normalized ma-
gnitudes of the complex impulse responses were obtained from the calibrated frequency responses.
An example of a PDP post processing is illustrated later in Fig. 5.1.
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CHAPTER 4 SCATTERING ANALYSIS

In order to investigate the multipath behavior of 60 GHz channel at 5 mm wavelength with a centi-
meter range surface roughness of the mine walls, scattering measurements procedure was conduc-
ted. Surface roughness parameters such as standard deviation of heights and correlation coefficients
were extracted from the surface height measurements, in order to use into Kirchhoff scattering ap-
proximation (KA) theory and to characterize scattering phenomenon in one single Radar Cross
Section (RCS) scattering behavior. Angular dependent received power obtained from the simula-
tion and the measurements and the results were analyzed in this Chapter.

Reflection coefficients are obtained from individual reflected and line of sight (LOS) signals with a
particular reflective angle then compared with theoretical models. The results suggest a distingui-
shable reflection and scattering characteristics between mine wall and floor. Measurement results
show that, in specular directions, the path loss difference between the LOS and the reflected signal
lies between 11 dB and 18 dB. On both surfaces of wall and floor, strong reflections in specular di-
rections and scattering in non specular directions were observed. Moreover, the wall surface of the
mine produces more scattering with strong reflections than the floor surface. These reflection coef-
ficient parameters are useful to estimate the multipath signal strength of the deterministic channel
modeling approach of the underground mine.

4.1 Scattering analysis based on Kirchhoff approximation (KA)

Scattering phenomenon of the underground mine environment which can be described by the KA
theory. The KA can be employed to find a model that can be used to generate the impulse responses
of the channel. Measurements are necessary for the KA model verification. Therefore, to validate
KA in an underground mine, surface height measurements were carried out. The surface rough-
ness parameters were extracted. The channel measurements were performed and validated with the
model.

4.1.1 Kirchhoff scattering theory

Beckmann and Spizzichino derive an analytical description of the electromagnetic field scattered
from a rough surface [50]. A schematic illustration of the corresponding geometry is given in Fig
4.1, where θ1 is the incident angle, θ2 is the azimuth angle referred as reflection angle and θ3 is the
elevation angle of the scattered signal. Scattered field over the entire surface needs to be considered
in order to obtain the scattering coefficient ρ with the assumption of a Gaussian height distribution.
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Figure 4.1 Rough surface scattering geometry.

Such surface is characterized by its heights standard deviation σh and its surface correlation length
T . Knowing the angles θ1, θ2 and θ3, the average scattering coefficient for an infinite surface can
be derived as (for a roughness factor g is equal to 1 or less than 1)

〈ρρ∗〉∞ = e−g ·
(
ρ2

0 + πT 2F 2

A

∑
m=1

gm

m!me−
v2
xyT

2

4m

)
(4.1)

where ρ2
0 describes the scattering in specular direction and the second term of equation 4.1 is de-

fined as diffuse scattering. The Rayleigh roughness factor g is an indicator for the relative surface
roughness at a given wavelength, and the illustration shows in Fig. 4.2 that the incident power dis-
sipated once the value of g is higher than the value of 1 [50]. Other parameters of this equation are
given below

ρ0 = sinc(vxlx) · sinc(vyly), (4.2)

vx = k · (sin(θ1)− sin(θ2)cos(θ3)), (4.3)

vy = k · (− sin(θ2) sin(θ3)), (4.4)

vxy =
√
v2
x + v2

y, (4.5)

(a) (b) (c) (d)

g  = 0 g << 1 g  >= 1 g  >> 1

Smooth Slightly rough Moderately rough Very rough

Figure 4.2 Rough surface scattering behaviour according to the value of roughness factor g.
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vz = 2k cos(θ1), (4.6)

F = 1 + cos(θ1) cos(θ2)− sin(θ1) sin(θ2) cos(θ3)
cos(θ1)(cos(θ1) + cos(θ2)) , (4.7)

g = k2σ2
h(cos(θ1) + cos(θ2))2. (4.8)

where k = 2π/λ is the wave number and A = lx × ly is the surface area. The value of lx and ly
of the scattering surface has to be chosen large compared to wavelength (λ) and correlation length
(T ). When g � 1, the special case of KA scattering becomes :

〈ρρ∗〉∞ = πT 2F 2

Av2
zσ

2 e−
v2
xyT

2

4v2
zσ

2 (4.9)

This is to note that 〈ρρ∗〉∞ does not depend on the material properties.

4.1.2 Surface height characteristics

In order to extract the surface roughness parameters from the mine wall, a 40 m underground level
CANMET gold mine gallery (in Val-d’Or) was considered and shown in Fig 4.3.

4.1.3 Height measurement

A mine wall area of 1.5m×5mwas used to measure manually the surface height with a grid spacing
of 10 cm by using a fixed rope. The measurement procedure is shown in Fig 4.4. These heights
are considered as an initial guess for surface characteristics. Though the horizontal and vertical
resolution of height measurement is 10 cm, the surface heights were assumed to be symmetric in
the whole gallery in 40 m mine gallery. It was also assumed that the roughness of the walls, ceiling
and floor have different characteristics in nature.

4.1.4 Roughness characterization

4.1.4.1 Height distribution

The surface height distribution describes the Two-dimensional variation in surface elevation and
azimuth above an arbitrary plane. A higher resolution will provide more accurate surface rough-
ness, which is defined by the standard deviation of the surface height distribution. This parameter
has more importance in statistical methods for roughness purpose. It is more sensitive than the
arithmetic average of heights. The surface height distribution of the measured area is obtained by
processing the measured surface roughness data using hx,y = hmax − hx,y(measured) and by set-
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Figure 4.3 Wall surface height measurement at 40 m mine gallery.

10cm

Mine Wall

5m

Rope

Figure 4.4 Height measurement procedure.

ting the offset to a zero mean value. Fig. 4.5 shows the color map of the spatial distribution of
the wall surface. Maximum and average height are found to be 37.5 cm and 20.5 cm, respectively.
Then the Kolmogorov-Smirnov test was used to fit with normal distribution and to find statistical
parameters. Therefore, the wall surface is Gaussian with 6.0658 cm standard deviation (σh) ac-
cording to the fitting. The histogram and Cumulative distribution function of measured data and
corresponding fittings are shown in Fig. 4.6a.

4.1.4.2 Height correlation

The correlation length describes how strongly the surface heights of neighbouring points are cor-
related. In other terms, the correlation length provides information whether the surface consists
of densely packed irregularities or slowly varying features. It can be defined as the distance bet-
ween two statistically independent points. Generally, the autocorrelation decreases when the dis-



42

0

30

60

90

120

150

0

100

200

300

400

500

0

20

40

X location(cm)
Y location(cm)

Z
 h

e
ig

h
t(

cm
)

Figure 4.5 3D color map of measured surface height distribution.

−15 −10 −5 0 5 10 15 20
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Surface height h (cm)

P
D

F

 

 
Measured height
Normal distribution fitting

(a)

20 40 60 80 100 120 140
0

0.2

0.4

0.6

0.8

1

τ (cm)

C
 (τ

)

 

 
ACF measurement
Exponential ACF fit (τ=84cm)

(b)

Figure 4.6 (a) CDF of measured surface heights (b) Auto correlation function of the heights C(τ).

tance increases and is determined empirically using the auto correlation function (ACF), equals to
C(τ) = 〈h1h2〉/〈h2

1〉, where h1 and h2 are two heights and τ is the distance between them. For
instance, the discrete one-dimensional auto correlation function C(τ) can be determined from two
dimensional (N ×M ) discrete heights hx,y and is given by,

C(τ) =
N∑
τ=1

N∑
x=1


M−τ∑
y=1

hx,yhx,y+τ

M∑
y=1

h2
x,y

 (4.10)
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where x = 1, 2, . . . , N and y = 1, 2, . . . ,M . The correlation length is then defined as the value
of τ at which the autocorrelation coefficient C(τ) drops to e−1. According to exponential fitting
(Fig. 4.6b), correlation length T is found to be 84 cm. In the present investigations, the standard
deviation of heights and corresponding correlation length at 70 m mine level gallery surface have
not been measured experimentally, but the values determined by 40 m gallery have been used as
initial guess parameters to model for 70 m gallery.

4.1.5 Scattered power measurement setup and procedure

As reference, there are some backscattering measurement technique illustrated in literature [91,
92]. In order to find backscattered power from the wall, a 60 GHz measurement system setup
was used as described in Fig. 3.4. A LABVIEW program was employed to control the whole
measurement procedure and MATLAB program was applied to rotate the antenna using Velmex
3D table with a step of 5◦. The purpose of the measurement was to validate the KA model and

(a)

1
m

1
m

Mine Wall

1.3m

D1 D2
35 degree

Tx Rx

(b)

Figure 4.7 (a) Digital photograph for scattering measurement at 70 m mine gallery (b) Illustration
of the measurement procedure.

to develop a framework for the application of a ray tracing model suitable for the underground
mine. The measurements were part of an experimental program in the CANMET mine mainly
directed at scatter measurements from wall surface at 70 m gallery. Figs. 4.7a and 4.7b show the
experimental arrangements those were used to measure the scattered signal from the wall. In order
to make a far field region of the horn antennas, Tx and Rx were set at 1 m away from the wall.
Tx was fixed with 35◦ incident angle and Rx moved from 3 m to 1 m in order to get scattered
signal from the wall, then Tx Rx separation distance was set at 1.3 m. This is to note that it was
necessary to have a specular reflection direction less than 35◦ to achieve smaller Tx Rx sepration
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distance and maximum amplitude at the receiver. For the Tx Rx separation distance of > 3 m, no
scattered signal from the wall and between 2 m and 3 m no strong scattered signal form the wall
were observed since the angle of incidence is 35◦. Since it was not in LOS direction, no LOS or
direct path was observed during measurements. As in Fig. 4.7b, (D1 + D2) was calculated from
the geometry of the illustration and found to be 2.3854 m. An azimuth incident angle of 35◦ was set
at the transmitter and the receiver was rotated from 0 to 90◦ along the counter clockwise azimuth
direction. The rotation was used to observe the angular dependency of the scattered power from the
wall.

4.1.6 Implementation and discussion

Fig. 4.8 shows the KA model of wall scattering which consists of a one radar cross section (RCS) for
one single ray. RCS is defined as two times of correlation length T . A free space propagation from
the transmitter to the scattering point and from the scattering point to the receiver was considered.
According to the value of T and σh obtained from surface height measurements, and with θ1 =
35◦, the min and max values of roughness factor g are found 3.8514e3 and 1.8813e4, respectively
which are much more greater than 1. For this condition scattering coefficient for infinite surface
〈ρρ∗〉∞ was considered (equation 4.9) since it is as special case (g � 1) of equation 4.1. It was
also observed that T and σh of roughness are the main parameters for the simulation process.
Simulation results show that increasing the correlation length with a fixed roughness value, there
is less scattering behaviour at the receiver end and incident energy of the signal is scattered mostly
if σh increases with a given correlation length. The finite scattering coefficient 〈ρρ∗〉TE/TM by
multiplying conventional Fresnel reflection coefficient rTE/TM at 35◦ incident angle is determined
as

〈ρρ∗〉TE/TM = (rTE/TM · r∗TE/TM) · 〈ρρ∗〉∞ (4.11)

The received power is then calculated within a given area of A (lx × ly) by multiplying the finite
scattering coefficient as [50, 91]

Pr = PtGtGr

(
λ

4π(D1 +D2)

)2

· 〈ρρ∗〉TE/TM (4.12)

The angular dependent scattered received power corresponding to θ2 and θ3 is shown in Fig. 4.9a. It
was observed that, the scattered power is mostly in specular direction in θ2 and found broad angular
range in θ3 direction. According to the measurement results, pathloss was calculated from equation
4.13, where N is the value of the sweep points and H(f) is the transfer function of the channel. At
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Figure 4.8 3D kirchhoff scattering model for mine.

each angle, H(f) was calculated by averaging 5 snap shots taken from different time instances.

PL(dB) = −10log10

[
1
N

N∑
i=1
|H(fi)|2

]
(4.13)

The received power is then determined as

Pr(dBm) = Pt(dBm)− PL(dB) (4.14)

The received signal from measurements was found between 0◦ and 90◦ where peaks were distin-
guishable from scattered power from wall. It can be noted that the dynamic range of the measuring
equipment was sufficient to enable scattering power to have values well above -100 dB. Angular
dependencies from measurements and simulations both were considered for azimuth angle of θ2

direction. Antenna polarization was considered as HH (Horizontal-Horizontal) for both simulation
and measurements. KA Simulation profile were defined as [T, σ, θi]. Two simulation profile were
used, [T = 84, σ = 6, θ = 35◦] and [T = 90, σ = 6.5, θi = 35◦] and corresponding comparison plot
is shown in Fig. 4.9b. Result of measured received power was found to be approximately equal to
the backscattered power from KA model as shown in Fig. 4.9b. It has been satisfied that simulation
parameters [T, σ] can be adjusted with the measured surface roughness parameters. The measure-
ments were subsequently repeated for the far-field region, in which the receiver-wall distance was
reduced gradually. Moreover, cross polarization measurements of transmitter and receiver antennas
were performed with no significant reflected signal obtained. The results are not included since to
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Figure 4.9 (a) Simulated angular dependent scattered received power (b) Measured and simulated
scattered received power.

achieve the only cross polarized reflected signal from the wall, it is necessary to remove antenna
cross polarized power from the measurements and need more investigation in this issue. It is clear
that a fair agreement between simulated and measured values exists where the scattered power is
above -100 dB. The peak of scattered power was found to be -98 dB (i.e., 4 dB above the noise
level). It is useful to point out that incident power is scattered significantly around the specular
direction of the reflected signal. The incident power is distributed around the scattering point and
the scattered angular range around is about 10◦. In order to compare with LOS measurement, a 30
dB difference was found between LOS and the scattered signal. This LOS measurement was a part
of the scattering measurement campaign. Hence, one can conclude that there is an additional loss
of the incident power during scattering form the wall due to absorption and roughness of the wall.
This scattering phenomenon can make more emphasis on power delay profile simulation for the
mine tunnel using KA model.

4.2 Scattering analysis based on reflection coefficients

The characteristics of reflection from the rough surface at 5 mm wavelength are necessary to be
investigated. Indeed, reflection coefficients are key to the design a scattered channel model in an
underground mine with rough surfaces.
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4.2.1 Reflection models

Since the underground mine surface is rough and the wavelength (λ) 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 multiple reflections, e.g. refers as scattering geometry, is
given in Fig 4.10, where θi is the incident angle and θr is the specular reflected angle.

4.2.1.1 Fresnel model

The Fresnel reflection coefficients (Γ) for smooth surfaces provide only the specular reflections.
They are related to the material properties, which depend on the incident angle (θi), the polarization
(vertical, horizontal) and the frequency defined as [19], [93]

Γ‖ = η2 cos θt − η1 cos θi
η2 cos θt + η1 cos θi

Γ⊥ = η2 cos θi − η1 cos θt
η2 cos θi + η1 cos θt

(4.15)

The E-field component that is parallel to the plane of incidence which has vertical polarization of
an antenna refers as parallel reflection coefficient (Γ‖), whereas the E-field which is perpendicular
to the incident plane has horizontal polarization of an antenna and is defined as perpendicular
reflection coefficient (Γ⊥). The wave impedances (η1,2) and the transmitted wave angle (θt) are
expressed in [19].

qr

h

Incident wave Reflected waves 

Rough surface

h1 

h2 

qi

Figure 4.10 Rough surface reflection geometry.
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The wave impedances (η1,2) and the transmitted wave angle (θt) are expressed as

η1,2 =
√

jwµ1,2

σ1,2 + jwε1,2

cos θt =

√√√√1−
(
k1

k2

)2

(sin θi)2

k1,2 = w

√
µ1,2ε1,2 −

jµ1,2σ1,2

w

(4.16)

where 1 and 2 are the free space medium and the medium of the interacted object, respectively. The
permittivity (ε1,2), the permeability (µ1,2), and the conductivity (σ1,2) are the dielectrics properties
of the material.

4.2.1.2 Gaussian rough surface scattering model

The rough surface produces diffuse reflection, in which incident energy is distributed over the
specular direction as described in [19, 50, 93]. Giving the critical height (hc) of the surface, the
dependency on the surface roughness can be defined by the Rayleigh criterion as hc = λ/(8 cos θi).
When the height (h) of a given rough surface is defined as the minimum to maximum surface
protuberance, as shown in Fig. 4.10, it is considered smooth if h < hc and rough if h > hc. In the
considered underground mine, h is used to be greater than 1 cm which implies an environment with
rough surface. Then, the scattering loss factor (ρs) with the standard deviation of surface heights
(σh) will be given by

ρs = exp

−8
(
πσhcos θi

λ

)2
 (4.17)

4.2.1.3 Modified Gaussian rough surface scattering model

The scattering loss factor ρs is reported in [93] as modified Gaussian rough surface scattering loss
factor given by

ρsm = exp

−8
(
πσhcos θi

λ

)2
 I0

8
(
πσhcos θi

λ

)2
 (4.18)

where I0(z) is the modified Bessel function of zeroth order.

4.2.2 Experimental setup and procedure

Digital photographs of measurement campaigns of the floor and the wall of that gallery are shown
in Figs. 4.11 and 4.12. The measurement point of the reflection coefficient on the floor was mostly
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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.

4.2.2.1 Procedure

A measurement procedure was carried out to find reflection coefficients 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. 4.13 and 4.14. For a particular incident
angle, the first step consisted of recording the frequency response of the line of sight (LOS) signal
as shown in Fig. 4.13. Secondly, the frequency response of the reflected signal (REF) from the
surface point was recorded as shown in Fig 4.14, in which Rx remained fixed and the Tx moved
from 0◦ to 75◦ with a step of 15◦ keeping the distance (D1 + D2) constant. D1 and D2 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 DLOS were measured
from the site in order to verify with recorded propagation delays.

4.2.3 Measurement results

Measurements were performed for perpendicular (horizontal antenna polarization) and parallel
(vertical antenna polarization) 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 gi-
ven in Figs. 4.15 and 4.16. Fig. 4.15 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
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
D1, D2 and DLOS to find |Γ|. Fig. 4.16 shows the maximum amplitude that has been obtained
at 45◦ compare to 0◦, since the incident and reflected angles corresponded to the specular direc-
tion at 45◦. Pathloss has been calculated from equation 4.13, where N is the value of the sweep
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Figure 4.11 Reflection measurement champaign of the floor.
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Figure 4.12 Reflection measurement champaign of the wall.
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Figure 4.13 Illustration of the Line of Sight signal measurement procedure.

points and H(f) is the average (i.e., 10 snap shots) transfer function of the channel. Each measured
reflection coefficient was obtained by using (4.19) with the associated measured received power
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Figure 4.14 Illustration of the reflected signal measurement procedure.
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(Pr(dBm) = Pt(dBm)− PL(dB)) and values of D1, D2 and DLOS .

{| Γ‖ |, | Γ⊥ |} = D1 +D2

DLOS

√
PrREF
PrLOS

(4.19)

Table 4.1 gives the predicted Fresnel reflection coefficients with the measured values. The permitti-
vity (ε) and conductivity (σ) for the floor (limestone [56]) and the wall (Granite [60]) are assumed
as 7.51, 0.03 S/m and 5.5, 0.215 S/m, respectively. Measured values exhibited additional losses of
reflected signals from the wall and the floor compared to smooth surfaces due to absorptive surface
material and power dissipation. It is useful to point out that the average pathloss difference between
LOS and reflected signals for the wall and for the floor is found to be around 19 dB and the maxi-
mum and minimum values of the pathloss differences are listed in Table 4.2. The measured values
ofD1 andD2 and PL differences at each θi, have significant impact on reflection coefficient measu-
rements. For example, in case of | Γ⊥ | of the wall surface, the D1 +D2 value lies between around
2.08 m to 2.5 m, if PL difference is low at a particular θi and the | Γ | value will experience higher
value. Figs. 4.17 and 4.18 show the measured reflection coefficients for perpendicular and parallel
polarization for wall and floor surfaces with different incident angles of θi, respectively. According
to the surface height measurements of the wall surface (large scale range, i.e., 1.5m × 5m area)
with 10 cm grid spacing, the σh and T were found to be 6 cm and 84 cm, respectively [94]. The wall
surface consists of a bunch of tilted rock plates (with maximum heights much higher than the wa-
velength) and sharp rock edges. However, in small scale area (50mm× 50mm), it is assumed that
the wall surface consists of tangent planes with a roughness less than λ and a correlation length
much greater than λ. 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 reflections. With zero σh, the |Γ| is independent of the λ. In the considered environment,
the wall surface has a σh, exhibiting reflection coefficients that are functions of the λ. According to
Kirchhoff theory, if T � λ, the reflections will be in specular directions. If T > λ, more diffuse
components will be produce across specular directions. If the value of σh is constant at a particular
incident angle in a given area, either it has T > λ or T � λ, the maximum amplitude of reflection
coefficients remains constant. Fig. 4.19 shows the predicted |Γ| for the considered surface material

Table 4.1 Comparison of reflection coefficients of Wall and Floor.

Surface
| Γ‖ | | Γ⊥ |

Fresnel Measured Fresnel Measured

Wall (θi = 45◦) 0.247 0.1267 0.536 0.2445

Floor (θi = 60◦) 0.155 0.1389 0.691 0.2656
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Table 4.2 Pathloss difference values of Wall and Floor in dB.

Surface
PL(| Γ‖ |) PL(| Γ⊥ |)

Min Max Min Max

Wall 18 23 13 21

Floor 16 22 11 26
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Figure 4.17 Measured reflection coefficients for the wall surface.
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Figure 4.18 Measured reflection coefficients for the floor surface.

(i.e. granite) of the wall with θi = 45◦ and T = 10λ, 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 conside-
ring a small scale area (50mm× 50mm), it may also assumed that, σh is less than λ and the value
of T is higher than the wall surface height. Measurement results show strong reflections mostly in
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Figure 4.19 Predicted reflection coefficients for the wall surface.
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Figure 4.20 Predicted reflection coefficients for the wall surface with the special case of Kirchhoff
model.

specular directions and low scattering in non specular ones. Less variability of |Γ| 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 |Γ| for the floor (with both polarizations) in specular and non specular directions is between
0.0591 to 0.2656 (as shown in Fig 4.18), it can be modelled with one of the scattering models used
for the wall as shown in Fig. 4.19. If the surface roughness is higher than 5 mm then the special
case of KA can be used to model as shown in Fig. 4.20. 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.

Therefore, the reflection coefficients in an underground mine wall and floor surfaces have been
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measured to find possible scattering models. According to the results, specular reflections of the
wall and floor are strong and scattering 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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CHAPTER 5 CHANNEL CHARACTERIZATION WITH DIFFERENT ANTENNA
POLARIZATIONS

In this chapter polarimetric large scale and small scale characterization of the wireless channel at 60
GHz band with different antenna configurations at 40 m and 70 m gallery depths in an underground
mine are addressed. Large scale case, around a 10 m Tx-Rx separation distances was considered,
which characterize the power Vs distance and delay spread Vs distance relationships. For the small
scale case within a fraction of λ of Tx-Rx distance, a 3D grid measurements were considered,
which characterize the channel as the power and delay spread versus distance relationship as well.
It also characterizes the signal fading due to a random movement of the receiver (for example atta-
ched with mine workers) with a directive Tx Rx antennas. In addition, based on different antenna
polarizations with different antenna configurations at 60 GHz in the CANMET underground mine
have not been addressed so far as discussed in section 5.3.1 of this chapter.

5.1 Large scale characterization with different antenna polarizations.

The path loss represents the signal power attenuation in the channel in decibels and usually obeys
the power distance law [93].

For the large scale case, 32 measurement locations were considered with a separation of 40 λ (i.e.,
20 cm), covering 1 m to 7.2 m. At each location, three consecutive measurements were taken,
separated by λ/2 (2.5 mm) have a local average which eliminates the spatial small scale fading.
The measurement configurations are listed in Table 5.1.

Table 5.1 Large scale measurement configurations

Mine Level
Antenna

Configuration
Polarization

40 Directional - Directional (D - D) VV, HH

40 Omnidirectional - Directional (O - D) VV, HH

70 Directional - Directional (D - D) VV, HH

70 Directional - Omnidirectional (D - O) VV, HH
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5.1.1 Post processing

To obtain the Power Delay Profile (PDP) for each Rx position, firstly, an average of 15 snap shots
of the frequency response (H(f)) were performed. Secondly, to remove the antenna effect and the
cable loss, over the air calibration (i.e., a division of the complex frequency response of 1 m for all
complex frequency responses) was performed. Finally, Inverse Fast Fourier Transform (IFFT) of
the calibrated frequency responses were then performed and the normalized PDPs were obtained.
The multipath detection process was performed by the procedure described in [22]. The 1.08 MHz
sweep frequency gave a temporal range of 925 ns (corresponding to the inverse of the sweep fre-
quency), which was sufficient to observe the largest multipath excess delay (i.e., approximately 30
ns) through all sets of measurements.

Fig. 5.1 shows an example of the post-processed normalized PDP. The strongest peak of the PDP
power corresponds to the first observable path. As expected in the 70 m D - DV V configuration, at 3
m Tx - Rx distance, the first path was observed at a delay of about 9.7 ns. A decrement of multipath
component powers with various propagation delays can be seen in Fig. 5.1. The threshold value for
multipath detection was set to -25 dB. The dynamic range of the measurement was around 40 dB.
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Figure 5.1 An example of a PDP.

Results of large scale (i.e., < 10 m) characterization have been analyzed by the value of path loss
exponent and signal fading. The average path loss at distance dp(x) was calculated by summing
all incoming multipath by the following equation, where dp = 1.2, 1.4, 1.6 . . . , 7.2 and the conse-
cutive measurement points {x1, x2, x3} are {0, 0.005, 0.010}. The free space path loss at reference
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distance of 1 m (i.e., d0) with 58.32 GHz center frequency was set to 67.76 dB [93, 95, 96].

PLdB(dp) = 67.76 (dB) + 1
K

K∑
j=1

L∑
i=1
|ai(dp, xj)|2

δ{τ − τi(dp, xj)} (5.1)

where K and L are the total number of consecutive measurement points along the x direction
and the total number of multipath, respectively. ai and τi are the ith path amplitude and delay,
respectively.

By computing the deviation of path loss with respect to the linear regression line, the value of the
fading was estimated from the measurements. These deviations were then fitted with a zero mean
normal distribution to obtain the fading parameter.

The average path loss for any arbitrary distance between Tx and Rx can be modeled by a lognormal
(normal in dB) random distribution [93] :

PLdB(d) = PLdB(d0) + 10n log10

(
d

d0

)
+ Sσ(dB) (5.2)

where n denotes the rate at which the received power decreases with the distance between antennas.
PLdB(d0) is the free space path loss at reference distance d0 and Sσ is a fading parameter with a
zero mean Gaussian random variable in dB with a standard deviation of σdB.

5.1.2 Path loss

The linear least square regression method was used to find the values of n and σdB. Fig. 5.2 shows
scatter plots of the path loss in dB according to the Tx - Rx distance with different antennas and
polarizations and the values obtained are summarized in Table 5.2.

The path loss exponent (n) values obtained are smaller which is close to the value found in free
space (i.e., n = 2). This result can be explained by the phenomena of waveguiding where a direct
path and a very slightly delayed path (or paths) from the surface combine at the Rx in such a way
where waves guide along the x direction. This guided effect can be affected by the antenna radiation
pattern and the surface roughness, particularly at 5 mm wavelength. For a small Tx - Rx distance,
the reflected/scattered waves, in particular, are caught by the antenna side lobes of the directional
antenna. It is important to note that the waveguide effect is more dominant in the narrow gallery (70
m) than in the wide one (40 m). The increase of the waveguide effect in the narrow gallery implies
a lower value of n.

A differential value of n between VV and HH polarization may be caused by the different magni-
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tude and the higher inclination of the roughness, antenna radiation pattern, and the dielectric pro-
perties of the surface material. According to the radiation patterns of the Horn antenna as shown
in Fig. 5.14, with D - DHH configuration ; attenuated diffused scattered waves may arrive from the
walls caught by the antenna side lobes more often when compared to the D - DV V one. In the case
of D - DV V , multipath with higher amplitudes by the antenna side lobes may arrive from the re-
flective floor and ceiling. On the other hand, vertically polarized Omnidirectional antenna waves
propagate in an azimuth plane with a wider angle of HPBW, and correspondingly resulting in a
higher number of multipath with higher amplitudes from the surrounding surface. In the case of
the horizontal polarization, the waves propagated in the elevation plane with a wider angular range,
and a slightly lower number of multipath components arrived from the surrounding surface. Hence,
the VV polarization provides more multipath components and less value of path loss exponent than
the HH polarization.

Table 5.2 Large scale measurement results.

L A P n σdB
τrms (ns) τ (ns) τmax (ns) Bc90 (MHz)

µ σ m s µ σ µ σ

40 m

D - D
VV 1.87 1.76 1.86 0.38 0.38 0.1 28.06 7.15 26.44 2.09

HH 2.18 1.39 1.83 0.43 0.33 0.14 26.25 5.82 44.69 34.11

O - D
VV 1.10 1.12 2.66 0.56 2.06 0.69 11.51 3.58 30.76 14.85

HH 1.97 1.59 2.04 0.41 1.52 0.53 6.53 1.91 37.75 15.43

70 m

D - D
VV 1.48 1.39 1.22 0.23 0.30 0.11 10.15 3.21 105.31 10.04

HH 1.80 2.05 1.12 0.37 0.23 0.10 20.11 7.64 97.45 8.91

D - O
VV 1.15 1.53 1.40 0.59 0.60 0.30 9.89 7.47 88.19 28.46

HH 1.98 1.13 0.97 1.33 0.22 0.26 7.33 11.31 172.73 81.14

Note : L is the mine gallery levels, A is the antenna configurations, P is the antenna polarization
types. Moreover, D - D, D - O and O - D are Horn-Horn, Horn-Omni and Omni-Horn antenna
configurations, respectively.

According to the results, a better radio coverage can be achieved with VV polarization in this
underground mine than in the free space situation. Without the polarization effect, results show
path loss exponents ranging between 1.4 and 1.8 for different kinds of indoor and underground
mine environments [39, 72, 97, 98, 99, 100]. The directivity of the Horn antenna has a significant
impact on the maximum receiving power due to a lower value of HPBW. The obtained values
in both galleries imply that the Horn-Horn antenna configuration gives the best results for high
speed wireless communication systems in mine environments due to antenna directivity and lower
signal degradation. In addition, the use of both polarizations in the system may help to enhance the
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Figure 5.2 Scatter plot of path loss as a function of Tx - Rx separation distance with different
antenna and polarization configurations. (a) and (b) are the Horn-Horn configurations at 40 m and
70 m, (c) and (d) are the Omni-Horn at 40 m and Horn-Omni at 70 m gallery, respectively.

capacity. Omnidirectional antennas are not very effective at 60 GHz because of lower directivity
and gain compared to the directional antennas, but they might be appropriate for the wider signal
coverage.

5.1.3 Interference fading

Interference fading can be characterized by increasing and decreasing signal losses, when the Rx
is driven at a LOS direction in the presence of fixed objects (rough walls, metallic pipes and nets,
ventilation system at the ceiling, water puddles etc.) in the environment. Sharp edged rocks that are
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larger than the wavelength (5 mm) can increase the effects of large-scale radio signal fading due to
reflection, diffraction, and scattering, in which the signal power variations along a wireless link can
be characterized by statistical distributions. In order to quantify this, the deviations of the path-loss
values from the linear regression line were calculated and the standard deviation of the variations
(σdB) was estimated. The obtained results of σdB are summarized in Table 5.2. An example of the
cumulative distribution of fading between the fitted and the measured data is then plotted in Fig.
5.3. Large scale fading in underground mines is usually found to be normally distributed [23] ; this
was seen to be consistent in all of our configurations.

Fading (dB)
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100

Fading (VV)
Fit with normal (VV)
Fading (HH)
Fit with normal (HH)

Figure 5.3 An example of shadow fading CDF fitted with the normal distribution at 70 m (Horn-
Horn).

5.1.4 Delay spread

Table 5.2 shows the time dispersion parameters from the large scale measurements (between 1
m and 7.2 m distance). The time dispersion parameters extracted from the PDPs, are defined in
equations 5.7, 5.8 and 5.9 of section 5.2.1. These results show that a higher value of RMS delay
spread implies a lower path loss exponent value. The use of vertical polarization provides a higher
values of RMS delay spread than horizontal ones. Moreover, a higher gallery dimension provides
higher values of τrms and τmax corresponding to a lower value of Bc90.
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5.2 Small scale characterization

Since the presence and absence of multipath amplitudes and delays at 5 mm wavelength may arise
the reflected/scattered waves from the surrounding rough surface, a 3D small scale measurement
(x×y×z) was considered. Therefore, two measurement locations (i.e., 1 m and 3 m) were conside-
red and the measurement configurations are listed in Table 5.3. At 40 m D - O case, HH polarization
has been considered to characterize the channel with horizontal polarization configuration in a small
scale area.

Table 5.3 Small scale measurement configurations

Mine Level
Antenna

Configuration
Polarization

40 Directional - Directional (D - D) VV

40 Directional - Omnidirectional (D - O) HH

70 Directional - Directional (D - D) VV

70 Directional - Omnidirectional (D - O) VV

The grid positions can be defined as dx,y,z. The measured channel transfer function can also be
defined as H(f, t, dx,y,z), where x = x1 . . . x5, y = y1 . . . y5, z = z1 . . . z5. Therefore, for a position
dx,y,z the averaged measured channel impulse response can be calculated as follows :

h(τ ; dx,y,z) = IFFT

 1
M

M∑
j=1

H(fi, tj, dx,y,z)
 (5.3)

where M is the number of snapshots taken at each time t, τ is the path delay and i is frequency
sample index with i = 1, 2, . . . , 2000. The PDP can be calculated as

P (τ ; dx,y,z) = |h(τ ; dx,y,z)|2 (5.4)

The PDP can be defined as follows [93, 101] :

P (τ ; dx,y,z) =
N∑
i=1
|ai(dx,y,z)|2 δ{τ − τi(dx,y,z)} (5.5)

where N is the number of multipath components, ai and τi are the ith path amplitude and delay,
respectively.
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5.2.1 Channel parameters

The time dispersion parameters of the channel such as the mean excess spread (τ ), the maximum
excess delay (τmax) and the root mean square (RMS) delay spread (τrms) [93, 102] have been
extracted from the PDPs followed by the equation 5.5. The τrms can be expressed as :

τrms = Ed
{
τrms(dx,y,z)

}
(5.6)

where Ed{·} is defined as the mean value of τrms collected from every grid points (dx,y,z). The
τrms(dx,y,z) at each point is mathematically defined as :

τrms(dx,y,z) =
√
τ 2 − (τ)2 (5.7)

where τ is the mean excess delay and its first and second moments (n=1, 2) expression is given
below :

τn =
[
N∑
i=1

a2
i τ

n
i

]
/

[
N∑
i=1

a2
i

]
, n = 1, 2 (5.8)

where N is the total number of paths, τi and ai are the ith path delay and amplitude, respectively.

The coherence bandwidth (Bc) is defined as the range of frequency components in which the am-
plitudes are correlated strongly [103]. The frequency correlation function R(∆f) of the channel
can be obtained from the Fast Fourier Transform of the PDP (only taken multipath and without the
noise) as [104, 105] :

R(∆f) = FFT [P (τ ; dx,y,z)] , ∆f = 1 . . . P (5.9)

where ∆f is the frequency separation of H(f ; dx,y,z) and P is the total number of sweep point. The
minimum frequency separation of |R(∆f)| has been calculated as Bc, where Bc can be defined
as 90% below from the value of |R(∆f)|∆f=P/2. An example of the correlation function of the
frequency deviation is shown in Fig. 5.4.

5.2.2 Small scale fading and delay-spread statistics

5.2.2.1 Fading

In order to evaluate 3D small-scale (i.e., 1 cm3) fading statistics in a local area, the normalized
multipath total powers (e.g. the power summation of all multipath components) were extracted
from the PDPs. Examples of the spatial distribution of normalized total multipath power at each
receiver location at 3 m distance is shown in Fig. 5.5 and 5.6. It can be seen that the signal power
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Figure 5.4 An example of correlation function of the frequency deviation at 70 m (Horn-Omni).
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Figure 5.5 An example of a spatial distribution of total multipath power with x×y and z = λ (which
is aligned) for different antenna configurations. (a) 40 m (the upper plot is D −DV V and the lower
plot is D −OHH) and (b) 70 m (the upper plot is D −DV V and the lower plot is D −OV V ).

is mostly distributed throughout the grid points at 70 m. These power variations may have been
caused by environmental factors such as the narrow passage with rough surface. At 40 m, the
power is mostly directive due to smaller signal fluctuation and larger gallery dimension. It was
observed that the average small scale fading ranges from 1 to 2 dB and 3 to 5 dB for Horn-Horn
and Horn-Omni configurations, respectively. This implies that the Rx may experience, at most, an
additional 1 to 5 dB loss when it moves by a particular cubical area (i.e., 1 cm3). The Rx antenna
height along the z direction also contributes to power variations with a step of λ/2. The multipath
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Figure 5.6 An example of a spatial distribution of total multipath power with x × y × z. (a) 40 m
D −DV V and (b) 70 m D −DV V .

total power at different Rx heights resulted in a directive propagation phenomena also at 40 m.
Moreover, variations around 2 dB and 4 dB were observed for Horn-Horn and Horn-Omni antenna
configurations, respectively. Therefore, in a small cubical area (i.e., 1 cm3), the 1 to 5 dB amplitude
fading of Rx displacement would be present in the mine environment at 60 GHz. In summary,
multipath fading within a small scale area at 60 GHz is lower than the lower operating frequencies
such as 2.4 GHz.

The distribution of small scale multipath amplitudes of the LOS channel can be modeled as a Rician
distribution which characterizes the stronger LOS path and the scattered multipath. This is why
to find statistical characteristics of the amplitude fading, different known distributions have been
compared. To identify the best-fitted distribution with the experimental results, the Kolmogorov-
Smirnov Test (KST) was performed by having the lower value of the k. Fig. 5.7 shows an example
of measured cumulative distribution functions (CDF) of multipath amplitude fading, which fit with
the Rician distribution. A comparative study of all configurations showed that Rician distributions
matched in both galleries, since the Tx were Directional Horn antenna in the LOS direction, and a
strong dominant direct path and scattered multipath arrived at the Rx [7].

5.2.2.2 Delay spread

The mean and standard deviation of τ (the mean excess delay), τrms (RMS delay spread), τmax (the
maximum excess delay) and channel coherence bandwidth (Bc90) for different antenna configura-
tions were computed from the PDP of each measurement of the 3D grid points and are summarized
in Table 5.4. According to the results of the D - D configuration, the 40 m gallery provided a higher
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Figure 5.7 An example of small scale fading distribution with D −OV V configuration at 70 m.

Table 5.4 Small scale measurement results

Configuration
τrms (ns) τ (ns) τmax (ns) Bc90 (MHz)

µ σ µ σ µ σ µ σ

40 mD−DV V 1.20 0.14 0.48 0.10 22.15 0.38 34.86 2.4

40 mD−OHH 1.11 0.36 0.47 0.26 11.13 9.42 45.78 14.27

70 mD−DV V 0.77 0.51 0.36 0.27 9.05 11.39 130.76 11.14

70 mD−OV V 1.62 0.71 0.89 0.45 9.07 9.62 58.59 32.25

τrms value than the 70 m gallery due to the higher gallery dimensions that cause higher path de-
lays. The results of 40 mD−OHH show that the τrms value is lower which may have been caused by
the Horn and Omnidirectional antennas’ HPBWs (in the azimuth plane with horizontal-horizontal
case) of 12◦ and ∼ 40◦, respectively. The horizontal polarization of the Omnidirectional antenna
was used to observe any influence with horizontal polarization for a geolocation links between mo-
ving miners. For the 70 mD−OV V case, on average, higher numbers of multipath components were
observed compared to all configurations and it provided a higher value of τrms. This is due to the
use of Omnidirectional antenna at the Rx, the presence of narrower gallery dimension, and metallic
pipes beside the LOS, which may have added a higher number of multipath with higher amplitudes
at the Rx.
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Ben Mabrouk et al. [35] reported an RMS delay spread is approximately 7 ns. Since this experiment
was with MIMO channels with 60◦ HPBW of antennas in a different environmental topology, a
higher number of multipath may have arrived at the Rx with larger amplitudes and delays. On the
other hand, an RMS delay spread of around 2 ns is reported in [37] by using a Horn antenna of 16◦

HPBW. The differences between the obtained results due to the distinct HPBWs. Hence, the time
dispersion results of the polarimetric measurements depend on a specific environment and antenna
radiation pattern.
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Figure 5.8 (a) RMS delay spread values with different antenna configurations. Note : the measure-
ments at 3 m Tx Rx separation distance consisting of 125 (5× 5× 5) points and (b) CDF of RMS
delay spread values.

The RMS delay spread values of 3D grid points at 40 m and 70 m are shown in Fig. 5.8a. These
results show that the Horn-Omni configuration provide a higher time dispersive phenomena com-
pared to Horn-Horn due to the use of Omnidirectional antenna which provide a higher fluctuation
of multipath amplitudes with a higher value of HPBW. Moreover, with a Horn-Horn configuration,
a higher time dispersive channel was observed in the VV case at 70 m compared to 40 m due to the
narrow gallery with a different roughness magnitudes.

The empirical CDF of the value of τrms is illustrated in Fig. 5.8b. It seems that the standard devia-
tion of RMS delay spread does not vary. The radiation pattern of the directional antenna in both Tx
and Rx has a major advantage to reduce the number of multipath components in the underground
mine gallery, and consequently maximizes the data transfer rate.

For small scale amplitude fading and time dispersion characteristics, the 3D grid measurement
procedure is more effective since it eliminates the antenna misalignment issues in the underground
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mine particularly at millimeter wave.

Table 5.4 shows the different values for channel coherence bandwidth. At 70 m, the mean coherence
bandwidth of the Horn-Horn configuration is greater than the Horn-Omni configuration due to the
small number of multipath in the channel. Overall, a smaller standard deviation for the value of
coherence bandwidths has been observed with D - D compared to D - O.

This is to note that, to design a wireless communication system, the symbol length (Ts) is necessary
to define according to the value of RMS delay spread [106]. If the Inter Symbol Interference (ISI)
exists in the system, need an equalizer to have reliable wireless communication. The explanation is
given below :

Ts > 10× τrms (No ISI) (5.10)

Ts < 10× τrms (ISI) (5.11)

This is also to have a relationship between coherence bandwidth and system data rate by applying :

R = W/2 (5.12)

where R and W are the data rate and coherence bandwidth, respectively [106]. Measurement results
show that the coherence bandwidth with D - D communication system provides around 100 MHz
and 40 MHz at 70 m and 40 m galleries, respectively. For a reliable underground communication
system in the CANMET underground mine the large scale and small scale results show that the
signal undergoes frequency selective fading due to the smaller coherence bandwidth of the channel
compared to the signal bandwidth (2.16 GHz), indicate an equalizer (adaptive tapped delay filter)
will be needed in the Rx. As well, the data rate of the system, on average, would be less than 50
Mbps and 20 Mbps for 70 m and 40 m galleries, respectively.

5.3 Antenna polarizations effect

It is important to investigate time dispersion characteristics with different antenna polarizations
for the scattered channel, since scattering phenomenon with different antenna polarizations may
change the multipath arrival, amplitude, and the change of state from H to V or vice versa. The
time resolution which is the inverse of the bandwidth, is taken as 0.46 ns to consider all detected
paths. The extracted number of multipath components and RMS delay spread with respect to Tx -
Rx distance, as illustrated in Fig. 5.9, employ the procedure described in [22, 93]. Results show that
the relationship between the number of multipath and the distance exhibits a random behavior and
observed a little trend of decrement in the 40 m gallery in both polarization configurations. In the 70
m gallery, the number of paths remains random and observed a little trend of constant. The number
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of multipath were found less valued at 70 m gallery than 40 m gallery. Moreover, the horizontal
polarization of the Omnidirectional antenna configuration results exhibited less multipath compared
to the vertical polarization. The RMS delay spread values were found to behave randomly according
to Tx - Rx distance.

Fig. 5.9b shows the results that a wider gallery dimension and a VV polarization provide a hi-
gher RMS delay spread than a narrower gallery and a HH polarization, respectively. The difference
between VV and HH polarization value occurred due to horizontal antenna polarization of the Om-
nidirectional antenna has a HPBW of around 40◦. Accordingly, results of the total multipath power
(i.e., summation of all incoming multipath power) of the signal show a less multipath addition at
the Rx with HH exhibiting higher degradation of the signal power reception according to Tx - Rx
compared to the V V polarization.
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Figure 5.9 Scatter plot of time dispersion characteristics with different antenna and polarization
configurations. (a) the number of multipath, (b) the RMS delay spread, with respect to Tx Rx
separation distance.

The mean (µ) and the standard deviation (σ) of the time dispersion characteristics of the chan-
nel such as RMS delay spread (τrms), mean access delay (τ ), maximum access delay (τmax) and
coherence bandwidth (Bc0.9) results are listed in Table 5.2. Results suggest that a wider gallery
dimension provides a higher RMS delay spread than a narrower gallery. In both galleries, the VV
polarization also provides a higher RMS delay spread than the HH polarization.

The mean value ofBc0.9 remains around 30 at 40 m gallery for VV polarization. In the 70 m gallery,
the Bc0.9 fluctuates a little and the average value remains around 90 MHz with VV polarization.
This difference occurred due to the wider gallery dimension at 40 m compared to the 70 m level.
The Fig. 5.10 shows the CDF of coherence bandwidths. This is to note that once the horizontal
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Figure 5.10 CDF of RMS delay spread and coherence bandwidth (i.e. Bc0.9) in both galleries. (a)
the RMS delay spread, (b) the coherence bandwidth.

polarization of the antennas was used the values of the coherence bandwidths were observed a
higher fluctuation from the median values, since the radiation pattern of the omnidirectional antenna
provides sometimes one or two paths in a certain distance.

5.3.1 Comparison with other results

Experimental results in CANMET underground mine with different system setups and configura-
tions are listed in Table 5.5. Ben Mabrouk et al. [35] reported an average of 7.65 ns RMS delay
spread value in the 40 m gallery, where 50◦ HPBW rectangular patch (2x2) antennas with 10 dBi
gain in both Tx and Rx sides of a 2x2 MIMO system were used. In this paper, a lower value of RMS
delay spread of 2.63 ns has been found in the same gallery when a SISO configuration has been
employed with a 12◦ HPBW Rx pyramidal Horn antenna (24 dBi gain) and a Tx Omnidirectional
antenna (3 dBi).

The lower antenna gain provides a wider HPBW [107], resulting in the probability of having a
higher number of multipath. Similarly, the experimental setup that has been used in [37] with Horn
antennas and the results are listed in Table 5.5 and provide a differential value of RMS delay spread
with this work due to the fact of HPBW. With 5 mm λ, the scattering phenomenon will be present,
and the incident wave could change its polarization and interference of scattered waves could oc-
cur due to the coherent phenomenon. Therefore, different antenna configurations and polarizations
results particularly provide an information of the scattering point of view where it can be conclu-
ded that dual polarized antenna systems at the Tx and Rx side would be the good choice for the
underground mine gallery wireless system to enhance the performance and capacity.
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Table 5.5 Comparison of CANMET underground mine experimental results.

Reference
Mine

gallery

Frequency

(GHz)

Antenna

system
Polarization

BW

(GHz)
Atx Arx Htx Hrx τrms (ns)

[35] 40 m 60 MIMO Vertical 7 Patch (2x2) Patch (2x2) 50◦ 50◦ 7.65

[37] 70 m
2.46 SISO Vertical 0.2 Omni Omni 360◦ 360◦ 6.31

5.8 SISO Vertical 0.2 Omni Omni 360◦ 360◦ 6.14

60 SISO Vertical 2 Horn Horn 16◦ 16◦ 2.14

In this paper

40 m
60 SISO Vertical 2.16 Omni Horn 360◦ 12◦ 2.63

60 SISO Horizontal 2.16 Omni Horn ' 40◦ 12◦ 2.044

70 m
60 SISO Vertical 2.16 Horn Omni 12◦ 360◦ 1.39

60 SISO Horizontal 2.16 Horn Omni 12◦ ' 40◦ 0.97

Note : In [35] a 2 × 2 MIMO antenna system configuration was used. In [37] and in this paper,
the used Horn antennas have a 16◦ (from [107]) and 12◦ (from MIllitech) of HPBW, respectively.
Atx and Arx are the Tx and Rx antennas, respectively. Htx and Hrx are the Tx and Rx azimuthal
HPBW, respectively.

In the considered measurement scenarios ; surface wall, floor, and ceiling have different values of
roughness and different gallery dimensions, and the use of different antenna polarizations therefore
could provide an impact on the time dispersion parameters on the channel. This impact can be
characterized by the differential values of τrms.

In the considered mining environment, surface wall, floor and ceiling have different values of
roughness and therefore will have different impact on the channel parameters for to use of dif-
ferent polarizations.

5.3.2 Impact of antenna polarizations on the scattered channel

To analyze the impact of the antenna polarizations on the channel, the analytical explanations have
been carried out. A spherical coordinate system of the Tx and Rx antenna is illustrated in Fig. 5.11.
The Ω = (θ, φ) corresponds to the coordinate point on a spherical surface of the antenna, where
θ ∈ [0, π] and φ ∈ [0, π] (for Omnidirectional φ ∈ [−π, π]) are the elevation and azimuth angles,
respectively. An illustration of the line of sight (LOS) path and the scattered path with Horn antenna
as a Tx and Omnidirectional antenna as a Rx is shown in Fig. 5.13. The channel parameters of lth

multipath is {L, al, τl,ΩT,l,ΩR,l}, whereL is the number of scattered paths, al is the path amplitude,
τl is the time of arrival (TOA), ΩT,l is the direction of departure (DOD) and ΩR,l is the direction of
arrival (DOA), respectively. The channel parameters of the LOS path is {a0, τ0,ΩT,0,ΩR,0}.

A modified impulse response of the scattered channel as described in [108], by adding the polari-
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Figure 5.11 The spherical coordinates of the transmitter and receiver antennas.

zations and reflection coefficients is obtained as a function of delay, DOD, and DOA :

h(τ,ΩT ,ΩR) = hlos(τ,ΩT ,ΩR) + hs(τ,ΩT ,ΩR) (5.13)

hlos(τ,ΩT ,ΩR) = a0 δ(τ − τ0)δ(ΩT − ΩT,0)δ(ΩR − ΩR,0) (5.14)

hs(τ,ΩT ,ΩR) =
L∑
l=1

al δ(τ − τl)δ(ΩT − ΩT,l)δ(ΩR − ΩR,l) (5.15)

al = {al,V · Γ‖ · ρ}; {al,H · Γ⊥ · ρ} (5.16)

ΩT,l = {ΩT,l,V }; {ΩT,l,H} (5.17)

ΩR,l = {ΩR,l,V }; {ΩR,l,H} (5.18)

τl = {τl,V }; {τl,H} (5.19)

where the equation 5.14 corresponds to the LOS path and the equation 5.15 corresponds to the
scattered paths. The al is the lth scattered path amplitude. The al,V and al,H are the vertical and
horizontal polarized amplitudes of the lth path, and Γ‖, and Γ⊥ are the corresponding reflection co-
efficients, respectively. The ρ is the scattering coefficient of the rough surface that can be estimated
from scattering models as described in [109]. It is assumed that all scattered paths are received at
the receiver within an angular range of ΩR. The ΩT,l, ΩR,l and τl consist of vertical and horizontal
DOD, DOA and delay, respectively, and shown in the equations 5.17, 5.18 and 5.19. The power
delay profile of the scattered channel can be defined as

P (τ,ΩT ,ΩR) = E{|h(τ,ΩT ,ΩR)|2} (5.20)
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Figure 5.12 3D simulated Horn antenna radiation pattern with different polarizations with an ap-
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Figure 5.13 An illustration of the LOS path and the scattered paths with Horn and Omnidirectional
antenna configurations by considering a rough surface, where σh and ρ are the standard deviation
of the surface heights and scattering coefficient, respectively. The θi and θr are the incident and
reflected angles, respectively. The η̂ is the tangent plane of the surface.

5.3.2.1 Experimental explanations

It is assumed that the channel fading is Rician distribution since Tx and Rx are in LOS. Hence, that
the scattered channel can be characterized by the Rician K-factor, where K is the ratio between the
power of the LOS path and the power sum of the scattered paths (vertical or horizontal) [110] and
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given below :

KV = |a0,V |2∑L
l=1 |al,V |

2 (5.21)

KH = |a0,H |2∑L
l=1 |al,H |

2 (5.22)

Kf can be used to characterize the channel as an impact factor due to the use of vertical and
horizontal antenna polarizations on the scattered channel and is given below :

Kf = KV

KH

(5.23)

The Co-polarization ratio (CPR) which characterize also the channel, defined as the ratio between
the received power by using an antenna in vertical and the received power by using an antenna in
horizontal [110] and given below :

CPR = |al,V |
2

|al,H |2
(5.24)

The average CPR value and the correlation coefficient of the power between HH and VV polariza-
tion with Omni - Horn configuration at 40 m gallery reported in [110]. Although the mean values
of the K-factor were around 25 dB for both polarizations, a lower value of the standard deviation of
VV polarization was observed compared to HH one. Moreover, the average CPR value was found
to be around 6 dB and a correlation coefficient of the received power between HH and VV polariza-
tion was found to be 0.8649 as reported in [110] implying a higher amplitude correlation between
them.

Fig. 5.14 shows the radiation patterns of the Directional and omnidirectional antennas. The vertical
polarization of the Directional antenna consists some ripples in the side lobes which may produce
strong reflection/scattering from the surface compared to the horizontal polarization of the antenna.
The horizontal polarization of the omnidirectional antenna consists gain fluctuations above ±45◦

which may produce higher multipath amplitude variations at the receiver.

5.3.2.2 Conceptual explanations

The results of time dispersion, K-factor, and CPR (reported in [110]) demonstrate that the use of
vertically polarized antennas at the Tx and Rx sides shows a probability of a higher value of RMS
delay spread than the use of horizontally polarized antennas. The explanations are described below :
– Antenna gains are higher in vertically polarized antennas (Horn and Omni) between ±20◦ and
±60◦ than the horizontal one. In addition, the used Omnidirectional antenna gains both in azi-
muth and elevation directions in a range of −40◦ to +40◦ are not same.
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Figure 5.14 Measured 2D antenna radiation patterns with different polarizations. a) Horn and b)
Omnidirectional (horizontal polarization - elevation direction). Note : in the vertical polarization
(azimuth direction) of the Omnidirectional antenna consists between 0 dB and -3 dB.

– In the CANMNET gallery, the roughness magnitudes of the floor and ceiling are less than the
value obtained for walls.

5.3.2.3 Geometrical explanations

The impact of antenna polarizations on the scattered channel can be characterized by the parame-
ters,

{H,W, θi, ε, σ, σh, α} (5.25)
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where H and W are the height and width of the galleries, θi is the incident angle, ε and σ are the
permittivity and conductivity of the material, σh and α are the standard deviation of roughness and
percentage of polarization state change (from V to H and vice versa), respectively. Since rough
surface could change the polarization state once EM wave interacts with the surface materials, the
use of α would be useful to characterize the scattered channel.

Since commercial software is not fit to simulate the PDP within the underground mine gallery due
to surface roughness, the hypothesis based on the geometrical explanation of the antenna polariza-
tions impact could instead be described by the relationship of the gallery dimension and material
properties in a particular incident angle. For instance, with H > W and around εr & 60 conditions,
the simulation results show that the use of V V configuration provides a higher value RMS delay
spread than the use of HH . Therefore, the conditions could be clarified with two factors based on
assumptions of the gallery dimensions.

Firstly, antenna side lobes are towards the ceiling and the floor with vertically polarized antenna
and provide a higher path delay. This condition can be clarified by that the higher amplitudes
of multipath provide a higher value of RMS delay spread of the channel with the same value of
TOAs while lower values of the TOA provide a lower value of RMS delay spread with the same
amplitudes.

Secondly, the higher values of the permittivity of underground mine surface material (i.e., estimated
as around εr & 60 since plasterwork rough and rockwool have εr ≥ 30 with 5 mm wavelength [60])
contribute a lower value of Γ‖. This can be clarified by an example of the reflection (according to
the Fresnel theory) such as with a range of θi around between 50◦ and 70◦ ; the 77.5 value of εr,
the Γ‖ (vertical) provides <10 dB power loss ; whereas 7.5 value of εr, the Γ‖ (vertical) provides a
notch of ∼ 30 dB power loss.

A D − O configuration (a Tx - Rx distance of 7 m are considered in a geometry based simulation
with the antenna radiation patterns as shown in Fig. 5.14. The simulation process was implemented
in order to find the impact of the antenna radiation patterns and polarization on a scattered channel
and described in Appendix C. With the ΩT values between ±70◦ and ±20◦, the set of impact para-
meters {H = 3 m,W = 2 m, θi = (∼ 50◦ to ∼ 80◦), εr = 77.5, σ = 0.03, σh = 0.5 mm,α =
10}, and the use of free space propagation ; the use of vertically polarized antennas provide around
0.0155 ns RMS delay spread whereas a lower value of 0.0114 ns obtained with horizontally pola-
rized antennas. It has been observed that conductivity does not provide a strong impact between V
and H polarizations.

In addition, the value of scattering coefficients (σ) which are based on Gaussian rough surface
Scattering Model, modified Gaussian rough surface scattering Model or Kirchhoff scattering Mo-
del provide only a reduction of path amplitudes by multiplying it with Fresnel reflection coefficients
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[109] and correspond to a lower value of RMS delay spread compared to the use of Fresnel reflec-
tion coefficients. The roughness magnitude of the mine surface within a small square area (e.g.,
10 mm2) of a facet is assumed to be less than 0.5 mm for the above models. For a higher value of
roughness (i.e., > 0.5 mm), the Kirchhoff scattering Model is useful to consider.

In summary, the inhomogeneous material properties of the underground mine gallery surface and its
corresponding values of reflection coefficients Γ‖ and Γ⊥, gallery dimensions, Tx and Rx heights,
grazing angles, incident angles (θi), reflected angles (θr), DODs, and DOAs have a direct impact
on the value of the RMS delay spread of the scattered channel.

5.4 Wireless InSite Simulation results

In order to explain the difference between the measurement results obtained in [35, 88, 111] and this
work, a simulation scenario was carried out. The simulation scenario as shown in Fig. 5.15 is based
on 70 m gallery and considered as a smooth surface. The Wireless InSite software has a parameter
to deal with the surface roughness, but at 60 GHz with 6 cm roughness, it is not compatible to do
a simulation scenario which is highly related to the incident angle of the ray launching approach.
Moreover, it does not support MIMO configurations as well. Therefore, the Single Input Single
Output (SISO) configurations were used for all setup.
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Mine Gallery, 70 m

Figure 5.15 Mine model (70 m gallery).

The simulation parameters are listed in the Table 5.6. In addition, the 3D simulated antenna radia-
tion patterns such as vertical and horizontally polarized pyramidal horn antennas are illustrated in
Fig. 5.16 and 5.17. Moreover, to understand the graphical view of the scenarios the 3D radiation
pattern of Omni (V) - Omni (V), Horn (V) - Horn (V), Horn (H) - Omni (H) antenna configurations
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Figure 5.16 3D vertical Horn antenna radiation pattern.
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Figure 5.17 3D horizontal Horn antenna radiation pattern.

are shown in Fig. 5.18.

The simulation results are listed in Table 5.7 and illustrated in Fig. 5.19. Results show that the use
of a higher antenna gain yields a lower value of the RMS delay spread. For the setup of 7, 2 × 2
antenna rectangular patch having around 50◦ of HPBW antennas provide a higher value (i.e., 0 - 1
ns) of RMS delay spread compared to our setups 1 to 5. The results also show that no significant
difference between Horn (V) - Omni (V) and Omni (V) - Horn (V) antenna configurations (setup
4 and 5). Higher RMS delay spread value was obtained between Horn - Horn and Horn - Omni
with vertical polarization (i.e., setup 1 and 3). Horn - Horn with horizontal polarization gives a
little higher value of RMS delay spread than vertical polarization, since the gallery width is higher
than the height. Due to the roughness of the wall and different measurement locations in the mine,
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Figure 5.18 3D antenna radiation pattern with different antenna configurations.

VV polarization configurations may provide a higher value of the RMS delay spread than HH.
Moreover the reason could be the metallic nets on the ceilings and the flatness of the floor could
provide a strong reflected wave than rough walls which dissipate power. Using different frequencies
such as 60 GHz and 2.4 GHz with a bandwidth of 2.16 GHz and 200 MHz, The average RMS value
was around 1.19 ns and 1.94 ns, respectively (i.e., setups 8 and 9). For the setups of 1 and 6, a Horn
antenna having around 16◦ of HPBW provides a higher value of the RMS delay spread compared
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Table 5.6 Channel simulation parameters

Mine Level 70 m

Frequency range 57.24 GHz-59.4 GHz

Center frequency 58.32 GHz

Bandwidth 2.16 GHz

Tx power +4 dBm

Tx/Rx height ∼1 m/∼1 m

Pyramidal Horn antenna (this work) Gain 24 dBi, HPBW 12◦

Pyramidal Horn antenna ([88, 111]) Gain 20 dBi, HPBW 16◦

Rectangular 2x2 patch antenna ([35]) Gain 10 dBi, HPBW 50◦

Omnidirectional antenna Gain 3 dBi

Polarization VV, HH

Roughness zero

Tx - Rx Max Distance 10 m

Grid 0.20 m

Permittivity 5.5

Conductivity 1e-003 S/m

2.4 GHz center frequency 2.4 GHz

2.4 GHz bandwidth 200 MHz

to the setup 1 having around 12◦ of HPBW.

5.5 Rician K-factor and Co-polarization ratio results

The experimental results of the Rician K-factor and the co-polarization ratio (CPR) are obtained
from the measurements conducted at 40 m CANMET underground mine gallery with Horn and
Omnidirectional antennas with Horizontal (H) and Vertical (V) polarizations. Results suggest that
the VV polarization offers a larger number of multipath components than the HH polarization, a
correlation coefficient of about 0.86 between them, and an average CPR of about 6 dB. Further-
more, the average value of the Rician K-factor shows little or no difference between the HH and
VV polarizations.

In this particular 5 mm wavelength, the multipath fading can be modeled by Rician distribution.
Most commonly used Rician K-factor which determines how much dominant is the LOS com-
ponent compared to the other multipath components. In other words, higher values of the K-factor
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Table 5.7 Simulation results

N Fc Ta Ra P THPBW RHPBW Gt Gr τrms

1 58.32 Horn Horn VV 12◦ 12◦ 24 24 4.1142e−04-0.1165

2 58.32 Horn Horn HH 12◦ 12◦ 24 24 0.0013-0.1624

3 58.32 Horn Omni VV 12◦ 360◦ 24 3 0.0108-0.4346

4 58.32 Horn Omni HH 12◦ 40◦ 24 3 0.0178-0.4202

5 58.32 Omni Horn VV 360◦ 12◦ 3 24 0.0107-0.4332

6 58.32 Horn Horn VV 16◦ 16◦ 20 20 9.1351e−04-0.3974

7 58.32 Patch Patch VV 50◦ 50◦ 10 10 5.1853e−04-0.9993

8 58.32 Omni Omni VV 360◦ 360◦ 3 3 0.7281-3.2474

9 2.4 Omni Omni VV 360◦ 360◦ Auto Auto 1.5228-2.3144

Note : N is the number of antenna configurations, Fc is the center frequency, Ta is the transmitter
antenna type, Ra is the receiver antenna type, P is the antenna polarization configuration type,
THPBW is the transmitter antenna azimuthal HPBW,RHPBW is receiver antenna azimuthal HPBW,
Gt is the transmitter antenna gain, Gr is the receiver antenna gain, τrms is the RMS delay spread.
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Figure 5.19 Illustration of the simulation results with different setups listed in Table 5.7
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demonstrate lower values of multipath amplitudes [93].

K-factor measurement techniques in the home and office environments at 60 GHz reported in [112]
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 results at 2.4 GHz, 3.52 GHz,
and 5.8 GHz suggested its value lies between 8 dB and 12 dB [113]. In an underground mining en-
vironment 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
[114]. It was also mentioned there that high measured values of the K-factor show a better fit with
the Lognormal distribution. The gallery walls are more absorbent thereby causing lower multipath
signal strength. Moreover, no correlation was found between the K-factor and transmitter receiver
separation distance. Cellular mobile communication channel measurements with different antenna
polarizations were investigated in [115] to report that co-polar channel components have the same
power on average. Measured values from 0.86 to 0.96 of the correlation coefficient of different
streets between horizontal and vertical polarization received powers were reported in [116].

However, the K-factor and the CPR have never been investigated so far in an underground mine
environment at 60 GHz.

5.5.1 K-factor

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 li-
kelihood (ML) [114]. 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

p(x) = x

σ2 e
− (x2+A2)

2σ2 I0

(
Ax

σ2

)
(5.26)

where A is the peak amplitude of the dominant component and σ2 is the variance of the multipath
components. I0(·) is the modified Bessel function of order 0. Therefore, the K-factor is given by

K(dB) = 10log10

(
A2

2σ2

)
dB (5.27)

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 the corresponding number of multipath components have to be determined.
Fig. 5.20 plots the number of multipath components in the VV and HH polarization configurations
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Figure 5.20 Number of the multipath components (with Omni - Horn configuration at 40 m gallery).
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Figure 5.21 Kolmogorov-Smirnov test (KST) scores with different distributions of the number of
multipath components for (a) the VV and (b) the HH configurations (with Omni - Horn configura-
tion at 40 m gallery).

versus the transmitter receiver separation distances. The results suggest 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 ∼ 40◦ in the elevation (along the x direction of
Fig. 3.6) directions. Results show that once the transmitter receiver separation distance increases,
the number of multipath components decreases slightly.

Fig. 5.21 shows the Kolmogorov-Smirnov Test (KST) results for the number of multipath compo-
nents, to find the best fitted distribution among Rayleigh, Rice, Nakagami, Weibull, and Lognormal.
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Figure 5.22 K-factor values (in dB) versus the transmitter receiver separation distance (with Omni
- Horn configuration at 40 m gallery).
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Figure 5.23 Rician distribution fitting of K-factor results (with Omni - Horn configuration at 40 m
gallery) for (a) VV and (b) HH configurations.

The fitting results suggest that Weibull is the best fitted distribution for both the VV and HH confi-
gurations.

Fig. 5.22 shows the measured K-factor values in dB versus the transmitter receiver separation dis-
tances. The plots suggests no correlation between the K-factor and the transmitter receiver sepa-
ration 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 due to the rough surface and higher inclination of the surface.
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Fig. 5.23 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 Table 5.8. The
mean values are almost the same (i.e., around 25 dB where [114] 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 5.8 Rician distribution fitting of K-factor values (with Omni - Horn configuration at 40 m
gallery)

Polarization
Statistical parameters (dB)
A σ µ σ2

VV 24.68 6.44 25.54 40.05
HH 24.92 9.52 26.83 83.53

5.5.2 Co-polarization ratio

Vertical and horizontal polarized waves are independent of each other. The two co-polar compo-
nents PV V and PHH 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 in equation 5.24.

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 may follow linear power degradation versus the transmitter-receiver separation distance. Due
to the rough surface, the CPR values are also related to the gallery curvature.

Fig. 5.24 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.

Fig. 5.25 plots the KST results for the measured CPR values to identify the best fitted distribution,
namely the Rician distribution.

The correlation coefficient between PV V and PHH also characterizes how strongly they are corre-
lated with each other. The Pearson correlation coefficient r was used to find the coefficient between
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Figure 5.25 Kolmogorov-Smirnov test for the measured CPR values.

x and y those are equivalent to PV V and PHH , respectively and can be written [117, 118] as

rxy =

n∑
i=1

(xi − x̄)(yi − ȳ)

(n− 1)σxσy
(5.28)

where x and y are the PV V and PHH , respectively, n is the total number of measurements. σx and
σy are the standard deviations of x and y, respectively.

The measured rxy value of 0.8649 satisfied with the outdoor street experimental results reported in
[116].

In summary of section 5.5, time dispersion results were extracted and results show that a vertical
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antenna polarization provides a larger number of reflected paths than horizontal polarization. The
measured Rician K-factor values have found an average of 25 dB for both polarizations whereas a
higher value of standard deviation found with the HH polarization. The CPR value remains around
6 dB and analyzed that its value depends on the roughness and the gallery curvature. Furthermore,
high correlation between the total multipath powers of PV V and PHH over both polarizations was
reported.
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CHAPTER 6 ANGLE OF ARRIVAL ANALYSIS

In general, 60 GHz directive antenna system allows beamforming technology, and due to the mi-
neworkers mobility concern, the 5 mm wavelength could be a better candidate for accurate geo-
location service in this particular confined environment. The experimental mine consists of rough
surfaces which can be affected by the reflections and the scattering at this particularly wavelength of
5 mm. The angular dependencies are necessary during the investigation of wireless system design
in underground mine. This measurement campaign is particularly motivated due to the different
roughness magnitude of the floor, wall and ceiling. In this chapter, angular dispersion measurement
results of 60 GHz radio wave propagation in different real underground mine level depths are pre-
sented. The characterization of the multipath arrivals at the receiver is based on statistical analysis
of the multipath shape factors.

6.1 Measurement setup and experimental protocol

A similar experimental system setup was used as shown in Fig. 3.4. The Velmex table having
the capability to do 3D measurements along the x and z directions simultaneously. During AoA
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Figure 6.1 AoA measurement procedure with Omnidirectional antenna at the Tx and directional
horn antenna at the Rx.

measurements in the 70 m gallery, the Rx was moved from 3.2 m to 4.4 m along the x axis as
shown in Fig. 6.1. The separation of two successive positions was 40λ. At 40 m gallery, the Rx
moved from 3 m to 4 m separated by 1 m along the x axis. For both galleries, a 1 m reference
measurement (so called over the air calibration) was used to remove the antenna side lobe effect
and the system losses. Along the elevation direction (i.e. z axis), six consecutive measurements
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were taken at each position separated by λ/2 to have an average of spatial fading and to reduce the
antenna misalignment issue (due to rough floor). A higher magnitude of Rx power was observed
to be approximately at 3 m from the Tx and the length of the linear track in the Velmex table was
around 1.5 m. At each position of both galleries, the Rx was moved in azimuth directions from
−90◦ to 90◦ with a step of 5◦ with an accurate programmable Velmex linear track in order to have
the azimuthal coverage of 180◦. The measurements were conducted particularly to evaluate the
scattering effect and to obtain the angular characteristics of multipath. A HPBW for the rotational
antenna is larger than the step size (5◦) of the measurement which offers a sufficient angular space
to receive strong multipath at the Rx. At each position, 15 snap shots for different time instances in
order to have a local average which eliminates the time varying small scale fading.

A record of 26,640 measurements (37 angles x 6 grids x 15 snapshots x 8 separation distances) at
70 m gallery were taken continuously around 9 hours. Six hours accessible time inside the mine
and Velmex table movements (e.g., 4 m to 5.5 m) required another 2 hours limit the recording
of measurement samples. Due to the limitation of time and CANMET experimental mine was
supposed to close at that time, measurements with larger distances were not conducted.

6.1.1 Post processing

Firstly, for angular dispersion measurements, the 37 frequency responses were obtained at each
position by averaging 15 snapshots. Therefore, 1776 (8 and 6 positions along the x-axis and z-
axis, respectfully) and 666 (3 and 6 positions along the x-axis and z-axis, respectfully) frequency
responses were stored for post-processing to investigate the angular power dependencies at 70 m
and 40 m gallery, respectively.

Secondly, the OTA (over the air) calibration of data was performed by dividing of 1 m complex-
valued frequency response with all complex-valued frequency responses of the measurements.

Finally, using the Inverse Fast Fourier Transform (IFFT), the normalized channel impulse responses
h(τ ; d) with 0.46 ns time resolution were obtained from the OTA calibrated frequency responses
using the procedure employed in [22].

Therefore, for a position d, the channel impulse responses h(τ ; d) were obtained leading to the
PDPs calculated by P (τ ; d) = |h(τ ; d)|2. The noise threshold level was set to -25 dB. The noise
floor was around -100 dB. The dynamic threshold as described in [119] and a modification is
described in Appendix B. The dynamic threshold can be more useful due to the lower multipath
amplitudes in higher multipath arrivals.
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6.2 Angular dispersion characteristics

This section investigates the angular characteristics of the channel in the 70 m and 40 m level galle-
ries. The multipath shape factors are introduced by the angular distribution of the multipath power
p(θ) where θ is the angle of measurements. Statistical modeling of the angle of arrivals of an indoor
multipath channel has been reported in [69]. In [120] and [68], the theory and experimental results
of multipath shape factors such as the angular spread (Λ), angular constriction (γ), direction of
maximum fading (θmax) and maximum AoA direction of the angular distribution of the multipath
power have been described. Shape factor theory has been considered herein since it can provide
more information on multipath arrivals where scattering is of high concern. The shape factor pa-
rameters were extracted from the recorded Power Angular Profiles (PAPs) in order to characterize
the distribution of the multipath power and to investigate reflection/scattering phenomenon in the
galleries. First, the individual amplitude (a) and delay (τ ) from the channel impulse response h(τ)
were extracted. Second, at a certain distance, the average values of PAPs have been calculated as
[72] [68]

p(θ) = 1
M

M∑
k=1

(
N∑
i=1
|ai(θ, zk)|2 δ {τ − τi(θ, zk)}

)
(6.1)

where M and N are the number of measurement points along the z direction denoted as zk (k =
1, 2, . . . , 6) and the number of sweep points (i = 1, 2, . . . , 2000), respectively. The values of θ are
used from −π/2 to π/2 with 5◦ angular resolution. In order to calculate the shape factor value of
the multipath, the n-th Fourier complex coefficient Fn of p(θ) has been calculated using

Fn =
∫ 2π

0
p(θ)ejnθdθ (6.2)

The four multipath shape factors are described in detail in the following subsections.

6.2.1 Angular spread

The multipath concentration along a single azimuthal direction is defined by the shape factor angu-
lar spread (Λ) [68] as

Λ =

√√√√1− ‖F1‖2

‖F0‖2 (6.3)

where F1 and F0 are the first and second order Fourier transform defined by equation 6.2. Angular
spread characterizes the multipath power by the ranges from zero to one. A value of zero represents
one single multipath from a single direction and a value close to unity denotes multipath coming
from multiple directions.
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6.2.2 Angular constriction

The angular constriction (γ) specifies how multipath components are distributed along the two
directions (towards −90◦ and 90◦ from 0◦) and is defined [68] as

γ = ‖F0F2 − F 2
1 ‖

‖F0‖2 − ‖F1‖2 (6.4)

where F0, F1 and F2 are obtained from equation 6.2. The values of γ range from zero to one, one
denoting the multipath energy equally distributed in two directions and close to zero specifying that
multipath energy is distributed in different directions.

6.2.3 Maximum fading angle

Maximum fading angle (θmax) provides the azimuthal direction of maximum fading in which re-
ceiver will not receive multipath components in that direction and is defined [68] as

θmax = 1/2 Phase{F0F2 − F 2
1 } (6.5)

6.2.4 Maximum AoA direction

Maximum AoA represents the angular direction of the strongest multipath component at the re-
ceiver [68]. A typical value at a short distance is 0◦ and for a little longer distance typically its
value is +/ − 5◦. These values depend particularly on the antenna alignment and the propagation
environment.

The adjacent spread of power, arriving in the azimuth or elevation directions can be defined as a
lobe [4]. The azimuth and elevation lobes can be different and depend on the antenna radiation
patterns which define a propagation route. The mean direction of arrival of a lobe (θ) defines the
precise direction of lobe arrivals as

θ =
∑
k

p(θk)θk
p(θk)

(6.6)

where k remains from −π/2 to π/2.

6.3 Results and discussions

Since the underground mine surface is rough and consists of sharp rock edges, the shape of each
PAP is affected particularly by the grazing angles (i.e., around ±30◦) of the multipath on azimuth
and elevation directions at 60 GHz corresponding to a wavelength of 5 mm which is larger than
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the magnitude of the surface roughness. Currently, there are no PAP experiments carried out for
other frequencies such as 2.4 GHz and 5.8 GHz (in CANMET mine) but it is assumed that the
multipath profile would be different at lower frequencies since its behavior depends on the opera-
ting frequency and on the magnitude of the roughness. For a lower frequency (e.g., 2.4 GHz), the
magnitude of the surface roughness is lower than the 12 cm wavelength of the signal and it is highly
probable that PAPs would be different from the ones obtained using a 60 GHz carrier frequency.

6.3.1 70 m gallery results

From the measurement results in the 70 m gallery, the PAPs and extracted multipath shape factor
values at each distance are shown in Fig. 6.2 and listed in Table 6.1, respectively. Moreover, in
Appendix A, the results at each distance along the x and z directions are illustrated. For a fixed
distance, the obtained lobes were constituted by the average (6 points along the z direction ×
15 snap shots) of 90 PAPs. According to visual observation of multipath arrivals of 7 PAPs results,
scattering exists in the underground mine environment and the PAPs will differ from those obtained
with the smooth surface with zero roughness.

In order to explain, a comparison of multipath arrivals between rough and smooth surfaces was
considered. By using the Wireless InSite software, a simulation scenario with a 3 m width and a 2
m height of a rectangular straight tunnel were carried out. The simulation parameters and the proto-
cols are the same as the ones used in the experiments where an Omni - Omni antenna configuration
was considered (during measurements, the horn antenna at the receiver has been rotated with 5◦

step). The surface roughness value was set to zero. Specular reflections and diffractions are consi-
dered for simulation purposes. The material properties were as defined in [121]. Fig. 6.3 shows the
comparison of the measured and simulated PAP results. Simulated PAPs at each distance are illus-
trated in Fig. 6.4. Results show that a difference of the multipath angle of arrivals exists between
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Figure 6.2 Normalized PAPs according to transmitter receiver separation distance between 3.2 m
and 4.4 m with a step of 40λ at 70 m gallery.
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Table 6.1 AoA statistical parameters of 70 m gallery according to transmitter receiver septation
distances. Λ and γ are dimensionless, θmax, max AoA and Lobe angles are in degree, Peak Avg.
values are in dB.

Distance Λ γ θmax max AoA Lobe angles Peak Avg.

3.2 m 0.3063 0.8532 -89 -5 -49.99, -27.48, 0.54, 30.78 7.34

3.4 m 0.2950 0.8603 -83 -5 0.40, 36.17 7.87

3.6 m 0.2481 0.8539 84 -5 -38.11, 3.42, 35 8

3.8 m 0.2450 0.8926 89 -5 -38.45, 2.93, 31.5 8.13

4 m 0.2347 0.9069 87 10 -36.15, 0.82 8.79

4.2 m 0.2955 0.8527 -86 10 -33.56, 1.01, 31.44 7.84

4.4 m 0.3038 0.9069 82 -5 -36.18, 1.37, 27.57, 40 7.63
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Figure 6.3 Normalized measured and simulated PAPs at 70 m level gallery. a) and (b) based on
rough surface (with around 6 cm on magnitude) and zero roughness, respectively.

the choice of smooth and rough surfaces implying the existence of scattering in the underground
mine environment.

As such, the roughness of the surface produces scattering, changing the amplitudes and the angles
of multipath arrivals along the x, y and z directions of Rx. Due to time constraints, the angular
measurements along the y direction were not conducted. It has been observed for each PAP that the
probability of having individual multipath arrival and amplitude, at each specific angle, is random.

Measurement results show a small change in the values of Λ with the distance particularly due to
the straight vein of the gallery. Its value lies between 0.2347 and 0.3038 within a 3.2 m to 4.4 m link
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Figure 6.4 AoA simulation results with Omnidirectional antennas both at the Tx and the Rx at 70
m gallery.

distance, which corresponds to a range of values of Λ close to zero suggesting that the multipath
does not come from multiple directions (coming only from two or three directions and not from
one direction). Moreover, it has been observed that within a 40λ distance (for example, at 3.4 m
and 3.6 m distance in Fig 6.2b and 6.2c), the value of Λ varies, referring to the deviation of path
arrivals caused by the surface roughness. As the reference, the experimental results in an indoor
environment reflect somehow our results as reported in [68], in which the multipath is accumulated
in the main lobe, giving rise of similar trend of angular spread values once the Rx location is closer
to Tx.

As an example, geometrical analysis of Fig. 6.2 shows that at a 3.2 m distance with a fixed height
of 3 m, the reflected path from the wall may have traveled 3.88 m and 4.38 m distances with
respective angles of ±34◦ and ±42.92◦ corresponding to mine gallery widths of 2.2 m and 3 m,
respectively. The dominant lobe (consisting of several paths) is arriving along the LOS direction
within a resolution angle of ±30◦ while the other three lobes (consisting also of several paths)
arrived at angles of −49◦, −27◦ and 30◦. These lobe arrivals results show a difference where a
smooth surface is considered. Accordingly, at a 3.4 m distance, only one strong reflected dominant
lobe arriving at an angle of 36◦ caused by the metallic pipe of the gallery.

Angular constriction (γ) values are close to the value of 1 which indicates that multipath power is
distributed around in both directions of the main lobe. These results are attributed to the rough walls,
ceiling, and floor, and correspond to strong reflected waves arriving from angles corresponding to
approximately ±30◦ (towards −90◦ and +90◦ from LOS angle) compared to the dominant path as
shown in Fig. 6.2.

Maximum fading angle (θmax), results show a value with variation according to Tx - Rx distance
caused by the rough surface of the gallery. At 4.2 m as seen in Fig. 6.2f, since the maximum power
of the multipath consists of a lobe of +31.44◦. By considering the vector sum of multipath power,
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the maximum fading angle would be −86◦.

For maximum AoA results show that its value lies between−5◦ and±10◦ which is obvious at short
Tx - Rx distance. Observations at each λ/2 separation distance along the z axis indicates that the
values of maximum AoA are not varying significantly. This is to note that, some lobes and paths
(as shown in Figs. 6.2c and 6.2f) lie between 60◦ and 65◦, indicating the scattering or diffraction
phenomenon on the interaction points of the rough surface when the surface is close to the Rx
which yields to a larger AoA.

The peak of the strongest multipath power is deduced from all pointing angles of the Rx. The ratio
between maximum power and average multipath power is defined as peak avg. and listed in Table
6.1. The received power of the dominant path (along the LOS) does not change significantly and is
around 5 dB. At 3.2 m and 3.4 m (Figs. 6.2a and 6.2b) the power at the positive link lobe of 30◦

remains almost the same, but at the 3.6 m location the power degrades around 14 dB. This is to note
that two or three side lobes and those paths arrived around ±30◦ and one main lobe which consists
several paths arrived around ±15◦.

The distribution of path arrivals with respect to angles extracted from 42 PAPs (6 points along
the z axis × 7 points along the x axis) is shown in Fig. 6.5a. Zero mean Laplacian and Gaussian
distributions fittings provide the standard deviations (defined as an angular spread, σθ) of 9.66◦ and
14.33◦, respectively. Curve fitting, uses the least square method, closely matches with the Gaussian
distribution. The Laplacian Probability Density Function (PDF) peak at 0◦ (AoA) is much higher
than the Gaussian peak and does not correspond to the measured PDF (number of occurrences of
path arrival angles). It indicates that the number of occurrences of path arrivals within that angle
is not too high and that it does not consist of sharp peak caused by the scattering. This is to note
that, an extension of the Saleh-Valenzuela (S-V) model introduced by Spencer [69] shows that the
angle of arrival within a multipath cluster is assumed to have a zero-mean Laplacian distribution.
Moreover, Zhang et al. [122] observed that the azimuth AoA follows a Laplacian distribution and
the elevation AoA follows a Gaussian distribution in indoor environments.

At each distance, the Gaussian distribution fitting and the corresponding AoA standard deviation
values are shown in Fig. 6.5b and 6.5c. The results show that when the distance increases, the value
of the standard deviation becomes smaller due to a larger incident angle implying a lower value of
σθ and tends to be smaller at farther distances along the x direction of the gallery.

6.3.2 40 m gallery results

Fig. 6.6 illustrates the average PAPs at 3 m and 4 m Tx - Rx distance. Results show that a wider
gallery dimension provides a larger angular spread of multipath arrivals by comparing 40 m and 70
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Figure 6.5 Distribution fitting of relative path arrivals with respect to the angles at 70 m gallery. Su-
perimposed by the best fitted Gaussian distribution (σθ = 14.33◦) is illustrated in (a), (b) illustrates
the Gaussian distribution fitting of 7 PAPs of different distances and (c) is the standard deviation of
AoA according to Tx Rx separation distances.

Table 6.2 AoA statistical parameters of 40 m gallery according to transmitter receiver separation
distance. Λ and γ are dimensionless, θ, max AoA and Lobe angles are in degree, Peak Avg. values
are in dB.

Distance Λ γ θmax max AoA Lobe angles Peak Avg.

3 m 0.3890 0.7684 78.9464 5 -76.14, -53.40, -2.99, 43.87 8.6639

4 m 0.1722 0.9707 88.60 0 0.0327 10.10
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Figure 6.6 Normalized PAPs according to the transmitter receiver separation distance of 3 m and 4
m at 40 m gallery.
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Figure 6.7 Gaussian distribution fitting, σθ = 34.75◦ at 3 m and σθ = 12.63◦ at 4 m.

m results. As well, due to the higher incident angles, the larger Tx - Rx distance of 4 m provides the
less angular spread of multipath arrivals as shown in Fig. 6.6b. The extracted statistical parameters
of AoA are listed in Table 6.2.

Geometrically, with a Tx - Rx distance of 3 m, the reflected path could travel 5.8 m with an arrival
angle of ±59◦, but due to scattering and diffraction phenomena in the wider gallery, multipath arri-
ved with large angles and the lobe angles are around 43◦, −53◦ and −76◦. The angular constriction
value at 3 m is lower than the 70 m level gallery (at 3.2 m) indicating that multipath power is distri-
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buted more in different directions. Gaussian curve fitting provides the standard deviations of 34.75◦

and 12.63◦ for the angle of arrivals at 3 m and 4 m as shown in Fig. 6.7, respectively. Moreover,
the angular spread of the LOS lobe of the 40 m gallery is larger than at the one at 70 m gallery
indicating that more multipath is arriving in different directions. At 4 m Tx - Rx distance, no side
lobes were observed which indicates that all multipath are concentrated along the LOS direction
and yields a higher peak average value. In addition, side lobes at 3 m travel larger distances with
higher signal power attenuation and provide an absence of multipath or a lobe at the receiver for a
4 m link distance.

6.3.3 Comparison with other experiments

As a reference, Forooshani et al. [27] reported 10◦ and 3◦ at 50 m and 200 m link distances (i.e.,
the roughness of the surface is less than 1 cm and much lower than the wavelength) at a lower
frequency, respectively. Their results mentioned that the angular spread becomes insignificant as
Tx - Rx distance increases. A comparison with our experiments is indeed relevant since the tunnel
dimensions and the roughness of the surface are different (as the parameters to be considered for
short range link distances) and listed in Table 6.3. In contrast, at closer distances around 1 - 10
m, the angular spread becomes larger with larger gallery dimensions and its value depends on
operating wavelength as well as on the surface roughness. It is noted that within a short range of
link distance the angular spread decreases sharply as distance increases as reported in [123] (i.e.,
10 to 50 m 30◦ to 13◦) and CANMET 40 m results (i.e., at 3 to 4 m 34.75◦ to 12◦).

Table 6.3 A comparison with different angle of arrival experimentsl results.

Location Environment H (m) W (m) F (GHz) M/E Angular spread

[27]
Underground mine

(small tunnel)
5.1 3.8 2.8-5

Multimode

Model
15.3◦ (10-50 m)

[27, 123]* 2 way tunnel

(large subway tunnel)
6.1 8.6 2.8-5 Experiment 10◦ (50 m), 3◦ (200 m)

CANMET ** Underground mine 3 2 57.24-59.4 Experiment 14.3◦ (3.2-4 m )

CANMET ** Underground mine 5 5 57.24-59.4 Experiment 34.75◦(3 m),12◦ (4m)

Note : H is the height, W is the width, F is the frequency, M/E is method/experiment.
* Angular power spectrum theory was used to calculate angular spread as in [124] page 121 and in [123].
** The angles of multipath arrival fits with Gaussian distribution and σθ was used to calculated the value of
angular spread [69].

In order to make more analysis, the average PAP at 3.2 m and PAPs along the z directions are
plotted in the Fig. 6.8. Figs. in Appendix A are illustrated other results with different transmitter
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Figure 6.8 Measured normalized PAPs according to transmitter receiver separation distances of 3.2
m along the z directions with a step of λ/2 at 70 m gallery.

Figure 6.9 Measured PAPs at z = 0 for all Tx Rx separation distances.

receiver separation distances. According to the observation, the absence or presence of multipath in
a particular angle exists within a λ/2 Tx Rx separation distance and overall considered as random
angle of arrival. This is to note that the average of the 6 PAPs produced 4 angular link lobes.

Moreover, the PAPs along the x direction (at z = 0) are plotted in Fig. 6.9. The results also show
that the presence and absence of the multipath particularly at 3.8 m and 4 m distances. The Table in
Appendix A shows the multipath shape factor results at the receiver positions from 0 to 5λ/2 along
the z directions and from 3.2 m to 4.4 m along the x direction are listed. It can be noted that at z =
0, the angular spread value (Λ) at 4 m (i.e., 0.1391) is less than the one at 3.8 m (0.1993).
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CHAPTER 7 STATISTICAL MODELING

In this chapter, statistical modeling approach has been considered by using multipath arrivals and
amplitudes where no multipath clustering has been found in the underground mine environment.
For the statistical modeling, the impulse responses were generated based on different amplitude
models, and RMS delay spread values were generated and compared with the measured RMS
delay spread values. Angular dispersion parameters could be included in this modeling approach.
The measurement configurations are listed in Table 7.1.

Table 7.1 Measurement configurations.

Mine Level Antenna configuration Polarization

40 Omnidirectional - Directional (O - D) VV, HH

70 Directional - Omnidirectional (D - O) VV, HH

7.1 Modeling process

The PDPs with 0.46 ns time resolution (defined as path index) of the impulse responses were ob-
tained from the recorded frequency responses using the procedure employed in [22]. The complete
flow chart of the statistical modeling process is illustrated in Fig. 7.2.
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Figure 7.1 An example of a PDP post processing. (a) the recorded signal, (b) peaks and inflection
detection, (c) final detected dominant path and multipath, and (d) shifted power delay profile.
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Figure 7.2 Flowchart of the statistical modeling.
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7.1.1 Path arrival modeling

A simple path arrival model is a poisson process which can characterize the random arrivals of paths
[84]. Some studies in indoor and underground mine environments suggest that modified poisson
distribution is closely fit with empirical measurement results as described in [22] and [125]. This
phenomena can be explained that the arrival of paths are not totally random (e.g., fixed average
arrival rate λ), it can be poisson process where probability of having a path in index i is given by
λi (e.g., individual arrival rate of paths) [84]. The Fig. 7.3 illustrates an example of the probability
of path occupancy for 40 mO−D configuration for each path index of 0.46 ns delay. Results show
that in the first path index the probability of having a path is 1 for all configurations. It can be
noticed that for the second path index no path arrivals is observed in all configurations, since the
path index delay time resolution (i.e., 1/BW) is lower than the second path arrival time coming
from the surfaces of the galleries. The results from the 3rd to maximum number of path index,
provide the probability of having a path is increasing some while and decreases gradually until the
maximum path delay. This can clarify that the probability of having maximum multipath consists in
a certain delay. On the other hand, the 70 mD−O configuration shows that the probability of having
a path between the 3rd to the maximum number of path index are fluctuating and the mean delay
of paths are less than 40 mO−D. This might be caused by the smaller gallery dimension and the use
of Horn antenna at the transmitter in the 70 m gallery. Figs. 7.4 and 7.5 show the examples of the
distribution of the number of paths occurrence for 2nd to 5th, 10th, 15th and 20th path index with
HH and VV configurations, respectively, where path arrival of first index is always present. An
example of the comparison between empirical results with Poisson, modified Poisson and weibull
distribution and corresponding minimum mean square error (MMSE) values are shown in Figs. 7.6
and 7.7. The results suggest that the modified Poisson distribution offers the best fit for all antenna
and polarization configurations.

7.1.2 Path amplitude modeling

The amplitude fluctuations of each path as a statistical distribution which can be classified into
Rayleigh, Rice, Nakagami, Weibul and Lognormal distributions. The linear relative amplitudes
of each path index are determined and compared with the theoretical five distributions by using
Kolmogorov-Smirnov (KS) test.

Rayleigh fading model of multipath amplitudes at the receiver usually describes the received si-
gnal, where all the components are non-LOS and non-specular. Moreover, once a large number of
reflecting, diffracting, and scattering waves contributes to the received signal at a receiver in the
shadow region. It can also describe where the extreme multipath situations exist [7]. However, if
an LOS component or a strong specular component exist in the channel then the Rice distribution
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Figure 7.3 Probability of path occupancy as a function of path index with different antenna polari-
zation configurations. (a) and (b) are the 40 mO−DHH and 40 mO−DV V configurations, respectively.
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Figure 7.4 An example of path arrival distribution of 40 mO−DHH configuration, where N in the
total number of cosidered path indexes without considering the first path occurance at first path
index.

describes the amplitude fading.

The KS test results identify the best-fitted distribution and results show that each path index is follo-
wed Lognormal distribution since higher bandwidth (i.e., 2.16 GHz) causes an average of received
signal power over a wide frequency spectrum which makes stable signal strength [84]. An example
of amplitude distributions of first path index of different polarization configurations is shown in Fig.
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Figure 7.5 An example of path arrival distribution of 40 mO−DV V configuration, where N in the
total number of cosidered path indexes without considering the first path occurance at first path
index.
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Figure 7.7 An example of the MMSE of three distributions compare to measurement results of
40 mO−DV V .
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7.8. To explain large scale amplitude variations of the signal in a multipath fading environment, the
lognormal distribution has often been used. Zhang [126] reported that if an LOS propagation path
exists, along with a limited number of multipath components the Lognormal distribution can be
described [7]. Moreover, multiple reflections in the fading phenomenon can be characterized as a
multiplicative process. Th signal amplitude multiplication gives a rise to a lognormal distribution
as an additive process results in a normal distribution (the central limit theorem) [7].

The mean and standard deviation of the amplitudes of each path index are then fitted with a curve
fitting technique expressed as y = y0 + aexb. Where y0 and a are constants, b is the decay rate
and x is the vector of path indexes. The fitting results are listed in Table 7.2. An example of the
exponential curve fitting of path amplitudes mean and standard deviation as a function of path index
is shown in Fig. 7.9 for 40 mO−D configuration.

Table 7.2 Path amplitude model parameters for all configurations.

Configuration
Mean Standard deviation

y0 a b y0 a b
40 mO−DV V -1.34993e−7 0.51262 -0.1515 -0.00373 0.10059 -0.05076
40 mO−DHH -3.1573e−9 0.27231 -0.18273 -0.00118 0.07592 -0.0813
70 mD−OV V -4.21703e−9 0.54885 -0.16382 -6.48911e−4 0.10527 -0.09462
70 mD−OHH -1.48148e−8 0.32241 -0.16896 0.00128 0.08923 -0.13113

Results show that the received power is concentrated on the initial path and presents slower and
faster rates of decay in the 40 m and 70 m galleries, respectively. In the 40 m gallery, the results
exhibit a wide spread of power with respect to delay compared to the one in the 70 m gallery. A
slower decay rate of the amplitudes is observed for the V V polarization (both mean and standard
deviation) as compared to the HH polarization. Moreover, a slower decay rate at 40 m was also
observed as compared to the 70 m gallery, due to the presence of higher number of multipath with
longer delays in the wider gallery.

It has been observed that between the 10th and 15th path index, the mean and standard deviation
of the path amplitudes are higher than the neighboring path indexes. This can be explained that
the Horn antenna side lobes (either in Tx or Rx side) lie between around ±20◦ and ±60◦ provide
a higher value of amplitude variations on the channel. This amplitude variation is higher with
vertical polarization compared to horizontal polarization and this is indeed seen in Fig. 7.9. With
this angular window of the Horn antenna, the difference between LOS and first order reflected path
is approximately less than 10 ns. Therefore, there is a high probability of having higher amplitude
variation within this particular angular and temporal window.
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Figure 7.8 An example of Kolmogorov-Smirnov (KS) test and corresponding K values with dif-
ferent antenna polarization configurations at 40 m. (a) and (b) are the HH and VV polarization of
first path index according to the amplitude of 40 mO−D configuration, respectively.
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Figure 7.9 An example of normalized mean and standard deviation of amplitude with different
polarization configurations of 40 m gallery. (a) and (b) are the mean and standard deviation of
40 mO−DHH , (c) and (d) are the mean and standard deviation of 40 mO−DV V , respectively.
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7.1.3 Simulation of impulse responses

The simulation procedure of impulse response generation of the channel is given below :
– Generation of a path arrival model for each path index using the best-fitted distribution of mul-

tipath arrivals. The best-fitted distribution is found to be a modified Poisson distribution and its
corresponding optimal values of the constant K are obtained as described in [125] and [22].

– Generation of five sets of amplitude model (Rayleigh, Rice, Nakagami, Weibull, and Lognormal)
for each path index.

– Combination of the generated path arrival model and the five sets of amplitude models are consi-
dered to generate five sets of simulated impulse response models.

– Calculation of 500 iterated RMS delay spread values using the five sets of simulated impulse
response models and comparing these with the measured RMS delay spread values using the KS
test to identify the best performance score of the simulated impulse response models.

An example of a KS test and corresponding k values are shown in Fig. 7.10. The performance score,
with the five sets of amplitude models for all configurations, is given in Table 7.3. The performance
scores show that the Lognormal distribution is the best fit for the amplitude model.
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Figure 7.10 An example of kolmogorov-Smirnov (KS) test and corresponding k values between
measured and simulated RMS delay spread of 40 mO−DV V configuration.

Experiments in different gallery depths with different antenna and polarization configurations also
provide much more channel information for statistical modeling. For instance, lower fluctuation of
path occupancies and slower decay rates are observed in 40 m as compared to 70 m galleries. Ad-
ditionally, no differences in best-fitted distributions of path amplitudes and arrivals were observed
between VV and HH in either gallery. The angular characteristics can be integrated into path arrival
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Table 7.3 Performance results compared to experimental RMS delay spread.

40 m Omni-Horn (HH) Omni-Horn (VV)

Lognormal 226 205

Nakagami 44 110

Rayleigh 83 53

Rician 115 59

Weibull 32 73

70 m Horn-Omni (HH) Horn-Omni (VV)

Lognormal 240 151

Nakagami 91 106

Rayleigh 17 74

Rician 66 98

Weibull 94 101

and amplitude models in order to have an effective and robust statistical model for the underground
mine environment.

This Chapter presents the statistical channel modeling at 60 GHz for two different namely an un-
derground mine at 40 m and 70 m level depths. Statistical simulation of impulse responses were
conducted and compared with measured impulse responses based on RMS delay spread. Perfor-
mance results suggest that the Lognormal distribution matches better for multipath amplitude dis-
tribution and modified poission distribution performs best fits for the multipath arrivals. Results
show a little or no clustering of path arrivals observed in all configurations.

These measurement results can be used subsequently to build an empirical model based on statis-
tical parameters for underground mine wireless channel. However, wireless propagation modeling
in underground mine is a challenge and the deterministic modeling is not feasible due to the effect
of scattered paths.
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CHAPTER 8 CONCLUSION AND FUTURE WORK

8.1 Summary of measurement results

The 60 GHz channel measurements were conducted in CANMET underground mine and extracted
channel parameters were analyzed. The main research findings are pointed below :

Multipath phenomena : The measurement results for less than 10 m Tx Rx separation distance
with different antennas such as Horn - Horn, Horn - Omni, Omni - Horn with different an-
tenna polarizations show that the path loss exponents are less and close to the free space. A
waveguide effect occurs due to the multipath addition at the receiver. This effect is dominant
in vertically polarized antennas and Omni - Horn antenna configuration. Moreover, the wider
gallery provides a less waveguide effect than the narrower gallery. The directional antenna
provides less multipath than the omnidirectional antenna. 3D small scale measurement re-
sults show that the small scale fading lies between 1 and 5 dB and 40 m gallery provides a
directive propagation phenomenon compared to the 70 m gallery. Rician distribution provides
a better fit with the measured small scale power distributions.

Scattering : The scattered power of the walls has been analyzed by the proper measurement ar-
rangements. Scattering along the specular direction from the rough surface can be modeled
by the Kirchhoff Approximation (KA). Surface roughness measurements have been conduc-
ted and found to be around 6 cm in order to validate the KA model. A fair agreement has
been observed between KA model and measurement results. The KA scattering approach
could be useful to develop a simulation tool for a mine gallery where roughness magnitude is
much higher than the wavelength. Results also show that the specular reflections on the wall
and floor are strong and scattering phenomenon exists in nonspecular directions and exhibit
to choose an appropriate known different scattering models.

Angular characteristics : The angle of arrival (AoA) results show that the multipath arrivals in
the channel are affected by the surface roughness of the mine. The angular spread decreases
for larger transmitter receiver separation distances as observed at a short distance (i.e. 3.2 m
to 4.4 m). The angular characteristics of the multipath provide a difference compared to a
smooth surface due to scattering caused by the rough surfaces. The AoA shape factor values
show a correlation between the gallery dimensions i.e. higher gallery dimension provides
higher angular spread and lower angular constriction. The standard deviations of the path
arrival distribution with respect to the angles were found to be around 18◦ (at 3.2 m) and
34◦ (at 3 m) in the 70 m and the 40 m galleries, respectively implying that a larger gallery
dimension makes a higher value of angular spread. Shape factor parameter values may help
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to estimate an angular resolution for the antenna designers.

Temporal characteristics : The time dispersion results with different antennas and polarizations
(less than 10 m Tx Rx separation distances) show that a higher RMS delay spread value
provides a lower path loss exponent value. A higher value of gallery dimension provides a
higher value of the RMS delay spread and a vertically polarized directional antenna provides
more multipath than the horizontal one.

Statistical modeling Impulse responses were simulated based on the statistical parameters of the
measured path amplitudes and path arrivals and compared with measured and simulated RMS
delay spread values. The Lognormal distribution of the multipath amplitudes of each path
indexs and the modified Poisson distribution of multipath arrivals are the best-fitted distribu-
tions for Horn - Omni and Omni - Horn configurations. Moreover, exponential distributions
were fitted with the amplitudes of each power delay profile (PDP). Lower fluctuation of path
occupancies and the slower decay rate were observed at 40 m compared to the 70 m gallery,
no difference of fitted distributions of path amplitudes and arrivals was observed between VV
and HH as well as between 40 m and 70 m gallery.

8.2 General conclusion

Few multipath with lower amplitudes along with direct path were observed in Horn - Horn configu-
ration in both galleries. For Horn - Omni and Omni - Horn configurations around 2 to 5 multipath
with higher amplitudes along with direct path were found. Angular and time dispersion results of
the channel are suitable for the use of beamforming technology. Consequently, a directional verti-
cally polarized Horn - Horn antenna configuration with the narrow beam is suitable for underground
mine wireless system design.

Results also suggest that, with antenna beam steering using phased arrays maybe useful for accurate
geolocation and reliable for high-speed data link in an underground mine. The vertically polarized
antenna constitutes the best candidate since the underground mine floor usually remains almost flat
to move heavy vehicles along the gallery. Therefore, for geolocation applications with mmWave
may imply a positioning system with a higher precision and accuracy.

These measurement results can also be used as an empirical model for an underground mine wi-
reless channel in 60 GHz band. However, wireless propagation modeling in underground mines
remains a challenge and deterministic modeling is not feasible due to the effect of scattering.
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8.3 Future work

Firstly, cross polarization measurements could be an interesting measurement approach in order
to investigate the XPD (cross polarization discrimination) existence in this particularly confined
environment where the surface roughness is much higher than the wavelength.

Secondly, measurements with different antenna polarizations such as linear, dual and circular could
be an interesting future work to investigate the proper antenna polarization selection.

Thirdly, AoA results can be implemented into the statistical model of the wireless channel.

Fourthly, channel measurements and analysis with different frequency bands such as 28 GHz, 73
GHz with beamforming technology by integrating the channel sharing approach could provide
an advanced future research work for underground mine wireless communication system design
perspective.

8.3.1 High frequency (e.g., 60 GHz) channel sharing

Considering the future underground mine wireless communication system design issue which could
be a combination of frequency bands of available standards such as LTE, 802.11n, 802.11ad (60
GHz). However, LTE system performance has been conducted in CANMET underground mine re-
ported in [127] and mentioned that the LTE - MIMO system at 2.4 GHz is useful for underground
mining applications in the presence of higher number of multipath which enhance the system ca-
pacity.

According to the future work extension of underground mine wireless communication system, the
real LTE-U wired setups, developed at Ericsson, Ottawa laboratory, were used in order to verify the
5 GHz channel coexistence between LTE-U and Wi-Fi. The future work based on this setup could
be the combination of LTE/LTE-U, 802.11ad and other mmWave unlicensed bands, particularly
those are feasible for underground mine wireless communication system design.

The background study of channel coexistence, experimental setup, LTE small cell and Wi-Fi pro-
ducts, IEEE 802.11ad, LTE-U, carrier aggregation, co-existence, channel measurement parameters,
duty cycle, throughput calculation are explained in Appendix D.

Two LTE-U measurement setups with Ericsson small cell radio base stations (RBSs) such as Radio
dot system (RDS) and RBS Pico 6402 products as shown in Fig. D.11 and 8.1. The explanation
of the RDS setup is included in Appendix D and illustrated in Fig. D.11. The LTE-U wired setup
architecture with a Pico 6402 product, a Wi-Fi access point (AP) and a Wi-Fi station (STA) shown
in the Fig. 8.1 and the explained in Appendix D. The performance results of the channel sharing
by using QXDM and Bandwidth Monitor are illustrated in Figs. D.12 and D.13, respectively and
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Figure 8.1 LTE-U wired setup with Pico 6402 small cell product.

explained in Appendix D. The post processed performance results based on UDP and TCP protocol
are illustrated in Fig. D.14.

In underground mine, the LTE band performs better with multiple antennas, and raise the capacity,
recorded in [127]. For high frequency use cases, where the antennas are more directive and per-
form less multipath in the channel, the beamforming technology would be a better candidate for
underground mmWave wireless system deployment.

Concerning the necessity of lower and higher frequency channel sharing in the underground mine
gallery, few observations are identified, such as by keeping the coverage and geolocation facility as
a high priority and data offloading on demand.

For lower frequency bands, the investigation of LTE-U and Wi-Fi at 5 GHz channel in a dense
confined environment and feasibility of the massive MIMO antenna configurations can be the chal-
lenges. For higher frequency bands, as an example, RDS with 60 GHz can be useful for under-
ground mine wireless system development by using unlicensed frequency bands, because RDS
particularly designed also where the radio signals are not reachable and it may perform very well
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WiGig technology
IEEE802.11ad (60 GHz)

5G (60 GHz) 
technology

Underground mine gallery curvature 

Mine wall

Figure 8.2 An example of a high frequency (i.e., 60 GHz) channel sharing scenario in an undergo-
rund mine gallery.

in underground mine, while a higher number of mine workers present in a narrower gallery which
can be considered as very dense 60 GHz network.

Concerning the setup for higher frequency bands, it is necessary to have the compatible RF cables,
bidirectional TAP, power combiners/splitters/dividers. For a fair channel sharing algorithm develop-
ment using multiple narrow antenna beams, dynamic channel and antenna beam selection increases
the complexity.

Fig. 8.2 shows an illustration of unlicensed 60 GHz deployment scenario by considering a chan-
nel sharing between WiGig and 5G technologies. Utilizing the beamforming technology, RDS (60
GHz) with phased array multiple antennas (180 degree sector panel) can provide a channel sharing
mechanism for underground mine galleries as shown in Fig. 8.2 [128]. Few remarks for channel
sharing between WiGig and 5G at 60 GHz can be identified, such as different physical layer speci-
fication, on demand dynamic link and frequency selections, network deployment for larger gallery
length (i.e., 200 m). However, it can also be deployed in the forest, condensed areas and stadium
to ensure high-speed consistent performance (i.e., Gbps) by expecting a better radio performance
with future 5G access technology at 60 GHz than WiGig.
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APPENDIX A ANGULAR DISPERSION RESULTS

Table A.1 AoA statistical parameters of 70 m gallery according to transmitter receiver septation
distance. Λ and γ are dimensionless, θmax and Max AoA in degrees (◦).

Distance(m) Rx heights Λ γ θmax Max AOA

3.2

0 0.3384 0.8674 89.9999 -5
λ/2 0.2719 0.9183 -87.0038 -5
λ 0.3393 0.8016 82.2243 -5

3 λ/2 0.2193 0.9414 -80.1655 -5
2 λ 0.2487 0.9671 -80.0564 10

5λ/2 0.3508 0.8466 -89.9924 0

3.4

0 0.2498 0.9519 -78.6010 -5
λ/2 0.2890 0.8679 81.1848 -5
λ 0.3546 0.8238 -86.5999 -5

3 λ/2 0.2758 0.9464 -74.9121 -5
2 λ 0.2897 0.9511 -74.8779 10

5λ/2 0.2821 0.8891 -83.8207 5

3.6

0 0.2162 0.9504 -77.4137 -5
λ/2 0.1885 0.9840 -83.2274 -5
λ 0.1878 0.9839 -83.3974 -5

3 λ/2 0.2909 0.9025 67.8465 10
2 λ 0.2543 0.9349 80.7350 10

5λ/2 0.2908 0.8820 83.7951 10

3.8

0 0.1993 0.9612 -80.1074 -5
λ/2 0.2080 0.9554 -81.4771 -5
λ 0.1812 0.9814 -83.7275 -5

3 λ/2 0.3531 0.5827 -65.6226 0
2 λ 0.2772 0.9101 87.7662 10

5λ/2 0.3076 0.8772 87.5770 10

4

0 0.1391 0.9960 89.8487 -10
λ/2 0.2816 0.9720 -76.3528 35
λ 0.2120 0.9530 82.0005 -5

3 λ/2 0.2615 0.9554 77.5925 10
2 λ 0.1581 0.9897 -89.8708 10

5λ/2 0.2223 0.9547 81.2754 10

4.2

0 0.2383 0.9605 -76.4890 -5
λ/2 0.2619 0.9537 -77.5668 10
λ 0.2818 0.8994 -88.2090 -5

3 λ/2 0.2123 0.9622 -78.7241 10
2 λ 0.3663 0.7975 80.6157 10

5λ/2 0.3378 0.9092 -85.7707 10

4.4

0 0.2764 0.9519 76.4647 -5
λ/2 0.3521 0.8367 87.2880 10
λ 0.2822 0.9463 82.5325 -5

3 λ/2 0.2859 0.9601 76.9167 10
2 λ 0.3161 0.9227 82.7628 -5

5λ/2 0.2893 0.9313 83.9356 10

Normalized Line of sight (LOS) lobes are maximum at each distance. Strong reflections from the
metallic pipe of the tunnel have been observed at each distance around 40◦. Some other reflections
have also observed coming from the rough walls in different angles. Following figures show that
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the normalized PAPs according to transmitter receiver separation distances between 3.2 m and 4.4
m with different distances in z directions with a step of λ/2 at 70 m gallery.
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Figure A.1 Normalized PAPs according to transmitter receiver separation distance at 3.4 m with
different distances in z directions with a step of λ/2 at 70 m gallery.
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Figure A.2 Normalized PAPs according to transmitter receiver separation distance at 3.6 m with
different distances in z directions with a step of λ/2 at 70 m gallery.
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Figure A.3 Normalized PAPs according to transmitter receiver separation distance at 3.8 m with
different distances in z directions with a step of λ/2 at 70 m gallery.
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Figure A.4 Normalized PAPs according to transmitter receiver separation distance at 4 m with
different distances in z directions with a step of λ/2 at 70 m gallery.
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Figure A.5 Normalized PAPs according to transmitter receiver separation distance at 4.2 m with
different distances in z directions with a step of λ/2 at 70 m gallery.
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Figure A.6 Normalized PAPs according to transmitter receiver separation distance at 4.4 m with
different distances in z directions with a step of λ/2 at 70 m gallery.
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APPENDIX B DYNAMIC THRESHOLD

A modified dynamic threshold (Thd) could be used as defined in [119] given by

Thd [dB] = 20 log10{W +K × std (W )} (B.1)

whereW is the the linear amplitude of the noise defined by the time delays, processed as {Amax(tid)+
Tth(tid)} to 800 ns, Amax(tid) is the time ID of the highest peak and Tth(tid) is the threshold time
ID which was set to 100 ns. The K value could defined by a visual inspection of the measured and
calculated largest path delay.

The threshold was necessary to verify with the maximum access delay, where the maximum tra-
velling time of a path based on the specular reflection from the wall. An example of Thd [dB]
calculation is given below :

Thd [dB] = 20× log10(mean(noise) +K × std(noise)); (B.2)

Thd [dB] = 20× log10(noisemean) + 20× log10(1 + (3× noisestd/noisemean)); (B.3)

Thd [dB] = −33.4667 dB + 8.0169 dB (B.4)

Thd [dB] = −25.4498 dB (B.5)

Here, before normalization of the PDP, another threshold (Th) was processed between the highest
peak and the VNA dynamic range of 107 dB, in which all PDPs necessary to satisfy Thd < Th.

The maximum access delay condition could be followed according to the propagation geometry,
for example, at 2.6 m Tx Rx separation distance, the maximum specular reflection path delay was
10.56 ns, and the measured largest path delay was found around 11 ns.
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APPENDIX C SCATTERING SIMULATION PROCEDURE

The simulation geometries are illustrated in Fig. C.1 and C.2, and the simulation steps are given
below :

Tx 
(Horn)

Rx 
(Omni)

-90° 

+90° 

-90° 

+90° 

H
e

ig
h

t,
 2

m

{σh, ρ, Γ∥, Γ⊥} for each path
 

 

Ceiling

Floor

Figure C.1 Simulation geometry (2D gallery height with Ceiling and Floor) with VV configuration
based on the 70 m gallery dimension by using Vertical cross section between the antenna radiation
pattern and the gallery height.

{σh, ρ, Γ∥, Γ⊥} for each path
 

 

Tx 
(Horn)

Rx 
(Omni)

-90° 

+90° 

-90° 

+90° 

Left Wall

Right Wall

W
id

th
, 3

 m

Figure C.2 Simulation geometry (2D gallery width Left Wall and Right Wall)) with VV configu-
ration based on the 70 m gallery dimension by using Vertical cross section between the antenna
radiation pattern and the gallery width.

– The angles of ΩT,l and ΩR,l were between −90◦ and +90◦ in 2D plane where φ = 0◦ as shown
in Fig. 5.14. The angles were selected between ±20◦ and ±60◦ with 10◦ step size.
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– Two gallery geometries (i.e., height and width) were selected as shown in Fig. C.1 and C.2.
Transmitter and receiver were located in the middle of the gallery.

– 70 m gallery dimension was at 2 m in height and 3 m in width. 40 m gallery dimension was at 5
m in height and 5 m in width.

– The normalized LOS path has been selected as antennas maximum gain of 0 dB.
– The traveling distance (Dl) and delay of the lth scattered path were calculated by using the

geometry according to the gallery height and width as shown in Fig. C.1 and C.2.
– The power of the lth path was calculated as the summation of the antenna gains of corresponding

angles of ΩT,l , ΩR,l (as shown in Fig. 5.14) and the free space loss (−10 × nv,h × log10(Dl)),
where nv = 1.15 and nh = 1.98.

– Five paths were selected as a set of scattered path. At each set, the third path was considered as
reflected path. First, second, fourth and fifth paths are weighted by a five random values (i.e.,
between 0 to 1) and a linear average value of four paths was calculated and added with the third
path by considering that weighted four paths were added constructively at the receiver.

– The calculated power of the lth path was multiplied by the corresponding value of {Γ × ρ},
where ρ and Γ were calculated as described in [109]. Since σh is randomly selected between
0.2 mm to 5 mm, the value of the scattering coefficient ρ was random. To calculate the ρ, any
model could be used as described in [109]. For this simulation Kirchhoff scattering coefficient
was considered since the gallery heights measurements were conducted. The Fresnel reflection
coefficients Γ‖ and Γ⊥ were calculated according to the ΩT,l angles (i.e., as the incident angles of
θi shown in Fig. 5.13) and as described in [109]. To consider the scattering phenomena with the
rough surface, the θi and θr were followed as Snell’s law and considered that the surface plane
was titled by the rough surface plane shown in Fig.C.1 and C.2.

– Finally the RMS delay spread at each distance was calculated from the power delay profiles of
the ceiling, floor, left wall and right wall.
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The geometrical illustration of the simulation is shown in Fig. C.3 and given below :

a =
√
b2 − c2 (C.1)

b = c

sin−1(90◦ − θT ) (C.2)

c = L/2 (C.3)

d = dtot − a (C.4)

e =
√
c2 + d2 (C.5)

θsmr = θR (C.6)

θsmi = θT (C.7)

θR = 90◦ − tan−1
(
c

d

)
(C.8)

θsi = θsmi + θsmr
2 (C.9)

where L is the gallery width or height. θsi is the incident angle of the path.
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Figure C.3 Geometry of scattered ray tracing simulation.
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APPENDIX D LTE-U SMALL CELL AND WIFI CHANNEL SHARING
EXPERIMENTAL INFORMATION

An investigation of 60 GHz wireless channel sharing (as an approach of future work) based
on the experiment over LTE, LTE-U, WiFi bands :

Tri-band (2.4 GHz, 5 GHz, and 60 GHz) system design is highlighted recently. The application of
the Tri-band can combine the advantage of the coverage with 2.4/5 GHz and high data rate at 60
GHz on demand. As an example, the commercial product of TP-LINK, Talon AD7200 is capable
of up to 800 Mbps in 2.4 GHz, 1733 Mbps in 5 GHz, and 4600 Mbps at 60 GHz (WiGig) [129].
Therefore, multi-gigabit 802.11ad WiGig solution are attractive for industries to have a seamless
connection at speeds up to 4.6 Gbps.

An investigation to cover 5G requirements for cellular networks has been conducted both on mea-
surement and ray-tracing simulation at 2.5 GHz, 28 GHz, and 60 GHz [130]. Both indoor office
and shopping mall environments have been investigated at expected 5G enabled frequencies, in-
cluding 2.9 GHz, 3.5 GHz, 6 GHz, 14 GHz, 15 GHz, 20 GHz, 28 GHz, 29 GHz, 60 GHz, and 73
GHz and some preliminary analysis of large scale channel characteristics has been summarized in
[131, 132].

Based on the open literature reviews, another high-speed data transfer solution, developed by Qual-
comm, is the combination of two existing technologies LTE and Wi-Fi as LTE in unlicensed spec-
trum (LTE-U) [133] of 5 GHz. Within a time sharing basis of the small cell network with LTE-U
allows a cell phone to use LTE unlicensed 5 GHz carrier with Wi-Fi network. It uses control chan-
nels over LTE and transfer also voice and data over LTE-U. Wi-Fi (IEEE 802.11 standard) bands
are suitable to be use as an unlicensed band for radio access with LTE-U, and LTE-U band (5 GHz)
performance over Wi-Fi (5 GHz) is better due to the advantages of LTE-U access technology, me-
dium access control, mobility management, and excellent coverage. Therefore, available spectrums
in 5 GHz make an attention for LTE-U. Wi-Fi devices are already deployed, but LTE-U small cell
and LTE-U capable user equipment (UE) devices are required in order to have a coexistence me-
chanism. Multiple LTE-U operators may use the same spectrum to provide data service and may
cause severe RF interference with Wi-Fi. A proper channel selection is necessary to be used by
LTE-U to minimize Wi-Fi RF interference. If all channels are occupied by the Wi-Fi, and LTE-U
is forced to use the same channel, then Wi-Fi will back off once its interference level is above the
energy detection threshold (-62 dBm). Therefore, a proper co-existence mechanism is necessary to
have a considerable interference caused by LTE-U on Wi-Fi channel.
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Background study of LTE-U and Wi-Fi channel sharing :

Along with LTE-U forum activities, research has been conducted to have a fair and reliable co-
existence between LTE-U and Wi-Fi technology.

In [134], the field trial in thinly dispersed network deployment suggested that a better performance
of LTE-U than Wi-Fi can be observed and interference handling technology is necessary for the
use of unlicensed spectrum. It has been noted that the reason for better performance of LTE cove-
rage and capacity is expected due to more advanced PHY/MAC design of LTE than Wi-Fi, such
as, e.g., robust control channel protection to guarantee the coverage with a low-SINR, robust chan-
nel coding, longer cyclic prefix (CP) in OFDM to better overcome multipath fading, and better
retransmission mechanism, and so on.

A comparison of LTE and Wi-Fi MAC and PHY layer are well explained in [135] and mentioned
orthogonality is not maintained properly in Wi-Fi technology due to different subcarrier spacing
and lack of synchronization into the OFDM transmission. For MAC layer comparison, multiple ac-
cess, channel usage, channel access, collision avoidance and co-existence mechanisms are different
for LTE and Wi-Fi. Moreover, a numerical analysis suggests that the currently proposed period in
an LTE protocol is too short to access a Wi-Fi channel and its listening time will be higher during
the channel sharing.

A stochastic analysis is presented in [136] and it is stated that Wi-Fi performance can be degraded
by LTE-U in dense networks due to persistent transmissions. A better co-existence can be achieved
by reducing LTE-U transmission power and increasing ED threshold for Wi-Fi.

In [137], it is mentioned that if Wi-Fi (contention based access) coexists with LTE (scheduled
channel access) in an unlicensed band, the performance of the Wi-Fi will severely degraded. A
simple coexistence mechanism has been proposed based on blanking some LTE subframes for Wi-
Fi transmission to improve the performance of Wi-Fi.

F. Liu et al. [138] proposed a channel access mechanism for dual band femtocell (DBF) to access
an unlicensed band. A traffic balancing algorithm has been described to use both licensed and
unlicensed bands, which is based on an algorithm that searches for the optimal power allocation in
the licensed band and the optimal channel time usage in the unlicensed band. Moreover, a practical
algorithm is proposed to tune the unlicensed band channel usage time for LTE-U.

In [139], a new adaptive listen before talk (LBT) mechanism is derived for both Wi-Fi and LTE-U
technologies. The 802.11e standard employs LBT functionality with CSMA/CA which senses the
spectrum and solves the radio self-coexistence issues in the overlapping spectrum. A significant de-
gradation in the performance of Wi-Fi systems is reported during the same channel sharing because
Wi-Fi changes to silence mode due to CSMA/CA. The LTE performance variation is around 4%
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while Wi-Fi performance degrades about 70% to 90%. A non-coordinated and coordinated coexis-
tence models are also proposed for new LTE-U and Wi-Fi sharing systems and can be implemented
in the radio access technology (RAT).

Moreover, Hillery et al. [140] shows that unlicensed LTE performs better than Wi-Fi in outdoor
environments. The coexistence using a static muting approach on LTE-U has been studied to have
fairness with Wi-Fi network.

In [141], the collisions during Wi-Fi and duty cycle (DC) devices co-existence are shown and stated
the cumulated collision for Wi-Fi device decreases as the DC-on time is increased.

In [142] a friendly coexistence mechanism of LTE-U with Wi-Fi is reported and mentioned that
by adjusting a period of LTE-U and Wi-Fi transmissions, and proposed spectrum sensing, Wi-Fi
protection can be provided up to certain degree.

Since the LTE-U (5 GHz) band occupied by the different radar system and by the 802.11 technology
and a survey about the RF regulations and the different radar types within the different sub-bands of
the 5 GHz band are presented in [143]. Spectrum sharing techniques are also introduced. The sum-
mary of the regulations includes limiting the transmit power, limiting the UNII device to be used
indoors only, using dynamic frequency selection, using listening before the talk and transmission
power control as well as restricting the power leakage to neighbor bands.

Since LTE does not sense for channel availability before transmissions, the LTE interference seve-
rely affects the Wi-Fi. A fair listen before talk (F-LBT) algorithm for the coexistence of LTE-U and
Wi-Fi is proposed and improves the total system throughput while providing the fairness between
LTE-U and Wi-Fi [144].

In [145], the multi-operator LTE-U co-channel interference co-ordination mechanism is presen-
ted. It is highlighted that using CSAT overall system performance could be degraded when multi-
operator LTE-U small cells share the same unlicensed channel without any CSAT gating cycle
co-ordination for LTE-U transmissions.

Moreover, LTE can improve transmission and coverage probability of Wi-Fi by adopting a shorter
transmission duty cycle, lower channel access priority, or more sensitive clear channel assessment
(CCA) thresholds [146]. However, in order to have a fair sharing mechanism between LTE-U and
Wi-Fi, a laboratory setup with a wired connection is necessary. The following sections are giving
more explanation of the setup and necessary information underlying the research and development
of underground mine wireless system design.
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LTE small cell :

LTE (Long Term Evolution) is defined as an evaluation of both radio and core network [147]. 3GPP
release 8 introduced the E-UTRAN (Evolved Universal Terres trial Access Network), which is the
accessible part of the IP-based Evolved Packet System (EPS), consists of high spectral efficiency,
high peak data rates, short round trip time (RTT) as well as flexibility in bandwidths. EPS provides
real-time services carried by the IP, for example, an IP will be assigned once the mobile device is
switched on and released, once switched off.

The LTE radio access network is based on
– OFDMA (Orthogonal Frequency Division Multiple Access)
– Higher order modulation (up to 64QAM)
– Large bandwidths (up to 20 MHz)
– MIMO (up to 4x4)

Radio dot system product :

Ericsson small cell Radio Dot System (RDS) offers an indoor solution with a compact and flexible
mounting facility [148]. Fig. D.1 shows a RDS product and its main features are ; deployment
advantages where radio signal usually not reachable, able to connect through Power over Ether-
net (PoE) LAN cables (Category 5/6/7), carrier aggregation facility, supports LTE/Wi-Fi, MIMO,
possible to use as LTE-U (5 GHz).

Figure D.1 Radio Dot System
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RBS Pico 6402 :

Figure D.2 Pico RBS 6402

The RBS 6402 is another small cell Radio Base station (RBS) of Ericsson [148]. The Fig. D.2 shows
an RBS Pico 6402 product and its main features are ; covers indoor environments such as shopping
mall, train station up to 5 Km square area, low energy consumption, MIMO, carrier aggregation
upto 300 Mbps speed, supports 10-bands, supports LTE, WCDMA and Wi-Fi and mixed-mode
capabilities, plug-and-play installation in ten minutes, supports LTE-U (5 GHz) functionality.

Wi-Fi products :

Supporting IEEE 802.11n standard product operates on both the 2.4 GHz and the 5 GHz bands is
based on the previous 802.11 standards by adding multiple-input multiple-output (MIMO) and 40
MHz channels to the PHY layers, and frame aggregation to the MAC layer. MIMO significantly
increases data throughput as the number of data streams are increased. In MAC layer, the frame
aggregation technique is used which combines multiple frames into one large frame before the
transmission and increases the channel utilization and improves the MAC throughput [149].

BelAir20E :

Belair 20E is an Ericsson Carrier-Grade Wi-Fi Solution [148, 150]. The Fig. D.3 shows a Wi-Fi
access point and the its features are given below

– Supports 2.4/5 GHz IEEE 802.11 b/g/n certified
– 2x2 MIMO with 2 spatial streams
– 300 Mbps per radio
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Figure D.3 BelAir 20E

Ericsson AP 6321 :

Figure D.4 Ericsson AP 6321

The AP 6321 is an Ericsson’s product using the latest 802.11ac Gigabit WLAN which supports
data rates of over 1 Gbps. It provides a cost-effective service such as Hot zone, 3G, and 4G traffic
offload. It operates in both 2.4 GHz and 5 GHz operation simultaneously with 3x3 MIMO and 3
spatial streams per band. The 5 GHz radio supports 80 MHz bandwidth and 256 QAM modulation
rates, resulting a 1.3 Gbps system data rate. In addition, the 2.4 GHz radio supports the robust, high-
performance 802.11n standard. Supporting 40 MHz channel bandwidth, 2.4 GHz radio enables
450 Mbps speed. It has integrated wireless point-to-point, point-to-multipoint or mesh and gigabit
Ethernet wired backhaul connection features [148, 151].
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IEEE 802.11ad :

IEEE 802.11ad standard supports unlicensed 60 GHz band and makes a transformation from the
use of omnidirectional to directional wireless radio channel [13, 152].

With a new physical layer of 802.11 operating at 60 GHz named as WiGig, with a rate of 7 Gbps.
It has high signal attenuation factor due to higher oxygen absorption and typically used for 10 m
distance. It has an additional attenuation of 22 dB compared to the 5 GHz band.

At 60 GHz, the received signal is dominated by the line of sight (LOS) path and first order reflec-
tions. Concrete materials can easily create a blockage. Thus, 60 GHz link is more suitable to use in
indoor environments where sufficient reflectors are available to avoid blockage. The IEEE 802.11ad
takes an advantage of beamforming with quasi-optical propagation behavior, low reflectivity, and
high attenuation.

Therefore, IEEE 802.11ad introduces beamforming (BF) mechanism and hybrid medium access
control (MAC) to facilitate directional point to point radio communication link.

Moreover, multiple phased antenna arrays also enable high gain coverage in all directions not as
like as MIMO, but like a set of additional sectors (i.e., narrow beam) with only one antenna array
used at a time.

LTE-U :

A small cell can support both LTE (licensed spectrum) and LTE-U (unlicensed spectrum), which
reduces the cost of the service operators. LTE-U currently usees the 5 GHz band to co-exist with
Wi-Fi and provides a low-cost wireless data traffic to the user. Moreover, in Heterogeneous Net-
works (HetNet), LTE-U supports data offloading from a macro call to a small cell. The current LTE
licensed cellular networks restrict to fulfil the higher data traffic demand of users, LTE-U is then
acceptable in 3GPP [147], which operates as a supplemental downlink carried by the unlicensed
secondary carrier (S-cell), and uplink carried by primary licensed LTE carrier (P-cell). Once the
P-cell and S-cell both are employed in the small cell network the user equipment (UE) uses carrier
aggregation (CA) to have a higher throughput. Concerning the 5 GHz band in LTE-U which is used
already deployed by Wi-Fi operator implying 802.11 protocols, a co-existence between LTE-U and
Wi-Fi is then necessary to have fairness.

Fifth-generation (5G) network deployment issues also motivate to combine a significant amount
of unlicensed spectrum (6 - 100 GHz) of both Wi-Fi and LTE technologies. Following this issue,
specifically the 5 GHz band the LTE in the unlicensed band has a physical layer topology to access
Wi-Fi spectrum. The 3GPP radio access network (RAN) under the LTE-U forum focuses on the
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capacity, coverage, cell coordination and cost reduction [147]. Therefore, the ongoing research
activities and product developments of coexistence, fairness, impact between LTE-U and Wi-Fi at
5 GHz are necessary to characterize and investigate the existing problems to propagate a motivation
for further research activities on 5GPPP channel sharing.

Carrier aggregation :

LTE-Advanced uses carrier aggregation (CA) to increase the bandwidth, and thereby increase the
bitrate. CA can be used for both FDD and TDD. Component carrier (CC) is defined as for each
aggregate carrier and the bandwidths are used (1.4, 3, 5, 10, 15 or 20 MHz). The Fig. D.5 shows
the same frequency and different frequency band allocations for FDD. For TDD, the number of
CCs and the bandwidths of each CC will be same for downlink and uplink. Fig. D.6 shows the
use of CA in intra band (contiguous), intra band (non-contiguous), and inter band (non-contiguous)
[147].

Frequency

Component carrier (CC)

eNodeB

CC BW : 1.5, 3, 5, 10, 15, 20 MHz
MAX 5 CC, MAX 100MHz

Same frequency band allocation

(a)

Frequency

Component carrier (CC)

eNodeB

CC BW : 1.5, 3, 5, 10, 15, 20 MHz
MAX 5 CC, MAX 100MHz

Different frequency band allocation

(b)

Figure D.5 (a) Same frequency band allocation, (b) Different frequency band allocation.

Co-existence :

In 3GPP R13, studies are carried out on co-existence about the carrier sense adaptive transmission
(CSAT) and listen before talk (LBT) coexistence mechanism for a fair channel sharing between
LTE-U and Wi-Fi [147]. In [153], LTE-U duty cycling and LTE-U CSAT coexistence mechanism
have been presented and showed that LTE-U can gain higher throughput than Wi-Fi in small cell
deployment. A. Bhorkar et. al. [154] analyzed a stochastic geometry for a fair coexistence. The
hidden node issue reduces the system performance but the channel selection mechanisms can solve
this issue. However, a fair and better performance for both LTE-U and Wi-Fi can be achieved by
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eNodeB
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(c)

Figure D.6 (a) Intra band (contiguous) (b) Intra band (non-contiguous) (c) Inter band (non-
contiguous).

combining listen before talk, channel access priority, and a smart choice of the energy detection
(ED) threshold reported in [154].

Fig. D.7 shows the general demonstration of illustrations of co-existence between LTE-U and Wi-Fi
networks. Fig. D.7a shows two different LTE and Wi-Fi networks work independently. Fig. D.7b
shows that user equipment (UE) can get both channel access from different networks indepen-
dently, but UE can get the same facility through only LTE-U network (licensed and unlicensed)
and throughput will be higher by using the carrier aggregation process shown in Fig D.7c. Fig.
D.7d shows that if a Wi-Fi uses the same channel, the sharing can be possible between LTE-U
and Wi-Fi access by using ON and OFF periods in the time domain. Simply once LTE-U channel
is switched off, Wi-Fi will get access the channel and share the same channel by using a smooth
fairness coexistence mechanism.

Channel measurement parameters :

RSSI Receive Strength Signal Indicator (RSSI) measures the average total RF energy (channel
power) at the antenna port, including noise, serving cell power, interference power and can
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Figure D.7 LTE, LTE-U and Wi-Fi networks

be determined within a distance d by the free space formula [155]

RSSI(d)dBm = Pt−
(

10n log10 (d/d0)+PL(d0)+Lcable
)
attenuation

+
(
Gt+Gr

)
optional

[dBm]
(D.1)

where Pt is the transmit power. Optional parameters such as Gt and Gr are the transmitter
and receiver antenna gains (can be ignored for wired setup). n is the path loss exponent
(defined by the channel model) and PL(do) is the free space path loss at the distance or do,
and Lcable is the cable loss of the system particularly used for high frequency wired setup.
The attenuation term can be replaced by the attenuator for wired setup.

Moreover, RSSI can be calculated by the OFDM symbol (within the measurement band-
width over total resource blocks) received power carrying all sources such as co-channel
non-serving and serving cells, adjacent channel interference and thermal noise [156].

CCA-ED LTE-U coexists fairly with Wi-Fi by using a clear channel assessment on Energy Detec-
tion (CCA-ED) threshold. If the interference level at the Wi-Fi device caused by the LTE-U
channel is above the ED, the device must wait for a period of time called the backoff. The
impact of ED threshold has been demonstrated in [157]. Power interference can be with the
energy above ED threshold and moderate power interference could be below ED threshold
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[158]. In addition, the average channel power based on RSSI at the receiver can be measu-
red by the spectrum analyzer as received power in dBm per bandwidth and power spectral
density measured as received power in dBm per Hz.

The average energy detection threshold of the received signal is a spectrum sensing method,
given in [159, 160] and can be defined as,

TED = 1
KN

K∑
k=1

N∑
n=1
|rkn|2 (D.2)

where N is the number of samples received within K observation times and r is the linear
amplitude of the sample. If TED compares with predefined threshold ted (-62 dBm) and if
TED < ted then it decides Null Hypothesis (the channel is free) otherwise Hypothesis 1 (the
channel is occupied or busy).

Wi-Fi uses ED thresholds to identify non Wi-Fi energy such as LTE-U signal on the current
channel. This non Wi-Fi energy can be in the same frequency band or due to corrupted Wi-Fi
transmission. which is not identified and unable to decode header defined in the PHY layer.

ED threshold usually set -62 dBm, which is 20 dB higher than the Wi-Fi carrier sense (CS)
threshold (-82 dBm) as shown in Fig. D.8. If the channel is in the busy state (i.e. TED > tEd),
Wi-Fi station senses the channel every time slot to determine whether the energy still exists or
not. During channel sharing moment between Wi-Fi and LTE-U, Wi-Fi access points or Wi-
Fi stations have to follow this procedure more frequently before getting the channel access.
Since the sensing time will increase when LTE-U interference is present, Wi-Fi performance
significantly degrades [137, 161] which implies a necessity of fair coexistence mechanisms.

CCA-CS Carrier Sense (CS) threshold is the threshold to be able to detect preamble (the training
signal depends on the bandwidth) used for 802.11 devices to avoid interference usually set at
-82 dB shown in Fig. D.8.

Busy state identification by a Wi-Fi station :
– If PHY detects the energy level > −82dBm.
– If PPDU header successfully decoded.

RSRP Reference Signal Receive Power (RSRP) is the average power of Resource Elements (RE)
over the considered bandwidth which carries reference signals without noise and interfe-
rence. RSRP is not used for coexistence interference measurements, particularly used for
cell reselection and handover decisions [162].

RSRQ Reference Signal Receive Quality (RSRQ) is the reference symbol power with interference
from cells and neighboring systems. It determines the existence of interference, but it cannot
identify the source of interference. It can be determined as RSRQ = (N ×RSRP )/RSSI ,
where N is the number of Resource Blocks (RB) of the OFDM symbols.
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Figure D.8 Receiver energy levels.

CQI Channel Quality Indicator (CQI) indicates the RF link quality, including interference from
a neighboring cell and coexistence. It cannot indicate also the interference sources (such as
other base station’s existence and coexistence) [162].

SNR Signal to noise ratio (SNR) is the ratio between the received signal and the noise energy,
usually expect higher SNR (i.e, 30) value to have a maximum throughput at UE.

MCS Modulation and coding scheme (MCS) is chosen by the channel quality indicator (CQI).

HARQ Hybrid Automatic Repeat Request (HARQ) is a combination of high rate forward error
correcting (FEC) coding and ARQ (Automatic Repeat Query) error control.

Duty cycle :

Duty cycle (DC) can be defined as a percentage of the ratio between the active ON time and total
time described in Fig. D.9. DC can be formulated as DC = O

T
×100%, where DC is the duty cycle,

O is the active ON time, and T is the total time or period. Thus, a 60% duty cycle means the signal
is ON 60% and OFF 40%.

Carrier sense adaptive transmission (CSAT) :

CSAT is an algorithm to have a fair coexistence between Wi-Fi and LTE-U network developed by
Ericsson and LTE-U forum [158]. Simulation results with CSAT show that LTE-U provides a pro-
per fair sharing with the neighbour Wi-Fi channel. CSAT algorithm provides a fair Transmission
opportunity based on the current channel RF conditions. The procedure follows once RBS (eN-
odeB) will sense the channel during the OFF period of time, if recorded samples are higher than
-62 dBm, then decrease the ON period gradually and Infinite Impulse Response (IIR) filter is used
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Figure D.9 An example of the duty cycle

for smooth operation (increment and decrement) and CSAT algorithm consequently gives an access
period to Wi-Fi on the unlicensed channel.

CSAT ON / OFF

ON(n-1) ONn ON(n+1)OFF(n-1) OFFn

Time

Max ON Cycle ~150 ms

Min ON Duration ~20 ms

Min OFF Duration~10 ms
Channel measurement, 

RSSI

Calculation :
 Channel Occupancy 
 Target ON/OFF ratio

 OFFn 

 ON(n+1)

Figure D.10 Primary explanation of CSAT.

Fig. D.10 shows a primary CSAT mechanism for an unlicensed band which takes the channel mea-
surements (RSSI) during the OFF time, and based on the channel condition, calculate the channel
occupancy, target ON/OFF ratio, next ON and OFF time. Note that, the new CSAT specifications
define (Max ON cycle = 20 ms, Min ON = 2 ms, Min OFF = 2 ms) the lower values of CSAT
specification for better Wi-Fi coexistence.

Throughput calculation per radio channel :

The approximate calculation of the throughput within one OFDM subframe can be defined as
ThroughputOFDM and expressed as [163]

ThroughputOFDMonesubframe
=
A× S ×OS ×RB × TS ×MS

SFtime

× 0.75 (D.3)
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where A is the number of antennas, S is the number of subcarriers, OS is the number of OFDM
symbols, RB is the number of resource blocks, TS is the number of time slots, MS is the modu-
lation scheme (i.e., QPSK, QAM etc.) and SFtime is the one subframe time duration. The resource
elements (RE) are defined by the number (S ×OS ×RB × TS) of symbols where 75% of the bits
are assumed as user data.

An example of the calculation of a RE with 20 MHz bandwidth is equal to 16800 symbols (12
subcarriers, 7 OFDM symbols, 100 resource blocks, 2 time slots). Hence, one RE carries one mo-
dulated OFDM symbol, if 64 QAM (6 bits/symbol) modulation is used in one symbol, and the
subframe duration is 1 ms then throughput will be 100.8 Mbps. About 25% overhead of reference
signals, sync signals, and coding etc can be estimated. The throughput will be 100.8 Mbps x 0.75 =
75.6 Mbps with one antenna. With 2 x 2 (rank 2) MIMO antennas the throughput will be approxi-
mately 151.2 Mbps.

LTE-U and WiFi wired setup requirements :

In order to perform an LTE-U experiment in the laboratory, the following requirements are neces-
sary to follow :
– Verify channel interference in the laboratory setup area (with the wire and wireless channel) by

a spectrum analyzer.
– Use of shielding boxes to isolate all radioactive components.
– Use of cooling fans (two cooling fans for small cell RBS such as Pico 6402).
– Verify each frequency dependent RF components such as coupler, combiner, attenuator.
– Adjust attenuators (3, 6, 10, 20, 30 dB) on the Tx/Rx side to ensure the channel power measure-

ments are less or higher than -62 dBm.
– E2E RF calibration (using two-port network analyzer).
– Verify frequency dependencies of RF cables.
– Commissioning of RDS and RBS radio parameters such as center frequency, bandwidth, cell

power, cell ON/OFF etc. and ensure the CSAT is implemented in the software load.
– Familiar with QXDM, QCAT, QC UE, Moshell and installation of RBS software load.
– Familiar with input and output parts of the frequency converter.
– Verify necessary network IP configurations (UE, APs, STAs, RBS), iperf server/client.

LTE-U setup with RDS :

RDS setup was with a preliminary prototype software load and hardware. It has been investigated
as a primary reference setup for the measurements that has been developed with the setup of Pico
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6402 product (with latest software load and hardware) to have a co-existence test between LTE-U
and Wi-Fi technologies.

As shown in the Fig. D.11, the wired setup contains a modified RDS and two Wi-Fi access points
(backhaul connection). A Digital Unit (DU) and an Indoor Radio Unit (IRU) were connected with
an optical fiber cable. DU performs the baseband (BB) processing and IRU performs radio signal
processing, digital to analog converter (DAC), analog to digital converter (ADC), intermediate
frequency (IF) conversion [164]. IRU is connected with RDS via LAN cable. Two power amplifiers
were used to boost up the radio signals of the modified RDS at the 5 GHz band. The two output
signals were connected through two bidirectional couplers (TAP). TAP outputs were connected via
coax cable to two Wi-Fi access points. All radioactive components were in the shielding boxes. The
center frequency and bandwidth of both Wi-Fi and RDS were same. Since the UE did not support
5 GHz band, a frequency converter was used to convert from 5 GHz to LTE bands.

Inside the UE shielding box, 2x2 MIMO channel configurations were conducted as shown in the
Fig. D.11 by using four splitters/combiners. The secondary cells (S-cell) are then connected to UE
via wires. The primary cells (P-cell) were connected to the UE from another base station. After the
installation and configuration of the setup through corresponding network IPs, the iperf software,
the UDP traffic was sent in two ways, one from the core network IP server to UE (300 Mbps ; P-cell
and S-cell), another is from Wi-Fi AP to another Wi-Fi AP (150 Mbps). Since the RDS prototype
and software load were a preliminary version, the primary co-existence test cases were investigated
and followed in the PICO setup shown in Fig. 8.1. Fig. D.11 shows LTE-U setup with RDS.

LTE-U setup with Pico 6402 :

The setup is shown in Fig. 8.1. AP and STA were connected as backhaul connection. EPC (evolved
packet core) network was connected to Pico 6402 radio base station. Pico 6402 contains 2x2 MIMO
antennas for LTE, LTE-U (5 GHz) and Wi-Fi (2.4 GHz was not active) radios. LTE and LTE-U
transmitter and receiver antennas were connected by a combiner/splitter in order to combine and
split two radio signals. The primary LTE cell (P-cell) power were attenuated through attenuators
and connected to UE. Two output signals of LTE-U radio were connected through two bidirectional
couplers (TAP). Couplers output were connected via cables to Wi-Fi access point BelAir20E and
Wi-Fi station TP link AC1200. All radioactive components were in the shielding boxes in order
to avoid external interference. The center frequency and the bandwidth of 5 GHz signals of both
LTE-U and Wi-Fi were same. Since the UE supports LTE-U band (5 GHz), the frequency converter
was not used. Channel powers at locations 1, 2 and 3 in Fig. 8.1 were set above the energy detection
threshold (ED) of -62 dBm by using the measurements with a spectrum analyzer. After installation
and configuration of the setup by using network and laptop IPs, an iperf script was developed by
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Figure D.11 LTE-U setup with RDS.

python programming language to send UDP traffic (full buffer) in two ways, one from the core
network IP server to UE (300 Mbps), another from Wi-Fi AP to Wi-Fi STA (150 Mbps).

Real time QXDM output :

The QXDM (Qualcomm extensible Diagnostic Monitor) software is a log monitoring software
which provides all necessary communication information between the UE and the network, parti-
cularly used to monitor the real time aggregated throughput received by the UE. Moreover, channel
power, RF signal information such as RSSI, CQI, SNR, etc. can also be monitored by QXDM
[133]. Fig. D.12 shows throughputs of different snapshots, where the upper figure shows the P-cell
and S-cell without 5 GHz channel sharing and lower figure shows the P-cell and S-cell with 5 GHz
channel sharing. Without sharing, the UE recorded 300 Mbps combined with P-cell and S-cell.
During channel sharing, S-cell provides an interaction with the Wi-Fi (5 GHz) channel and UE
recorded a carrier aggregated (CA) throughput of 249 Mbps. During channel sharing, LTE-U (S-
cell) throughput decreased from 150 Mbps to 98 Mbps, which implies ON and OFF timing works
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between LTE-U and Wi-Fi, and the combined throughput on the time line (shown in lower figure)
presents an amount of time that has given to Wi-Fi to access the channel.

Total 300 Mbps

P-cell 150 Mbps

S-cell 150 Mbps

Total 249 Mbps

P-cell 150 Mbps

S-cell 98 Mbps

P-cell S-cell Total CA

Channel Sharing moment

Figure D.12 Real time QXDM output.

Bandwidth Monitor output :

Fig. D.13 shows a real time fair 5 GHz channel sharing experimental results to explain the CSAT
algorithm explicitly. Qualcomm LTE-U UE has 5 GHz operational functionalities which combine
LTE and LTE-U bands throughput. The Bandwidth Monitor software was used to monitor real
time throughput during channel sharing. The basic functionality of that the CSAT algorithm, that
it starts sensing the channel with a numbered channel measurement sample during the OFF period
of time and if the channel is above -62 dBm then adapt the next transmission ON and OFF times.
PICO 6402 was configured with a duty cycle duration of 210 ms, detection threshold of -62 dBm,
a maximum channel usage of 95 % and a minimum channel usage of 33 %. There are four time
slots have been considered in order to verify the channel sharing. Firstly, for LTE-U ON of 60 s
and Wi-Fi OFF of 60 s and channel usage 95 % of the duty cycle, The UE recorded around 278
Mbps since Wi-Fi channel is OFF. Secondly, once LTE-U and Wi-Fi both channels are ON, during
sharing via CSAT, LTE-U channel starts decreasing the transmission opportunity (from 95 % to
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33 % of the duty cycle) until around 30 seconds, and simultaneously Wi-Fi starts getting channel
access from 5 % to 77 % of the duty cycle until the shared channel becomes stable. During the next
30 seconds (around) both LTE-U and Wi-Fi becomes stable and share the channel smoothly (33%
and 77 % of the DC of LTE-U and Wi-Fi, respectively). Thirdly, once LTE-U is ON and Wi-Fi is
OFF, LTE-U starts to sense the channel and increase the usage of the channel from 33 % to 95 % of
the duty cycle and correspondingly throughput increases to around 278 Mbps during the first 30s
and throughput becomes stable to 278 Mbps in next 30s. Finally, once LTE-U is OFF and Wi-Fi
is ON, Wi-Fi gets the entire channel access since LTE-U is OFF and consequently Wi-Fi records
around 128 Mbps by using a standalone channel.

QC LTE-U UE

Channel Sharing via CSAT

~ 79Mbps

100% Channel using

~ 128 Mbps

95% LTE-U Channel using

~ 278 Mbps 

LTE-U 60s ON 60s ON 60s ON 60s OFF

Wifi 60s OFF 60s ON 60s OFF 60s ON

Wifi STA AP6321 

Channel Sharing via CSAT

~ 177 Mbps

95% LTE-U Channel using

~ 278 Mbps

DutyCycleDuration = 210 ms

MaxChannel Usage = 95%

Min channel Usage = 33%

Figure D.13 Fair sharing output (Bandwidth monitor).

Results analysis :

Fig. D.14 shows a better illustration of the fair sharing mechanism with the corresponding recorded
throughputs both at Wi-Fi STA and UE. It can be noted that during channel sensing at the initial
state of CSAT at LTE-U channel, a degradation of the LTE-U throughputs were recorded from 60 s
to 80 s. This issue has been solved by using an additional attenuation of 20 dB at the Wi-Fi access
point antenna port, since a higher channel power was measured at the RBS pico transmitter/receiver.
The results shown with TCP traffic in Fig. D.14a. It can also be noted that, a certain distance might
be necessary to be maintained between RBS and Wi-Fi AP to achieve a fair sharing. Moreover,
Wi-Fi AP and Wi-Fi STA noise floor values were also measured during the entire 240 seconds
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measurement period in order to investigate the interference caused by LTE-U channel. Table D.1
and D.2 show the list of parameters and the channel sharing performance with UDP traffic where
Fig. D.14b illustrates the results of the channel.

(a)

(b)

Figure D.14 Performance results. (a) and (b) are the fair sharing with TCP traffic and fair sharing
output with UDP (post processed), respectively.
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Table D.1 LTE-U setup parameters and performance results at LTE-U

LTE Technology LTE-U (S-cell)

PICO model 6402

Frequency 5.745 GHz

Channel Number 149

Bandwidth 20 MHz

Throughput (calculated, 100%) 150 Mbps

Throughput (calculated, 95%) 142.5 Mbps

Throughput (measured, 95%) 113 Mbps

Duty cycle 210 ms

Max channel Usage 95%

Min channel usage 33%

Channel Sharing Calculated (33%) 49.5 Mbps

Channel Sharing Measured (33%)

Avg. 28 Mbps,

Min 10 Mbps,

Max 80 Mbps

Table D.2 Setup parameters and performance results with Wi-Fi (5 GHz) channel

Wi-Fi Technology Wi-Fi 802.11n

Model AP : Belair20E, STA : TP link AC1200

Frequency 5.745 GHz

Channel Number 149

Bandwidth 20 MHz

Throughput (calculated, 100%) 150 Mbps

Throughput (calculated, 100%) 122 Mbps

Channel Sharing Calculated (77%) Avg. 115 Mbps

Channel Sharing Measured (5-77%) Avg. 64 Mbps, Min 10 Mbps,Max 85 Mbps

Fig. D.15 shows the characteristics of the coexistence mechanism with different maximum channel
usage times such as 85 %, 75 %, 65 %, 55 % of the duty cycle (i.e., 210 ms). Results show that,
once the maximum channel usage of the LTE-U decreases, Wi-Fi is getting more time to access the
channel and the transition period of both LTE-U and Wi-Fi decreases before going in a stable state.
The performance results of the channel sharing using a full buffer (data always available to send)
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Figure D.15 Channel sharing with different percentage of duty cycle values.

condition with TCP traffic using the same setup parameters defined in the Tables D.1 and D.2. Full
buffer condition can be calculated for both UDP and TCP as

RTT (80ms)× data rate(150 Mbps) = 1.5 MB (D.4)

where RTT is the round trip time between sender and receiver (80 ms from iperf server to UE) and
set at 5 MB (TCP window size or UDP bandwidth on the iperf command). It has been shown that
using the full buffer with the TCP packet transmission, a smooth fair sharing also exists since the
channel condition is stable with wired connection though some fluctuations were observed.

The future work could be the characteristics of CSAT by using different Wi-Fi AP and Wi-Fi STA
vendors such as Aruba, Cisco, Linksys, D-link, etc., by using multiple numbers of PICOs and Wi-
Fi APs, by increasing the number of Wi-Fi STAs by serving one AP, to test how many STAs can
share the same channel, VoIP test, by using below -62 dBm of the channel power. Moreover, the
coexistence characterization by using the new LTE-U Forum specification requirements for CSAT
could be the future work.
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