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Abstract—Visible light communications (VLC) and Millimetre
wave (mmWave) systems are two emerging technologies for short-
range mobile communications. One of the limiting factors of
both VLC and mmWave systems is the random orientation of
mobile devices that can significantly affect the channel gain
in both systems. Since there is no proper model for device
orientation, many studies have assumed that device orientation is
fixed or modelled as a uniform distribution. To address this issue,
an experimental study of mobile user behaviour is conducted
and a statistical orientation model is proposed in this paper.
The results show that the probability density function (PDF)
of the elevation angle follows a Laplace distribution. Based on
the statistical orientation model, Monte-Carlo simulations are
carried out to analyse the system performance of VLC and
mmWave systems. The statistics of signal-to-noise-ratio (SNR)
are compared with the experiment-based simulation results in
both VLC and mmWave systems.

Index Terms—LiFi, Laplace distribution, millimetre wave com-
munication, optical wireless communication.

I. INTRODUCTION

To support the ever-growing wireless demand, which is
anticipated to be 49 exabytes by 2021 [1], techniques such
as Millimetre wave communications (mmWave) and Light-
Fidelity (LiFi) are being explored. LiFi is a promising novel
bidirectional, high-speed and fully networked wireless com-
munication technology [2], [3]. Large and unregulated band-
width are available in the visible light spectrum. High energy
efficiency and the simple deployment of LiFi with off-the-
shelf light emitting diodes (LEDs), enhanced security as the
light can not penetrate through opaque objects, are some
advantages of LiFi compared to radio frequency (RF) systems
[4]. Millimetre wave is another promising technology with
the frequency range between 30 and 300 GHz to support the
future next-generation high-speed wireless communications.
Some notable advantages of mmWave include: the availability
of RF bandwidth and the very small wavelengths that permit
embedding large numbers (typically 32 elements) of minia-
turized antennas within small spaces. This leads to reduced
hardware size for antenna beamforming systems needed [5].

Statistical data traffic confirms that smartphones are the
most significant source for generated mobile traffic. It is en-
visaged that smartphones will generate more than 42 exabytes
per month (86% of the mobile data traffic) [1]. LiFi and
mmWave as part of future fifth generation (5G) of mobile
networks can cope with this immense data traffic thanks to
future LiFi-enabled and mmWave-enabled smart phones. One
of the key challenges facing both LiFi and mmWave is the lack

of a convenient statistical model for device orientation. Users
usually prefer to work with their smartphones in a comfortable
manner with any orientation which means that the device is
not necessarily always pointed vertically upward.

Many previous studies on LiFi and mmWave systems
consider simplified assumptions due to the lack of a proper
model for device orientation. In LiFi systems, it is commonly
assumed that the receiver is directed towards the access point
(AP) and is fixed. However, there are a few studies that have
emphasised the effect of device orientation in their analysis
[6]-[10]. All these studies consider the elevation angle as a
random variable without discussing the actual statistics of it,
such as its mean and variance. In mmWave networks, many
studies assume that the angle of arrival (AoA) follows a
uniform distribution [11], [12]. The authors in [13] proposed
a new algorithm to obtain the three dimensional (azimuth and
elevation) angles of arrival (AoA) for dynamic indoor terahertz
(THz) channels. The indoor THz channel dynamic depends
on human movement and the statistics of human motion have
been obtained based on data measurements. However, their
model is specified based on three particular scenarios and no
general model for the elevation angle has been proposed.

Contributions: In this paper, a novel model for the mobile
device orientation based on the experimental measurement
is proposed. The model can be used for both visible light
communications (VLC) and mmWave networks. The accuracy
of the model is tested by using the Kolmogorov-Smirnov
distance (KSD) and skewness tests. We also provide some
results that show the significant effect of considering the
random orientation of a mobile device on network parameters
such as signal-to-noise-ratio (SNR) in a single AP or base
station (BS) VLC and mmWave systems.

II. SYSTEM MODEL

Both VLC and mmWave systems are considered in this
study. For simplification, the single AP/BS system is used.
Network level analysis will be considered in future studies.
The downlink geometry of the line of sight (LOS) link is
shown in Fig. 1. The position vector, p, = (Za, Ya, 2a), is the
location of the AP/BS, and py, = (Zm, Ym, 2m) 18 the position
vector of the mobile device (MD). The angle, ¢, is the radiance
angle of the transmitter, also known as the angle of departure
(AoD). The angle, 1, is the incidence angle of the receiver,
or can be known as the angle of arrival (AoA). The distance
vector between the user equipment and the AP is defined as



Fig. 1: Downlink geometry of LOS light propagation.

X

d = p, — pw. The unit normal vectors of the transmitter and
receiver surface are denoted as ny and n, respectively. The
dot product is denoted as (-). Denoting the Euclidean distance
by ||d||, the ¢ and ¢ angles are separately given by:

T -d

cos(¢p) = HHTH’ (1)
-d

cos(¢) = —nHtT”. (2)

A. VLC system model

In most VLC systems, the signal is dominated by the
component received from the LOS path (if not blocked) when
the receiver is not as close to the walls. The direct-current
(DC) channel gain can be used to model the VLC system
channel. It is assumed that the LED follows the Lambertian
radiation. The LOS DC gain is given by [14]:

(m+1)A m F0<<U

Hypo = | U cos™ (@) cos(y) i0<v<Ue
e {0 ifp>w, O
where A is the physical area of the photodiode (PD); the
Lambertian order, 1, is given as m = —In(2)/ In(cos(®4 /2));

®, /5 denotes the half-power semi-angle of the LED; the field
of view (FOV) of the PD is denoted as W.. The noise is
assumed to follow a white Gaussian distribution with the
power spectral density of Ny. The SNR at the receiver of
LiFi systems can be calculated as [15]:

(RHVLCPt,optical)2
2
9vLc
where P; optical 15 the transmitted optical power of the AP
and R represents the PD responsivity. The total noise power

is given as 0% = NoByLc, where Byc is the utilized
VLC bandwidth [14].
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B. Millimetre wave system model

In general, an indoor mmWave link can be described using
a geometric channel model with L scatterers as introduced in
[16], [17]. It is assumed that each scatterer contributes a single
propagation path and the directional beamforming technique
is used [18]. Here, we assume a simplified scenario by
considering a single path mmWave channel (i.e., L = 1). The
virtual channel model can be transformed from the geometrical
channel model and it is given as follows [11]:

H,,mwave = @/ NpsNupamp (¥)apg (), )

where the complex value « denotes the channel attenuation,
which includes the path-loss. Note that |af> = (ZL)%|aol?,
where |a|? = 1077 at dy = 1 m [12]. Ngs and Nyp represent
the number of antenna in the single base station and the mobile
device respectively. In addition, ayp () and agg(¢) are the
antenna array response vectors of MD and BS respectively. It
is assumed that the uniform linear array is used, and * denotes
the Hermitian of matrix. ayp () and apg(¢) can be defined
as [11]:

1, ed B dant singp eI (NMD —1) & daxg sin w]T
Nup
1, o1 5 dan sing ed (NBs—1) Z dan¢ sin ¢>]T
vV Nes ’
where )\ represents the wavelength of the signal; d,,; denotes
the distance between adjacent antennas and [-]7 denotes the

transpose operation. Then, the SNR in mmWave systems can
be obtained as follows [11]:

anp (V) = , (6)

aps(¢) = (7N

2
Pt,mmWave |w;k1HmmWaveB |
gmmWave = 5 ’ (8)
0 mmWave

where P, mwave 1S the BS transmit power, w, is the RF
combining vector and B is the precoder matrix. 02 \wave 1S
the noise power. In this study, we consider a mmWave system
consisting of two antennas in both BS and MD. The separation
distance, d,y¢, is assumed to be half of the signal wavelength.
In addition, assuming that the BS can perfectly point the beam
towards the user (i.e., B = [1,e/™*¢]T) while the user can
only estimate the average orientation of the mobile device (i.e.,
wy, = %[l,ej’”&/’[sm ¥IITY, (8) can be simplified as:

|a|2Pt,mmWave|1 + 6j7r(sm Yp—E[sin]) ‘2
gmmWave = 4 3 .
0 mmWave
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C. Role of device orientation

As it is apparent from Fig. 1, the normal vector n, changes
with the device orientation and accordingly the angle
changes as well. As shown in (3) and (5), the channel gain of
both systems are related to the angle . Hence, the orientation
of a device will affect the received SNR and thus affect the
performance of both systems. In effect, the orientation of
mobile devices plays an important role in both indoor VLC
systems and mmWave systems, which provides the motivation
behind this study.

III. ROTATION GEOMETRY

According to Euler’s rotation theorem, the rotation of a
3D body can be described by three elemental angles: yaw,
pitch, and roll. The extrinsic rotation is the rotation about the
Earth coordinate system, XY Z, while the intrinsic rotation
corresponds to the rotation about the device corrdinate system,
zyz. Fig. 2(a) and Fig. 2(b) illustrate the Earth and device co-
ordinate system respectively. When viewed along the positive
direction of an axis, the positive rotation means that the object
rotates clockwise around this axis. As shown in Fig. 2(b)-(d),
yaw is the positive rotation around the z-axis with an angle of



Fig. 2: Coordinate system and orientation of a mobile device: (a) the
Earth coordinate system, (b) the device coordinate system, (c) yaw,
a, (d) pitch, 3, (e) roll, vy (f) the spherical coordinate system.

«; pitch is the positive rotation around the x-axis with an angle
of 3; roll is the positive rotation around the y-axis with an
angle of ~. The range of «, 3, are [0°,360°), [—180°.180°),
[—90°, 90°] respectively. Yaw, pitch and roll can be described
by matrices and are denoted as R(«a), R(f), R(y) separately
as [19]:

cosa —sina 0 ]
R(a)= | sinae cosa 0 |, (10)
| 0 0 1]
1 0 0
R(B)=|0 cosf —sinf |, (11)
| 0 sing  cosf |
[ cosy 0 sinvy ]
R(y) = 0 1 0 (12)
| —siny 0 cosvy |

According to the world wide web consortium (W3C) spec-
ification, the intrinsic rotation of the device should follow the
order of yaw, pitch and then roll, so by multiplying R(«),
R(5), R(¥) in sequence, the whole rotation can be denoted as:
R(a, 8,7) = R(a)R(B)R(y). The initial unit normal vector
of the PD on a device, n, is [0,0,1]7. After the rotation of
the device, the unit normal vector is given by:
cosysinasin 8 + cos asiny
sin asiny — cos v cos 7y sin 8

cos [ cosy

nr:R(aaﬂ77)nz: (13)

In the spherical coordinate system, as shown in Fig. 2(f)
the unit normal vector n, can be represented by an azimuth
angle, w, and an elevation angle, 6. The elevation angle is the
angle between the unit normal vector of the mobile device
and the unit vector of the Z axis, [0,0,1]T. Based on (13),
the elevation angle is thus given by:

6 = arccos(cos (B cos ), (14)

Equation (14) shows that the elevation angle only depends on
the pitch angle, 3, and the roll angle, . A change in the yaw
angle has no effect on the elevation angle, 6. The range of w
and 6 is 0° to 360° and 0° to 90°, respectively. Alternatively,
the unit normal vector n, can be expressed as:

n, = [sin 6 cos w, sin # sin w, cos G]T (15)

Substituting (15) into (1), the 1 angle can be described in
terms of the elevation and azimuth angles. The azimuth angle
indicates the direction that the user faces and therefore it is
reasonable to assume that w is uniformly distributed in [0,
360°]. This has been also confirmed with our measurement
results [20]. In the following sections, we will provide a
model for the elevation angle based on the experimental
measurements.

IV. ORIENTATION DATA COLLECTION

Since we are interested in the random orientation of mobile
devices, the data collection process should not interfere with
users’ behaviour. There are three fundamental requirements for
the mobile phone application: i) the application should record
the orientation data using built-in sensors; ii) in relation to the
recording speed, the amount of data collected in one second
should be sufficient, as the changing speed of orientation will
also affect the final channel model; iii) the application is
required to record the orientation data under background con-
ditions so that participants can use their phones as usual during
the data collection process. The mobile phone application,
Physics Toolbox Sensor Suite, developed by Vieyra Software
[21] has been used to collect the instantaneous orientation
angles of roll, pitch and yaw. Another important characteristic
of this application is its ability to run in the background
without interrupting users’ normal activities.

Simple random sampling is the fundamental method of
probability sampling. In the random sampling theory, the
chance of being chosen as a sample is independent and equal
for every element in the population of interest [22]. In the
experiment test, 20 volunteers were recruited randomly to
participate in the data collection. As the purpose of this
experiment is to develop a channel model for wireless com-
munication systems, the only rule was that users had to sit in
an indoor environment and use their mobile phones for daily
activities, e.g. chatting, browsing, gaming, or watching videos.
To ensure nothing influenced the data collection process,
there was no extra control placed on the experimental place,
time, or activities. The whole process is random, so the
participants have complete freedom to use their cellphones
as they normally would. Random sampling makes the data
collected more reliable. The total number of samples recorded
for each angle is around 600,000. To build up a model for users
device orientation, data should be collected when participants
use their phone for daily activities. However, during the data
collecting process, some redundant data will be recorded.
After removing the redundant data, there are around 570,000
samples for each angle. The following studies are carried out
based on these reliable samples.
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Fig. 3: Sample PDF of elevation angle, Laplace distribution fit and
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V. STATISTICAL MODEL

It is shown in [23] that the Laplace distribution, as the first
law of error, and the Gaussian distribution, as the second law
of error, are two good approximation models for the magnitude
of error. Thus, both Laplace and Gaussian distribution are
used to model the probability density function (PDF) of the
elevation angle [23]. Parameters of the Laplacian and Gaussian
fittings are defined and calculated according to the maximum
likelihood estimation [24]. To determine the goodness-of-fit of
a reference probability distribution, the Kolmogorov-Smirnov
(K-S) test is used as it is one of the most useful non-parametric
tests [25]. The K-S test gives a Kolmogorov-Smirnov distance
(KSD) which represents the difference between the reference
cumulative distribution function and the empirical cumulative
distribution function. Skewness describes the level of symme-
try for the values spread around the mean. Kurtosis describes
the peakedness of the empirical probability distribution [26].

Based on the collected pitch and roll samples, we can cal-
culate the elevation angle, 6 according to (14). The histogram
of 6 is plotted in Fig. 3. Both Laplace and Gaussian fits
are shown in the figure. KSD is calculated by comparing
the difference between the empirical cumulative distribution
functions of two sets of samples. The first are the experimen-
tally measured samples, and the other are samples generated
from the reference distribution. The results are summarised in
Table I. As expected, the histogram of the elevation angle is
almost symmetric, as the skewness has a small value. With
regards to kurtosis, Laplace distribution is a better model as
6.46 indicates a higher peak than a normal distribution with
a kurtosis of 3. It can be seen that the Laplace distribution
has a better goodness-of-fit in terms of KSD. Based on the
above analysis, the PDF of the elevation angle is modelled
with a Laplace distribution. From the parameters in Table I,

w=35.09°, b= 1/%2 = 4.82°. The statistical model for the

TABLE I: Parameters of different fits

Laplacian Fitting | Gaussian Fitting
o 35.09° 35.23°
o 7.01° 7.65°
KSD 0.03 0.08
Skewness 0.29
Kurtosis 6.46

TABLE II: Parameters Lists

[ Parameter [ Symbol [ Value

Transmitted optical power per AP | B optical 1w

Modulated bandwidth for LED ByLc 20 MHz

Physical are of the PD A 1 cm?

Receiver FOV semi-angle U, 90°

Half-intensity radiation angle Dy /9 60°

PD responsivity R 0.5 A/W

Noise spectral density for VLC No 1021 A%/Hz

mmWave BS transmit power P mmwave | 30 dBm

mmWave carrier frequency v 73 GHz

mmWave bandwidth Bimwave 2 GHz

Noise power for mmWave Ur2anave -174 dBm/Hz +
10 10g10 (BmmWave) +
noise figure of 10 dB

elevation angle is thus denoted as:

F(0) = M T

2b ’ 2

It is noted that the main conclusions of the paper are confirmed
by our controlled experimental tests reported in [20].

0<6< (16)

VI. SIMULATION RESULTS

In this section, based on the statistical model, the perfor-
mance of both VLC and mmWave systems with single AP/BS
are analysed, and the results are compared with orientation
models used in other studies.

A. VLC System with single AP

The performance of a VLC system with the constant vertical
orientation model, the experimental orientation model and
the statistical orientation model are compared to see how
device orientation can influence the system performance. The
simulation environment is assumed to be a room of size 5 m x
5 m x 3 m. The location of the LED is (2.5, 2.5, 3). The height
of the mobile device is assumed to be 0.8 m from the floor.
The testing points are evenly chosen with a spacing of 0.1 m
between them. Based on the typical settings and parameters in
Table II, Monte-Carlo simulations are carried out to analyse
the system performance numerically.

In the constant vertical orientation model, the device at each
testing point is perpendicular to the ceiling, and the normal
vector of PD is [0,0,1]T. SNR can be calculated based on
(3) and (4). For each orientation model, the average SNR is
calculated for each testing point. The cumulative distribution
function (CDF) of the average SNR is plotted in Fig. 4. The
CDF of the statistical model and the experimental model
are almost overlapping with each other, with a maximum
difference of 0.045 dB. Thus, the statistical model proposed
achieves higher accuracy and is a good estimation of the ran-
dom orientation model. In contrast, the maximum difference
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between the experimental model and the vertical model is 2
dB suggesting that the traditional vertical orientation model
is a poor estimation of the random orientation. The effect of
orientation for different locations is observed and the results
are plotted in Fig. 5. In the vertical orientation model, the
SNR is fixed for each location, so the CDF will be a vertical
line. As the horizontal distance between the AP and the user
increases, the CDFs of the SNR for the statistical model will
deviate further away from the CDFs of the SNR for the vertical
orientation. Hence, orientation plays a more important role
when the users are far away from the APs. Fig. 6 compares
the SNR between the experiment-based simulation and the
statistic-based simulation for 4 user positions with a fixed
w = %” as an example. The simulation results of PDF of
SNR based on the experimental orientation and the statistical
model are matched.

B. mmWave System with single base station

In this section, SNR of the mmWave system is compared
and analysed for different orientation models. The simulation
environment is the same as in the single AP VLC system.
The parameters are shown in Table II. The Monte-Carlo
simulation results of three orientation models are compared
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Fig. 6: Comparison between simulation results of PDF of SNR, &, for
4 user positions with w = 5{ based on the experimental orientation

and the statistical orientation model.
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Fig. 7: CDF of the average SNR for the uniform orientation model,
the statistical orientation model and the experimental orientation
model.

in this section: the uniform model, experimental data and the
proposed Laplace model. The uniform orientation model is
used in [11], where AoA, v, is assumed to be uniformly
distributed in [—7, 7], and the azimuth angle, w is uniformly
distributed in [0, 27]. For each orientation model, the average
SNR is calculated for each testing point. The CDF of the
average channel gain is plotted in Fig. 7. The simulation
results of the proposed statistical model represent the results
of the measured random orientation much better than the
uniform orientation model. Fig. 8 compares the SNR between
the experiment-based simulation results and the statistic-based
simulation results according to (9). The results are given for
4 user positions with a fixed w = 7 as an instance. The
simulation results of PDF of SNR based on the experimental
orientation and the statistical model are matched.
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VII. CONCLUSION

The importance of device orientation in relation to the
system performance of VLC and mmWave systems is shown.
It is noted that there is a significant gap between the SNR
performance of a system considering the random orientation
and the traditional model in which the device is assumed to
be fixed or modelled as uniformly distributed. Based on the
measurements, a Laplace model for the elevation angle of
mobile devices is proposed and it is seen that the Laplace
model fits the measurements very well. The model can be
used in both VLC and mmWave systems to obtain the statistics
of these systems such as channel gain and SNR. The system
performance (i.e., signal to interference noise ratio, achievable
data rate and handover probability) of LiFi networks and
mmWave networks based on the proposed orientation model
will be studied in future works.
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