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Abstract— As wireless connectivity becomes increasingly
ubiquitous, a greater emphasis will be placed upon the seamless
integration of dissimilar networking technologies. One such
example of this will occur in urban environments, where wearable
devices and vehicular networks will operate in close proximity to
one another. Clearly, a natural extension to both types of network
is their interconnectivity through vehicle-to-pedestrian (V2P)
or equivalently pedestrian-to-vehicle (P2V) communications as
part of a much greater vehicle-to-X (V2X)-based intelligent
transportation system. To this end, we empirically investigate
the P2V communications channel at 5.8 GHz for the case of
a moving vehicle when a person positioned by the edge of a
road was either stationary or walking parallel to the side of
the highway. The measurements considered a chest-mounted
transmitter and four receiver locations on the vehicle covering
the front wing mirrors and two positions on the roof, which
simultaneously recorded the received signal power. To charac-
terize the propagation mechanisms which are responsible for
shaping the received signal in the P2V channel, we decomposed
it into its path loss (PL), large-scale, and small-scale fading
components. We first show that although there was evidence of
interference caused by multiple rays interacting with one another,
the popular two-ray ground-reflection PL model was unable to
adequately describe the compounded effects of the vehicle and
pedestrian’s body on the signal attenuation in the majority of the
considered scenarios. Instead, we found that the overall PL was
well characterized using a dual-slope log-distance model, with
lognormal large-scale fading. Due to the often severe small-scale
fading that was observed in the P2V channel, we have been able
to utilize the κ-μ extreme distribution with considerable success
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to characterize the worse than Rayleigh fading conditions which
were encountered.

Index Terms—κ-μ distribution, κ-μ extreme distribution,
channel measurements, fading channels, path loss (PL),
two-ray ground-reflection, vehicular communications, wearable
communications.

I. INTRODUCTION

RECENT years have seen the widespread uptake of
wireless-enabled devices designed to be carried or worn

by people [1], [2]. These devices, which are now commonly
referred to as “wearables,” have the potential to transform
how society interacts, by forming vast people-driven networks
that are not only capable of sharing information between
themselves but also relaying data meant for other people and
networks. Similarly, the adoption of wireless devices designed
for the automotive market [3] has also been prevalent. Here,
it is envisioned that vehicles will gather information on road
traffic conditions, and through sharing of this information with
nearby wireless devices, assist in improving road safety and
help alleviate traffic congestion [4]. This unified infrastructure
is often referred to as an intelligent transportation system (ITS)
which, among other functions, will be critical for relaying
time-sensitive safety information [5].

ITSs were originally conceived to include both Vehicle-to-
Infrastructure (V2I) and Vehicle-to-Vehicle (V2V) communi-
cations, which enable the exchange of information between
vehicles in the immediate vicinity, or provision information
ahead of time to drivers who may be traveling through
the area in the near future. The transmission of infor-
mation between a moving vehicle and fixed infrastructure
has been the subject of research for many years [6], [7],
while communications between vehicles have only relatively
recently been gaining momentum [8]–[10]. This has been
popularized by the introduction of wireless access for vehic-
ular environments [11], which defines enhancements to the
IEEE 802.11 standard, enabling the architectures, and ser-
vices required to allow wireless devices to communicate over
the dedicated short-range communications (DSRC) frequency
band [10]. In 1999, the U.S. federal communications com-
missions allocated 75 MHz of spectrum within the 5.9 GHz
band for the use of ITSs. Similarly, in 2008, the European
Telecommunications Standards Institute allocated 30 MHz of
the spectrum also within the 5.9 GHz band, enabling the
standardization of previously disparate systems.
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As ITSs continue to evolve, it is envisaged that wearable
and vehicular networks will eventually interoperate through
so-called “vehicle-to-X” (V2X) or more precisely vehicle-
to-pedestrian (V2P) communications. This will bring many
benefits to users of both types of network. For example,
through pedestrian-to-vehicle (P2V) communications, drivers
will have an early warning on the numbers of pedestrians
inhabiting in the local environment. In addition, both types of
wireless node (wearable and vehicular) may act as relay nodes
for one another and in the process provide multihop access to
wireless networks outside their communicating range [12].

The propagation conditions encountered by both wearable
and vehicular communications are known to be particularly
challenging. For example, wearable devices can operate in
a range of different environments (e.g., indoors, outdoors,
in-vehicle, etc.), are subject to complex antenna-body elec-
tromagnetic interaction effects [13] and due to the low ele-
vation of at least one end of the link, subject to frequent
shadowing events caused by the wearer’s body and the bodies
of other persons in the local surroundings [14], [15]. In [14],
it was found that the received signal power in a wearable
device to base station link operating indoors at 2.4 GHz
can deteriorate by as much as 50 dB due to human body
shadowing, whereas for wearable-to-wearable applications
operating in a low multipath environment such as outdoors,
this effect may result in the communications link being lost
entirely [15].

In a similar manner to wearable communications, vehicular
communications can take place within diverse environments
ranging from rural areas, highways, and interstates, through
to densely and sparsely populated urban zones. Furthermore,
these often occur at high velocities and in the presence
of other moving vehicles, which can result in significant
scattering and obstruction of the link [16]–[19]. Like antennas
operating in close proximity to the human body, within vehic-
ular communications, the antenna-vehicle interaction effects
can have a considerable impact on the performance of
communications [20]–[22]. Typically, antennas are mounted
on the highest point of the vehicle (i.e., the roof) to reduce
the interaction with the vehicle and surrounding low-lying
objects, thus providing the best opportunity for unobstructed
omnidirectional radiation in the horizontal plane. Nonethe-
less, in this case, the metallic structure of the roof acts
as a ground plane which can reflect electromagnetic energy
from the antenna above the horizontal plane, therefore reduc-
ing gain in the desired elevation for V2V channels [20].
Mecklenbrauker et al. [4] reported a drop in antenna direc-
tivity by as much as 6.5 dB in the horizontal plane as a direct
result of the roof tapering. In modern vehicles, the roof may
contain nonmetallic elements such as a sunroof, nonuniform
surfaces, or railings mounted along the sides, which can
further influence the antenna’s radiation pattern [20], [23].
This was also reported in [21], [22], and [24], suggesting
that the link quality for V2V communications depends sig-
nificantly on the mounting location of the antenna. This has
prompted investigations into alternative mounting locations,
such as front and rear bumpers, wing mirrors, and even
inside the vehicle [21]. Indeed, this observation motivates our

investigation of alternate vehicular mounting points for the
automobile side of the P2V communications scenarios studied
here.

In the open literature, the few existing studies of com-
munications between a pedestrian and a vehicle are largely
based on understanding collision avoidance techniques, for
the detection of so-called vulnerable road users [25]–[30].
Pedestrian detection within the automotive industry has been
ongoing for many years, utilizing vision, laser, and radar
techniques; however, these methods require an unobstructed
optical view with the pedestrian, which is rarely the case in an
urban environment. To extend the detection region to include
hidden areas, methods based on wireless communications
have also been investigated [25], [27]. David and Flach [25]
investigated the channel latency of numerous wireless com-
munications architectures, including Wi-Fi ad hoc networks
and cellular communications, for sharing the position of
pedestrians obtained by a global positioning system (GPS)
enabled device with nearby vehicles. Hisaka and Kamijo [27]
chose to detect the pedestrian’s position based on localization
utilizing dedicated Wi-Fi enabled receivers placed on the
four corners of the vehicle. The analysis was limited to the
detection of the pedestrian, and although significant variations
in the received signal were observed, no statistical analysis of
the channel dynamics was performed. It is worth noting that
these investigations were all performed outside of the DSRC
frequency band. This issue was addressed in [31] and [32],
where a system was developed within the DSRC frequency
band to provide information to both pedestrians and vehicles
on nearby collision risks. In [33], the communications between
the two mobile users were considered, one of which was
located within a vehicle and another who was walking outside
the vehicle. Although a statistical analysis of the mobile-to-
mobile channel was undertaken, it was performed at 1.85 GHz,
which is outside of the DSRC frequency band.

While previous measurements performed for channels
involving people and separately channels involving vehicles
have provided valuable insights, the differences in antenna
type, height, mounting position, and the operating environment
will result in fading conditions that are unlikely to accurately
depict those experienced within the P2V channel. Previous
work by Doone and Cotton [34]–[36] has presented some
initial insights pertaining to the fading characteristics that
occur within P2V communications channels. In [34], radio
channel measurements were conducted at 5.8 GHz between
a moving vehicle at different velocities and with a stationary
pedestrian positioned by the side of the road. The experiments
considered a transmitter (TX) mounted at different locations
on the body and several receivers (RX) mounted on the
vehicle. Though examples of the observed received signal
power were presented, the analysis was limited to modeling
only the small-scale fading using the Ricean distribution.
Moreover, the previous work modeled the vehicle’s journey in
its entirety, without making a distinction between the line-of-
sight (LOS) and non-LOS (NLOS) fading conditions, meaning
it was not possible to quantify the effects of shadowing
caused by both the vehicle and the pedestrian’s body. This
was later addressed in [36], by segmenting the data into
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parts corresponding to when the vehicle “approached” and
“receded” from the pedestrian, where fading conditions were
observed to vary considerably as a result of the body-induced
shadowing. This paper was also extended to complete the
statistical analysis of the P2V channel by modeling the path
loss and the large-scale fading components. It was found that
by visually segmenting the data where the fading conditions
appear to change considerably, the path loss (PL) was better
modeled using a dual-slope model rather than the single-slope
approach.

In this contribution, we further extend our work to include
an improved small-scale fading analysis using the κ-μ extreme
distribution. We also include a method for segmenting the
channels by estimating the breakpoint distance that yields
the optimal (in the least-squares sense) dual-slope PL model.
Furthermore, by keeping the speed of the vehicle consistent
and introducing scenarios where the pedestrian was walking,
we have been able to examine how the movement of the
pedestrian’s body will further impact the P2V communications
channel. Last, we investigate different antenna positions on the
vehicle from those previously studied in [34]–[36] including
the often omitted wing mirror positions, which, as will be
demonstrated in the sequel, actually prove to be valuable and
worth consideration for P2V communications.

The remainder of this paper is organized as follows.
Section II outlines the measurement system, the experimental
environment and the various scenarios investigated in this
paper. Section III presents some initial observations on the
channel measurements. Based on those observations, it then
decomposes the channel and provides a characterization of the
PL and large-scale fading that occurred, while in Section IV,
the small-scale fading is characterized using the κ-μ extreme
distribution. Finally, Section V completes this paper with some
concluding remarks.

II. MEASUREMENT SYSTEM, ENVIRONMENT,
AND SCENARIOS

A. Measurement System

The measurement system used in this paper consisted of five
bespoke wireless nodes that operated at 5.8 GHz (chosen due
to its close proximity to the 5.9 GHz DSRC band). All nodes
were capable of operating as either a TX or RX, but for the
purposes of this measurement campaign, one was configured
as a TX and the remaining four as RX nodes, maintaining their
mode of operation throughout. The nodes consisted of two
parts: the RF section, which featured an ML5805 transceiver
chip manufactured by RF Micro Devices, and a baseband
controller section, which contained a dedicated PIC32MX
microcontroller manufactured by Microchip Technology Incor-
porated. When acting as an RX, the baseband controller was
programed to sample the received signal strength (RSS) from
the ML5805 transceiver chip using a 10 bit analog-to-digital
(ADC) converter. This was controlled using the onboard 32 bit
timer interrupt, where a single RSS sample event was obtained
by averaging 10 ADC readings to improve the signal-to-noise
ratio of the system. All of the RX nodes were precalibrated
using a Rohde & Schwarz SMU200A vector signal generator.

Fig. 1. (a) Illustration of the TX node position on the central chest (C)
region of the pedestrian and (b) its measured azimuthal directivity pattern
(black continuous line) with the same sleeve dipole antenna in free space
(black dashed line). The upward arrow in (b) denotes the forward direction
from the pedestrian’s chest.

The RX nodes simultaneously logged the RSS samples at a
rate of 10 kHz on a single laptop in real time, which was also
equipped with a GPS receiver (G-STAR IV model BU-353S4)
to record the position of the vehicle.

The node acting as the TX was precalibrated using a
Rhode & Schwarz NRP-Z21 Power Meter and configured to
transmit a continuous wave signal at 5.8 GHz with an output
power of +17.6 dBm. A GPS receiver was also carried by
the pedestrian so that their position could also be monitored
throughout the field measurements. It should be noted that due
to the vastly different sample rates between the wireless nodes
and the GPS receivers (10 kHz vs. 1 Hz), a linear interpolation,
postprocessing step was used to synchronize the RSS samples
with the GPS data. This enabled the distance between the
pedestrian and the vehicle to be computed using the Haversine
formula. Approximately, seven million RSS samples were
collected during the measurement campaigns presented in this
paper. The RX noise threshold was determined prior to all
experiments and the average was found to be −98.2 dBm.
To ensure all channel data used in the analysis presented within
this paper was above this noise threshold, the lowest recorded
sample used for the purposes of modeling was −97.1 dBm.

The antenna type used by both the TX and the RX nodes
was a +2.3 dBi sleeve dipole antenna (Mobile Mark model
PSKN3-24/55S) connected directly to the RF front end of
the radio using a SubMiniature version A connector. The TX
antenna was mounted using Velcro in a vertically polarized
orientation, parallel to the front central chest (C) region of
an adult male of mass 75 kg and height 1.72 m, resulting in
an antenna height of 1.2 m above the ground level as shown
in Fig. 1(a). To maintain a consistent antenna-body separation
distance throughout the experiments, a 5 mm dielectric spacer
consisting of Rohacell HF 51 foam (εr = 1.07) was placed
between the antenna and the body surface. The vehicle cho-
sen for this paper was a typical European, small three-door
hatchback car with the dimensions as depicted in Fig. 2(a).
Also, Fig. 2(a) shows the four antenna positions on the vehicle
which were considered for this paper; these were the front



DOONE et al.: PEDESTRIAN-TO-VEHICLE COMMUNICATIONS IN AN URBAN ENVIRONMENT 1793

Fig. 2. (a) Illustration of the RX node positions on the FC and RC of the roof and on the LW and RW mirrors of the vehicle and their heights relative
to the road, and (b) and (c) their measured azimuthal directivity patterns with the sleeve dipole antenna in free space (black dashed line), respectively. The
upward arrow in (b) and (c) denotes the forward direction from the vehicle (note: the vehicle length is 4100 mm).

center (FC) and rear center (RC) of the roof and on the
left-wing (LW) and right-wing (RW) mirrors of the vehicle.
All RX antennas were mounted in a vertically polarized
orientation. The roof-mounted RX nodes were secured directly
onto the vehicle’s body, however, due to the physical dimen-
sions of the RX nodes, the base of the antenna maintained
a distance of 30 mm from the roof surface. On the wing
mirrors, to imitate the placement of the antenna inside the wing
mirror unit while maximizing the signal coverage, the antenna
was mounted on the outside edge of the wing mirror with
the same type of dielectric spacer as used on the pedestrian’s
body.

The measured azimuthal antenna directivity patterns for
the chest-mounted TX are shown in Fig. 1(b), and for the
RX nodes mounted on the vehicle’s roof and wing mirrors
in Fig. 2(b) and (c), respectively, alongside the same sleeve
dipole antenna in free space. The antenna directivity pattern for
the pedestrian was measured using a single RX node that was
placed on a nonconducting stand, situated at a distance of 10 m
from the person’s body. The RX node sampled the RSS at a
rate of 1 kHz as the pedestrian uniformly rotated their body.
The vehicle’s directivity pattern was measured by moving a
single TX node attached to a nonconducting stand around
the vehicle at a radius of 10 m in 2.5◦ increments. At each
angular increment, each of the RX nodes on the vehicle took
a synchronized snapshot of 20 RSS measurements, which
was then averaged in a postprocessing step. For both cases,
the stand was set at a height that matched the chest region
of the pedestrian and the measurements were performed in
a large open field. From these directivity patterns, we can
make the following observations; first, the presence of the
pedestrian’s body reduces the forward antenna directivity
(i.e., in the forward half-plane) by as much as 12 dB. The
directivity also decreases dramatically around the back of
the pedestrian’s body as a direct result of body shadowing.
Second, the wing mirror antennas are subject to significant
amounts of shadowing caused by the vehicle in the direc-
tion opposite to which they are mounted. Otherwise, they
have a comparable directivity pattern to the roof positions
on their unobstructed side. Last, the positioning of the roof

Fig. 3. Satellite view of the measurement environment showing the vehicle
trajectories (white continuous lines with arrow heads) and pedestrian trajectory
(white dashed line with arrow head) for the walking scenarios (note: image
courtesy of Google Maps).

antennas meant that they were also found to have a reduced
antenna gain in the direction opposite to which they were
mounted.

B. Measurement Environment and Scenarios

All of the measurements conducted in this paper were
performed in the Titanic Quarter of Belfast, U.K. As shown
in Fig. 3, the surrounding area contained a number of large
office buildings situated at various distances and orientations
relative to the roadside. This particular setup was chosen to
isolate the effects of the vehicle and the pedestrian’s body
on the P2V channel. It is worth highlighting that further
propagation effects can be straightforwardly superimposed on
the proposed statistical channel model through the introduction
of additional random variables. The scenarios were chosen
to emulate some typical trajectories for both vehicles and
pedestrians that may occur in this environment. As we can
see from Fig. 3, the vehicle’s trajectory was limited to the
straight stretch of road, however, as is typical with urban
environments vehicles may travel along the near side or the
far side1 of the road relative to the pedestrian. Furthermore,

1In the U.K., traffic laws stipulate that vehicles must travel on the left-hand
lane of a single carriageway with two lanes. Furthermore, the speed limit is
13.4 ms−1 (or equivalently 30 mph) in an urban environment.
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Fig. 4. Illustration of the pedestrian and vehicle trajectories during each
scenario. It should be noted that the road is approximately 10 m in width and
objects are not drawn to scale.

as the vehicle travels along the road, the pedestrian may adopt
one of two states, namely, stationary or walking along the
roadside. Therefore, as indicated in Fig. 4, four scenarios were
considered.

1) The pedestrian stood stationary parallel to the roadside
oriented toward the direction of the oncoming vehicle,
which traveled on the side of the road closest to the
pedestrian,

2) The pedestrian stood stationary parallel to the roadside
oriented away from the direction of the oncoming vehi-
cle, which traveled on the side of the road furthest from
the pedestrian,

3) The pedestrian walked parallel to the roadside oriented
toward the direction of the oncoming vehicle, which
simultaneously traveled on the side of the road closest
to the pedestrian, and,

4) The pedestrian walked parallel to the roadside ori-
ented away from the direction of the oncoming vehi-
cle, which simultaneously traveled on the side of the
road furthest from the pedestrian.

It should be noted that, when the pedestrian was walking, he
moved with an approximate velocity of 1.2 ms−1, starting from
a position 15 m behind the point in which he stood in the
stationary scenarios, such that he would reach the stationary
point when the vehicle passed by (as indicated by the dashed
line in Fig. 4).

III. PATH LOSS AND LARGE-SCALE FADING

Fig. 5 shows the raw received signal power for three2 of
the RX nodes mounted on the vehicle as a function of the
TX–RX distance obtained during Scenario A. As expected,
the P2V channels experienced significant signal fluctuations,
which varied according to the vehicle’s position relative to
the pedestrian. In particular, it was apparent that the channels
underwent different fading conditions prior to, and after the
vehicle passed the pedestrian. As a result of this observation,
we segmented our data into two regions, namely, the approach-
ing and receding regions. As the vehicle traversed into the

2The RC node was largely indistinguishable from the FC node when plotted
on this scale, and has therefore been omitted for clarity.

receding region, the effect of the body-induced shadowing
can be observed to cause an immediate reduction in the
received signal power of the FC and LW channels [in excess
of 20 dB, evident in the expanded view in Fig. 5(b)]. Moreover,
the combined shadowing effect of both the pedestrian and
the vehicle had an even more detrimental impact on the RW
channel. Consequently, the fading that occurred within this
region often extended into the noise floor at the extremities,
and therefore we limited our data analysis beyond this point
to a maximum distance (dmax) of 50 m behind the pedestrian
for all scenarios. In vehicular communications, the antennas
are typically mounted onto the highest point of the vehicle
(i.e., the roof), to mitigate the severity of shadowing caused
by the structure of the vehicle. As we can see in Fig. 5,
the FC channel does in fact contain the highest received signal
power in close proximity to the pedestrian. However, for the
majority of the approaching region, the LW and RW channels,
which are often omitted from consideration for V2V and V2I
communications channels, were observed to contain a higher
received signal power. This suggests that adopting a wing
mirror-mounted antenna for use in P2V communications may
also be valuable.

In the sequel, to understand the propagation mechanisms
that effect P2V communications channels, we have decom-
posed the received signal power into its PL, large-scale (L),
and small-scale (S) fading components. Using this approach,
the received signal power can therefore be modeled
by [37, eq. (2)]

Pr (d Bm) = Pt (d Bm) − PL(d B) − L(d B) − S(d B) (1)

where Pt and Pr denote the TX and RX signal powers, respec-
tively. To extract the PL and large-scale fading, the fluctuations
in the received signal power due to small-scale fading were
first removed. This was achieved by applying a smoothing
window of 386 samples to the raw received signal power. The
size of the window required was calculated based on the time
it takes for the moving vehicle to pass through 10 wavelengths
of the propagating signal.

Following the removal of the small-scale fading, it was
observed for a small number of the P2V channels, in part of the
approaching region, that the combined PL and large-scale fad-
ing fluctuations exhibited a noticeable quasi-periodicity. This
artifact is usually indicative of a few strong signal paths (i.e.,
rays) interacting to cause constructive and destructive signal
attenuations at the receive antenna. Typically, in vehicular
communications channels, this phenomenon is modeled using
the two-ray ground-reflection PL model [38], [39]. In this
model, the received signal consists of two components: the
LOS component that is just the transmitted signal propagating
through free space, and a reflected component that is the
transmitted signal reflected off the ground. Therefore, using the
superposition of these two components, or rays, the two-ray
ground-reflection PL, PLtr , can be expressed as [40, eq. (2.12)]

PLtr (d B)=20 log10

(
λ
√

Gl

4πl
+ �(θ)

√
Gr exp( j�φ)

x + x ′

)
(2)

where �φ = 2π(x + x ′ − l)/λ is the phase difference between
the two signal components, Gl and Gr are both a product
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Fig. 5. (a) Received signal power as a function of TX–RX distance for the FC, LW mirror, and RW mirror channels for Scenario A. (b) Expanded view
around the crossing point (note: minimum distance in this scenario is 5.62 m as labeled on the abscissa.)

of the TX and RX antenna gains for the LOS and reflected
signal paths, which have a length l and x + x ′, respectively.
The ground-reflection coefficient, �(θ), with an incidence
angle, θ , is calculated by �(θ) = (sin θ − z)/(sin θ + z)

where z =
√

εg − cos2 θ for a horizontally polarized elec-
tromagnetic wave traveling across the road surface and εg

is the dielectric constant of the ground.3 The path lengths
and reflection incidence angle can be geometrically derived
as l = √

d2 − (ht − hr )2, x + x ′ = √
d2 − (ht + hr )2, and

θ = cos−1(d/(x + x ′)), respectively, where d denotes the
TX–RX distance and ht and hr are the TX and RX antenna
heights, respectively.

As an example, Fig. 6 shows the two-ray ground-reflection
PL model superimposed over the received signal power and
combined PL and large-scale fading signal of the FC channel
during Scenario A. To further assist with interpretation of this
data, the transmit power has been removed so all the fading
signals are now referenced relative to 0 dBm meaning they are
synonymous with attenuation. As we can see, there are striking
similarities between the combined signal fading and the model
in the approaching region. This was hardly surprising, since
the FC channel during this region maintained an optical
LOS path with the chest-mounted TX along with an unob-
structed view of the road surface between the vehicle and the
pedestrian. However, as the vehicle neared the pedestrian and
moments after passing them, the received signal power actually
increased compared to what would normally be expected if
considering free space propagation. This was a consistent
observation throughout the measurement trials conducted in
this paper and will likely be an important feature of future P2V
channels. It is attributed to the strong enhancements caused by
the vehicle’s metallic structure, whereby signal contributions
that may ordinarily be lost due to free space propagation are

3The dielectric constant was chosen based on the empirical study presented
in [41], which was measured under dry (εg = 0.34) and wet (εg = 0.56) road
surface conditions with a TX frequency of 5.9 GHz.

returned toward the RX node. The net result of this is an
increase in the average received signal power. Furthermore,
as the vehicle progressed through the receding region, where
body shadowing becomes more prominent, it was evident that
the two-ray ground-reflection model provides a poor approxi-
mation of the fading which occurred within this region. On a
closer inspection of the combined PL and large-scale fading
signal depicted in Fig. 6, a more frequent quasi-periodicity
than predicted by the two-ray ground-reflection model was
evident. This suggests that for this particular section of the
FC channel, a higher order ray model could provide a better
approximation of the PL. Moreover, in [42], it was reported
that the two-ray ground-reflection model was better suited to
rural areas and in other environments may be unreliable for
distances less than 100 m, which aligns with our observations
here for an urban environment. As a result, due to the
inability of the two-ray ground-reflection model to accurately
characterize the PL over all of the considered channels and all
of their constituent regions (i.e., approaching and receding),
we elected to adopt a more uniform and practical approach to
modeling the PL, which is now detailed below.

The PL experienced in a fading channel can also be mod-
eled in logarithmic form, such that the PL, PL(d), is given
by [43, eq. (2)]

PL(d) = PL0(d0) + 10η log10

(
d

d0

)
, d > d0 (3)

where d is the TX–RX distance in meters, PL0(d0) is the
mean PL at the reference distance, d0, and η is the PL
exponent which is related to the propagation environment.
In [36], it was found that using a linear (dual-slope) PL model
for P2V channels significantly outperformed the traditional
single-slope PL model approach. To emphasize this, the free
space PL is also presented in Fig. 6, where, it can be seen that a
calculation of the PL based on the free space model provides a
poor overall fit to the measurement data. For this reason, in the
sequel, we persist with the dual-slope PL model and denote
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Fig. 6. Attenuation, extracted PL, and large-scale fading alongside the free-space path and two-ray ground-reflection PL models (Pt = 0 dBm, Gt = Gr = 1,
ht = hC = 1.2 m, hr = h FC = 1.5 m, and εg = 0.34) for the FC channel in Scenario A.

the sections (i.e., slopes) as near and far with respect to the
pedestrian. Therefore, by applying these distance constraints
in (3), the PL, PL(d), is now defined using a dual-slope PL
model and is given by [19, eq. (2)]

PL(d) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

PL0(d0) + 10ηN log10

(
d

d0

)
, d0 ≤ d ≤ dC

PL0 (d0) + 10ηN log10

(
dC

d0

)

+ 10ηF log10

(
d

dC

)
, d > dC

(4)

where ηN and ηF are the PL exponents for the near and
far regions, respectively, and dC is the critical breakpoint
distance, or simply breakpoint distance, which signifies the
point where the data are segmented. The reference distance, d0,
must be large enough to ensure that only the far-field antenna
characteristics are included in the PL model. In this analysis,
as the vehicle passed the pedestrian at varying distances in
each scenario,4 we chose the minimum TX–RX distance for
that scenario as the reference distance. To obtain the PL
parameters in (4), linear regression was performed on the com-
bined PL and large-scale fading signal with the logarithmically
transformed TX–RX distance. There are a number of different
techniques available to perform a linear regression analysis.
In this paper, the polyfit function which is available in the
Curve Fitting toolbox of MATLAB was used.

Prior to performing the model fitting, the combined sig-
nal must be segmented at the breakpoint distance, which is
typically estimated as the first Fresnel distance, i.e., where
the first Fresnel zone touches the ground [19]. However, due
to the unique geometry of P2V channels, it was immediately
evident that the optimal5 breakpoint distance was significantly
closer to the pedestrian. In [36], the breakpoint distance was

4The minimum TX–RX distances varied due to the slightly different paths
taken by the vehicle between scenarios.

5Using least-squares fitting, the optimality is determined in terms of the
minimum sum of squared errors.

selected visually where the fading was perceived to undergo
drastically different variations in the received signal power.
In this contribution, we improved on this process by estimating
the breakpoint distance by jointly optimizing the near and far
slopes simultaneously. This was achieved by incrementing the
breakpoint distance (in steps of 0.05 m) from the minimum
to the maximum distance within each region (i.e., d0 < dC <
dmax), while performing linear regression for both slopes at
each distance and recording the joint residual error. Thus,
the breakpoint distance could be easily identified as the point
where the combined regression error was lowest. It should be
noted that the far slope linear regression fit was constrained at
the breakpoint distance to ensure continuity of the PL model.
As an example, Fig. 7 shows the combined PL and large-scale
fading signal with the superimposed resultant estimated PL
model for the FC channel in Scenario A. As we can see,
this process of estimating the breakpoint distance provided an
excellent fit to the combined PL and large-scale fading, which
was superior to the single-slope and two-ray ground-reflection
models (see Fig. 6).

The variation in the logarithmically transformed signal
power due to large-scale, or equivalently shadowed fading,
denoted as L, can be modeled as a Gaussian random vari-
able, such that L∼N(u, v), where u and v denote the mean
and standard deviation, respectively. Hence, by removing the
estimated PL found in (4), the large-scale fading parame-
ters within each section can be obtained using maximum
likelihood estimation (MLE). The MLE method attempts
to find the parameter values that maximize the likelihood
function, given the observations. In this paper, we used the
MLE function already available in the Statistics and Machine
Learning Toolbox of MATLAB. Fig. 8 provides some example
fits of the Gaussian distribution to the empirical densities
of the large-scale fading for the FC channel. As we can
see, the Gaussian distribution provides an excellent fit in
both cases with some digression for the approaching far
case [Fig. 8(a)].
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Fig. 7. Combined PL and large-scale fading with the superimposed estimated PL for the FC channel in Scenario A.

Fig. 8. PDFs of the empirical large-scale fading (black circles) with respect
to PL and the Gaussian fits (black continuous lines) of the (a) approaching-far
and (b) receding-far sections for the FC channel in Scenario A.

A. Stationary Pedestrian Oriented Toward Oncoming
Vehicle (Scenario A)

The parameter estimates for the PL and large-scale fading
for all scenarios are provided in Table I. In this scenario,
the pedestrian was oriented toward the oncoming vehicle, and
as a result, the approaching region contained no body-induced
shadowing. From Table I, with the exception of the LW chan-
nel, the PL exponents between the approaching-far and -near
regions showed significant disparity. In the approaching-far
region, the PL exponents were reasonably close to those
anticipated in free space, ranging from 1.53 to 2.18. How-
ever, when the vehicle entered the approaching-near region,
the PL exponents obtained for the FC and RC mounted
devices increased significantly, reflecting a rapid increase in
the received signal power as the vehicle traveled closer to
the pedestrian. As discussed previously, this observation was
caused by the vehicle’s metallic structure (hood and roof)
returning a considerable amount of signal power in the direc-
tion of the pedestrian, that would ordinarily have been lost in a
free space environment. As anticipated from the characteristics
of the antenna directivity pattern depicted in Fig. 2(b), the PL
exponent for the RW channel decreased at close proximity
to the pedestrian as a result of a reduction in the received
signal power caused by the increased shadowing of the direct
signal path induced by the vehicle (reflected in the negative
PL exponent obtained).

When the vehicle passed the pedestrian, it moved into the
shadowed region behind the pedestrian’s body. Similar to the
approaching-near region, there was a substantial dropoff in the
received signal power with distance (i.e., as the shadowing
effect of the vehicle’s structure on the direct signal path
increased), while in the receding-far region (with the exception
of the RW channel), the reduction in the received signal power
was in line with that for the approaching-far region. Interest-
ingly, although the LW channel contained no vehicle-induced
shadowing for this scenario, the body-induced shadowing
alone still resulted in a substantial power dropoff over the
distance in the region directly behind the pedestrian’s body.
The increase in large-scale fading can be directly attributed to
its position on the vehicle, which was located on its leftmost
point (i.e., closest to the pedestrian), and thus would have
moved through the most significantly shadowed region imme-
diately behind the pedestrian’s body. Over extended distances,
as the vehicle progressed through the receding-far region, there
may have been an increased opportunity for additional signal
paths to reach the vehicle (e.g., due to reflections from the
environment) that were not present immediately behind the
pedestrian’s body. Therefore, similar to the approaching case,
there was an increase in the variation of the large-scale fading
when moving from the receding-near to -far region (Table I).
This increase was largely to be expected, as comparable V2V
channels have been shown to be highly susceptible to strong
ground reflections, which result in significant variations of
the received signal power dependent on the distance and the
elevation of the antennas [44].

B. Stationary Pedestrian Oriented Away From Oncoming
Vehicle (Scenario B)

In an urban environment, traffic may flow in both directions;
therefore, in this scenario, we considered the case were the
vehicle moved in the opposite direction to that considered
above. In direct contrast to Scenario A, the approaching and
receding regions are now considered as NLOS and LOS,
respectively. Most strikingly, the PL at the reference distance,
with the exception of the RW channel, was significantly
increased compared to Scenario A. For example, both the FC
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TABLE I

PATH LOSS AND LARGE-SCALE FADING PARAMETER ESTIMATES FOR ALL SCENARIOS

and RC channels experienced a greater than 10 dB increase in
the PL at the reference distance (d0), while the combined effect
of the pedestrian’s body and the vehicle’s structure amplified
this loss to over 17 dB for the LW-mounted device. This
illustrates the deleterious impact that the pedestrian’s body and
the vehicle can have on the P2V channel when the optical path
between the TX and the RX mounted an oncoming vehicle is
blocked.

Compared to Scenario A, the PL exponents for
the approaching-far region were greater, while in the
approaching-near region, they were reduced. One possible
explanation for this is due to the greater passing distance
in this scenario (i.e., larger dmin), as a result, the effect
of the vehicle’s structure on the received signal power
was less pronounced. Nevertheless, similar to Scenario A,
the severity of the fluctuation of the large-scale fading was
also reduced when transitioning from the approaching-far
to -near regions. Within the receding-near region, the RX
nodes fitted to the vehicle were no longer subject to body
shadowing, and with the exception of the FC device this
acted to reduce the large-scale fading. It is worth highlighting
that the wing mirror channels now experienced the opposite
vehicular shadowing conditions to those faced during
Scenario A (i.e., the RW channel had an unobstructed view
of the pedestrian). Subsequently, this was the only channel
for which abrupt changes in the received signal power
(i.e., PL exponents) did not occur as the vehicle entered the
receding-near region (Table I). In the receding-far region,
the PL exponents were once again comparable to those
expected for free space propagation (with exception to the
RW channel), while variations in the large-scale fading
increased presumably due to the increased influence of
large-scale effects (e.g., additional opportunities for reflected

waves from the surrounding environment) due to the extended
distance.

C. Walking Pedestrian Oriented Toward Oncoming
Vehicle (Scenario C)

To investigate the joint impact of pedestrian and vehicle
movement, in this scenario, we considered the case where the
pedestrian walked parallel to the roadside while maintaining
the same orientation as in Scenario A. As we can see from
Table I, this had a substantial impact on the breakpoint dis-
tance for the transition between the approaching-far and -near
regions when compared to the equivalent stationary case (i.e.,
Scenario A). In general, the approaching-near region became
larger when the person was mobile, suggesting that the influ-
ence of the body becomes more apparent at a larger distance
than the stationary case. Overall, the PL exponents obtained
for the approaching region for this scenario were lower than
Scenario A. Contrasting the remainder of the channel para-
meters for the approaching-far and -near regions, we can see
that they are largely comparable, with the exception of the
large-scale fading observed by the LW and RW channels while
in the approaching-far region, and the FC and RC devices
while in the approaching-near region. In the approaching-far
region, the lower mounted wing mirror devices would be more
susceptible to strong ground reflections than the roof-mounted
RX nodes. As the pedestrian walked, they introduced greater
fluctuations in the received signal power evidenced by the
increased variations in the large-scale fading (Table I). In the
approaching-near region, the FC and RC channels now also
become significantly affected by the motion of the user. As the
vehicle’s position at close proximity to the pedestrian is almost
immediately to the left of the body (i.e., lateral to the torso),
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all channels were vulnerable to quasi-LOS conditions as the
pedestrian walked (e.g., the movement of the limbs).

When the vehicle transitioned into the shadowed region
immediately behind the pedestrian, the breakpoint distances
obtained were largely identical to the stationary case with
the exception of the RW channel, which was significantly
reduced compared to Scenario A. The majority of the PL
exponents for the receding-near case were reduced slightly
compared to Scenario A. Nonetheless, they were all still quite
large confirming that there is a large dropoff in the received
signal with distance in close proximity to the pedestrian. In the
final segment of the vehicle’s journey, the majority of the PL
exponents were found to be less than that expected for free
space, while the large-scale fading variations were found to
be consistent with the stationary case. The exception to all
of this was the RW channel which was particularly prone to
the combined shadowing effect of the vehicle and the body
(Table I).

D. Walking Pedestrian Oriented Away From Oncoming
Vehicle (Scenario D)

From Table I, it was immediately evident that there was
again a significant increase in the area covered by the
approaching-near region compared to the equivalent station-
ary case. In addition to this, there was a dramatic increase
in the PL exponents obtained when moving between the
approaching-far and -near regions. The variation in the
large-scale fading (with the exception of the FC channel)
was also higher as the vehicle approached the pedestrian.
These findings are consistent with the previous scenario, where
the change in received signal power and variations in the
large-scale fading were found to be greater in the region
immediately behind the pedestrian due to the movement of
the body. When the vehicle moved into the receding-near
region, there was a noticeable increase in the variation of the
large-scale fading compared to the stationary case due to the
combined movement of the pedestrian and the vehicle. Within
the receding-far region, the PL exponents and large-scale
fading observed were comparable to Scenario B, suggesting
that the movement of the pedestrian has less of an impact on
the channel at greater distances to the vehicle.

IV. SMALL-SCALE FADING

During our preliminary experiments, it became immediately
evident that the P2V channel can experience fading conditions
that are much worse than Rayleigh. In this setting, very few
measurable scattered contributions are likely to have been
detected, possibly because they extended below the sensi-
tivity of the RX node. Instead, the small-scale fading will
be the result of a superposition of a low number of direct
and strong multipath components—propagation artifacts which
strongly advocate the use of the κ-μ extreme distribution.
The κ-μ extreme fading model was proposed in [45]–[47] as
an extension to the κ-μ distribution to account for severe
fading conditions. The κ-μ distribution intuitively comprises
two fading parameters, κ which is simply a ratio of the total
power of the dominant components (a2) to the total power

Fig. 9. κ-μ extreme PDF for increasing values of m with r̄ equal to unity.

of the scattered waves (2μs2), and μ which is related to the
multipath clustering of the scattered waves [48]. The PDF,
fR(r), of a fading signal envelope, R, which undergoes κ-μ
fading is given as [45, eq. (11)]

fR(r) = 2μ(1 + κ)
μ+1

2
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2 exp(μκ)
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)μ

× exp

[
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)2
]
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[
2μ

√
κ(1+κ)

r
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]
(5)

where r̄2 = E[R2] is the mean signal power (with E[·]
denoting the expectation operator), r̄2 = a2 + 2μs2, and
In(·) is the modified Bessel function of the first kind and
order n. To obtain the κ-μ extreme distribution from the κ-μ
distribution, the following relationship between κ , μ, and the
Nakagami m parameter is used [46, eq. (2)]:

m = μ(1 + κ)2

1 + 2κ
. (6)

By keeping m constant and allowing the κ and μ parameters
to assume extreme values, i.e., κ → ∞ (indicating a very
strong LOS or dominant signal component) and μ → 0
(indicating very few multipaths), then with some mathematical
manipulation, the PDF, fR(r), of a κ-μ extreme fading signal
envelope, R, can be expressed as [46, eq. (4)]

fR(r) = 4m I1
(
4m r

r

)
r̄ exp

[
2m

(
1 + ( r

r̄

)2
)] + exp(−2m)δ

(r

r̄

)
(7)

where δ(·) is the Dirac delta function. For convenience and
to aid with the interpretation of our results, Fig. 9 shows
the κ-μ extreme PDF for increasing values of m. As we
can see, as m increases the severity of fading is reduced,
thus as m approaches infinity no fading occurs and the
κ-μ extreme channel becomes deterministic. In this paper,
the small-scale fading envelopes were obtained by remov-
ing the PL and large-scale fading calculated in Section II
from the original received signal power and then convert-
ing the result to linear amplitude. All parameter estimates
for the κ-μ extreme distribution were obtained using the
lsqnonlin function available in the optimization toolbox of
MATLAB. This function solves nonlinear least-squares curve
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Fig. 10. PDFs of the empirical small-scale fading (black circles) and the κ-μ
extreme distribution (black continuous lines) with respect to large-scale fading
of the FC channel for the (a) approaching-far and (b) approaching-near regions
in Scenario A (i.e., stationary pedestrian) and (c) and (d) approaching-far
and (b) approaching-near regions in Scenario C (i.e., walking pedestrian).

fitting problems with the added benefit of being able to add
constraints to the model parameters. Using the PDF for the κ-μ
extreme distribution, the residual error between the measured
data and the proposed fit given initial model parameters is
computed. This process is then repeated with each iteration
choosing parameter values, which reduce the residual error,
concluding when the parameters with the best fit (i.e., lowest
residual error) are obtained [49]. To improve the likelihood of
obtaining the best fit overall, the entire model fitting process
was performed using numerous initial start positions, obtained
using the multistart function of MATLAB. To evaluate
the accuracy of the model fitting, the normalized mean square
error (NMSE) was computed and is provided along with the
parameter estimates in Table II. As we can see, the NMSE
values indicate that the κ-μ extreme model provided a good
fit to the measurement data for the majority of the considered
channels (NMSE > 0.96).6

A. Stationary Pedestrian Oriented Toward Oncoming
Vehicle (Scenario A)

Within the approaching-far region, the roof-mounted
devices suffered most from small-scale signal fluctuations
as indicated by the estimated m values (Table II). Signal
components generated by the metal bodywork of the vehicle,
in particular, the engine compartment (i.e., hood) for the FC
device and the slight curvature of the roof in the case of
the RC device are likely to have contributed to the more
significant fading observed at these locations. For the wing
mirror-mounted devices, which were always in LOS of the
body worn TX, it was evident from the m parameters that both
underwent less fading when compared to the roof-positioned
antennas (Table II). As an example of the model fitting process,
Fig. 10(a) shows the empirical PDF for the FC-mounted RX
node compared with the κ-μ extreme distribution. As we can

6A value of unity indicates a perfect fit.

see, the κ-μ extreme distribution provides an excellent fit to
the empirical data for all fades until the −10 dB level, with
some slight deviation below this point. As the vehicle pro-
gressed along its trajectory into the approaching-near region,
the shorter transmission distance provided an opportunity for
an increase in the dominance of the LOS signal component
resulting in a significant rise in the values of the estimated
m parameters (Table II) and a reduction in the depth of
the fades. Of course, the exception to this was the RW
channel, which now became partially shadowed by the vehicle
causing greater small-scale variations of the received signal.
Fig. 10(b) depicts the distribution of the empirical data for
the FC channel in this region, which we can see is almost
symmetrical in nature representing an equivalent number of
upfade and downfade from the large-scale signal level. Again,
the agreement between the empirical data and the κ-μ extreme
distribution is found to be very good.

Despite the body shadowing that occurred immedi-
ately behind the pedestrian, when the vehicle entered the
receding-near region, nearly all of the links saw a reduction
in the variation of their small-scale fading. This observation
must be tempered with the more significant variation in the
large-scale fading when moving from the approaching-near
region into the receding-near region (Table I). The RW channel
saw a slight increase in the variation of the small-scale fading
due to the double-shadowing condition now caused by the
pedestrian’s body and the structure of the vehicle, as both
obscured the optical signal path. However, again the bulk of
the fluctuation occurred in the large-scale fading suggesting
that shadowing is more pronounced in the large-scale sense.

As expected, in the receding-far region, the estimated m
values were once again reduced suggesting an increase in
the intensity of the small-scale fading. Nonetheless, despite
the increase in the distance between the TX and RX, which
ordinarily would have been expected to provide the oppor-
tunity for the generation of an increased number multipath
components (including scattering), a separate analysis under-
taken by the authors using the κ-μ distribution (not reported
here for brevity), indicated extremely high κ (κ > 102) and
low μ values (μ → 0). At first glance, this result may seem
surprising, however considering the intrinsic nature of κ-μ
extreme fading, this observation may have been due to the fact
that any scattered signal contributions arriving at the RX may
have extended below the minimum detectable power level.
As the bespoke RX nodes used in this paper were based on
repurposed, commercially available, transceiver chipsets, this
type of fading is likely to be a realistic characteristic of future
P2V communications.

B. Stationary Pedestrian Oriented Away From Oncoming
Vehicle (Scenario B)

In the approaching-far region of Scenario B, the estimated
m parameters obtained were most comparable with those
recorded for the receding-far region of Scenario A, presumably
due to the symmetry of the propagation geometry. As the vehi-
cle neared the pedestrian, although the channels were still sub-
ject to body-induced shadowing, the m parameters increased,
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TABLE II

κ -μ EXTREME PARAMETER ESTIMATES AND NMSE FOR ALL SCENARIOS

although not as a significantly as observed in Scenario A.
Interestingly, as the vehicle continued into the receding-near
region, the m parameters suggest greater small-scale fading
occurred than during the approaching-near region. One plau-
sible explanation for this observation was due to an increased
opportunity for destructive interference caused by additional
signal components that were previously filtered due to the
shielding effect of the body. During the final stages of the vehi-
cle’s journey, greater variation in the small-scale fading was
once again observed (Table II). In line with the observations
from the previous scenario, the wing mirror channel which
was not subject to vehicle-induced shadowing (i.e., the RW
channel in this case) underwent the least amount of fading at
the extremities.

C. Walking Pedestrian Oriented Toward Oncoming
Vehicle (Scenario C)

Upon first observation, the estimated m parameters obtained
for this scenario appeared comparable to the equivalent station-
ary case (i.e., Scenario A). However, while this was certainly
true for the far regions [Fig. 10(a) and (c)], this was not the
case for the near zones [Fig. 10(b) and (d)]. Indeed, the most
notable changes occurred when the vehicle was within close
proximity to the now mobile pedestrian, where the estimated m
values were now reduced compared to the equivalent stationary
case (Table II). Clearly, the disruption introduced into the
channel by the pedestrian’s mobility (e.g., movement of the
limbs) created increased volatility in the small-scale fading.
This can be visualized in Fig. 10(d), where the FC channel
during the approaching-near region contained a greater number
of fades below the −5 dB level than during the stationary
case [Fig. 10(b)]. As the vehicle receded further away from
the pedestrian, the impact of the person’s mobility appeared
to be less prominent than before, with estimated m parameters
reducing to values marginally lower than those obtained when
the pedestrian was stationary.

D. Walking Pedestrian Oriented Away From Oncoming
Vehicle (Scenario D)

During the approaching-far region of Scenario D, as before,
the estimated m values were comparable to the stationary
case (Scenario B, Table II). Again, the impact of pedestrian
mobility on the P2V channel is most pronounced when the
vehicle and pedestrian are in close proximity of one another
(i.e., approaching- and receding-near regions). In line with
what was observed in Scenario C, the mobility of the pedes-
trian generally caused an increase in the intensity of the
small-scale fading and a corresponding reduction the estimated
m parameters (Table II). Most surprisingly though there was
a slight increase in the m values obtained for all channels in
the receding-far region of Scenario D. However, as we can
see from Fig. 9, the variation in the m parameter between the
corresponding channels in Scenarios B and D does not have a
significant impact on the overall small-scale fading conditions.

V. CONCLUSION

In this paper, the pedestrian-to-vehicle communication chan-
nel has been investigated within an urban environment at
5.8 GHz. It was found that the P2V channel underwent signifi-
cant signal fluctuations, which noticeably varied depending on
the position of the vehicle relative to the pedestrian. Addition-
ally, it was found that the two-ray ground-reflection PL model,
often used to characterize the signal attenuation in vehicular
communications channels, was not suited for modeling the
fading conditions experienced in P2V channels. Instead, the PL
was best described using a dual-slope PL model, which
enabled us to distinguish between different PL characteristics
experienced at close proximity to the pedestrian and further
away. The breakpoint distance was dependent on the position
of the RX, which occurred at much shorter distances than those
typically considered for other V2X applications. In all cases,
the logarithmically transformed large-scale fading was found
to be well modeled as a Gaussian random variable.
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Due to the often extreme nature of the small-scale fading
which can occur in P2V communication channels, we have
utilized the κ-μ extreme distribution to model its behavior.
It was observed that when the pedestrian is stationary and
within close proximity to the vehicle, the small-scale fading
is typically reduced compared to the case when the vehicle is
further away. When the pedestrian became mobile, while the
small-scale fading observed at the extremities remained largely
unperturbed, at reduced distances, the impact of the mobility
of both ends of the wireless link had a more discernible
effect. Surprisingly, in some scenarios, the often omitted
wing mirror channels were found to suffer less fading than
the roof-mounted antennas, suggesting that adopting a wing
mirror-mounted antenna for use in P2V communications may
also be valuable. Finally, it is worth remarking that using
the simulation technique proposed in [50] for producing κ-
μ extreme random variables, along with the straightforward
generation of the Gaussian large-scale fading and computation
of the PL, the results presented in this paper can readily be
reproduced for incorporation into ITS network simulations.
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