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Abstract—1In this work, Vehicle-to-everything (V2X) wireless
communications performance is analyzed, in order to account
for inherent scenario complexity, in the deployment phase of
wireless systems towards the implementation of a Context Aware
environment. An urban environment has been simulated by
means of an in-house three-dimensional (3D) Ray Launching
algorithm, coupled with a microscopic vehicular movement
simulator, accounting for embedded urban elements as well as
variable traffic densities within the complex environment. Large-
scale and small-scale results are presented, as well as statistical
analysis of the impact of different traffic densities. A campaign
of measurements in the same real scenario has been performed,
showing good agreement with wireless channel estimations for the
considered frequency. These results can aid in V2X deployment
configurations in urban environments, in order to minimize
power consumption, optimize interference levels and increase
overall system performance.

Index Terms—V2X traffic density, channel characterization,
urban environments, 3D ray Launching, microscopic vehicular
simulator.

I. INTRODUCTION

EHICLE-TO-VEHICLE (V2V) and  Vehicle-to-

Infrastructure (V2I) communications are attracting
important attention from academia [1], vehicle industry [2]
and Government regulations [3], as they improve safety
and facilitate cooperative driving. In 1999, the U.S. Federal
Communications Commission (FCC) allocated 75 MHz of
licensed spectrum at 5.9 GHz to be used for V2V and
V2I communications known as Dedicated Short-Range
Communications (DSRC). Besides, the IEEE 802.11p
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standard [4], part of the Wireless Access in Vehicular
Environments (WAVE) initiative [5], was developed to operate
at this frequency band. The IEEE 802.11p standard, which
includes Physical (PHY) and Medium Access Control (MAC)
layer specifications, allows to directly transmit and receive
messages without the need for exchanging control sequences
before, which guarantees low latency and reduces the
message overhead, however, some studies show that
communications based on IEEE 802.11p face some issues
such as, short-lived V2I connections, lack of quality-of-
service (QoS) guarantee and increase in the packet delay,
resulting in undesirable performance under harsh vehicular
environments [6]. Harsh vehicular environments are related
to high levels of Vehicular Traffic Density (VTD), which
has been increasing due to factors such as increased
motorization, badly managed roads or poorly designed
intersections, among others. High levels of VTD increase air
pollution, fuel consumption and commuting time, with the
resulting inefficient transportation service and frustration of
travelers. Although Intelligent Transportation Systems (ITS)
based solutions have been offering several non-intrusive
technologies based on laser, ultrasound, radar, multimedia
signals [7], and wireless connectivity to monitoring the
traffic evolution, yet the impact and implications of VTD on
vehicular propagation channels is a research area that requires
attention.

Vehicular channels exhibit rapid temporal variability and
inherent non-stationarity, and vehicular communications chan-
nel propagation characteristics are one of the most fun-
damental differentiating factors when compared with other
types of wireless systems, [8]. For instance, the urban
radio channel system design for vehicular communication
faces many challenges because its highly dynamic in nature,
where variable vehicular factors such as speed, volume,
density, relative geometries that result in sudden changes
between Line of Sight (LoS), Non Line of Sight (NLoS)
and Quasi Line of Sight (QLoS) conditions, and different
roadside environments, make the V2V and V2I channels
significantly different from other channel characterizations
(e.g., cellular networks) and give rise to issues such as:
temporal and spatial variations of path loss, multipath
effects, polarization mismatch, impairments of the PHY layer
performance [9], etc.
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Channel modeling approaches can be roughly classified
into three categories: (1) empirical, (2) geometry-based
deterministic models (GBDMs), and (3) stochastic models,
which in turn can be classified as non-geometrical stochas-
tic models (NGSMs) and geometry-based stochastic models
(GBSMs). While empirical tests provide useful insight for
specific in situ scenarios, [10], and NGSMs/GBSMs could fail
to characterize significant surrounding obstacles, the GBDMs
approaches are suited for vehicular propagation analysis of
urban scenarios yielding a reasonable tradeoff between accu-
racy and computational cost [11].

Some current state-of-the art simulators focus mainly on
vehicular communications based on NGSMs/GBSMs, and
although the literature includes many propagation models and
channel simulators for V2V systems [12], [13] and V2I [14],
[15], there is a need for further studies to investigate the
channel propagation using three-dimensional GBDMs tools in
urban environments. Despite a plentiful research work related
to VID estimation, using different techniques (e.g., unsuper-
vised clustering schemes with Hidden Markov models [16]
or cumulative road acoustics [7]), there is still a need for
deterministic channel models facilitating realistic analysis of
the VTD impact on the V2V and V2I Urban Radio Propagation
Channel (URPC).

Related information of the VTD impact on V2V urban
environments is presented in [17], where it is shown that
VTD significantly affects the channel statistics especially for
small spatial scale scenarios (transmitter (TX)- receiver (RX)
distance is smaller than 300 m) where the smaller the TX-
RX distance, the larger impact of the VTD. In [18], channel
measurements and stochastic modeling for V2V show higher
values of root mean square delay spread for high-density traf-
fic, where fading tap amplitudes were modeled using Weibull
distribution. In [19], the impact of VTD on mobile-to-mobile
(M2M) Ricean fading channel is analyzed. Results suggest
that VTD significantly affects both the shape and value of the
Doppler power spectral density (PSD) and correlation function
(CF). The Doppler PSD tends to be more evenly distributed
across all Doppler frequencies with a higher VTD. With a
low VTD, the received power from the LoS component may
be significant, while the power from the moving cars may be
small. The effect of the radio channel is highly influenced by
the rich scattering environment under high traffic congestion,
and most important scatters are traffic signs, trucks, and
bridges, whereas other cars do not significantly contribute to
the multipath propagation according to [20].

The VTD also impacts the network layer. In [14], it is
demonstrated that high traffic density with heavy machin-
ery/trucks, are related with significant reduction on the V2I
reliable connectivity range and increase in the communications
link variability, which is confirmed in [21] where the results
show that increasing traffic density keeps the relationship with
increased interference and increase in the update delay (UD),
a performance metric for collision avoidance. Under smaller
vehicle densities, the IEEE 802.11p standard offers end-to-
end delays of less than 100 ms and throughputs equivalent
to 10 kbit/s which satisfy the requirements posed by active
road safety applications, [22]. High user densities can cause
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Fig. 1. Approach of the paper organization.

network scalability issues due to the related interference
affecting metrics such as reliability, [23].

In this work, a GBDM approach based on an in-house three
dimensional (3D) ray-launching (RL) algorithm (3D-RL), cou-
pled with a microscopic vehicular movement simulator SUMO
[24] have been used to analyze the impact of the VTD on V2V
and V2I channel statistics in an urban scenario. Spatial TX-RX
distance/position and segmentation considerations were used
to analyze homogeneous clusters of information to identify
differences in the large-scale and small-scale statistics caused
by the variation of the vehicle’s density in the scenario given
the non-stationary nature of the vehicular communications
channel, [25]. The use of a ray-launching based algorithm is
given by the fact that it can provide general coverage/capacity
estimations, including zone coverage calculations, enabling the
analysis of multiple communication link types [26], [27].

Fig. 1 illustrates a schematic diagram of the followed proce-
dure. The geographic information of the scenario fetched from
OpenStreetMap (OSM) [28], a free database, is represented in
a microscopic vehicular traffic simulator where different VID
are generated. The resulted vehicular behavior is integrated
with a 3D-RL channel propagation simulator to obtain channel
propagation results under different VTD levels, for V2I and
V2V. These integrated results were processed to understand
the large-scale, Small-Scale and statistical implications of the
VTD. Finally, a measurement campaign, using WSN (Wireless
Sensor Network) nodes were performed to validate its findings
with the aforementioned simulated results.

This work is oriented to complement some existing contri-
butions summarized in Table I related to RL and microscopic
vehicular integration for the analysis of the VTD impact on
URPC.

In [18], the authors presented an analysis of the VTD
influence on the channel statistics for V2V using a stochastic
channel modeling and comparing it with test-field measure-
ments. In [29], [30] and [31], it is proposed an integrated
simulator (channel propagation and microscopic vehicular)
for Vehicle-to-everything (V2X = communications with some
channel propagation measurements as received signal strength
(RSS), power delay profile (PDP), packet error rate (PER),
however the impact of the VID is not tackled. Two main
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TABLE I

CONTRIBUTIONS OF RAY LAUNCHING AND MICROSCOPIC
VEHICULAR INTEGRATION FOR V2X

Channel Vehicular Propagation
Ref.  modeling movement Channel
approach approach Simulations/Measurements
Delay spread, amplitude
[18] Stochastic Measurements statistics, and correlations
for V2V (VTD influence).
[29] 3D-RL SUMO NA.
[30] 3D-RL SUMO PDP, PER
[31] 2.5D-RL SUMO Received signal strength, packet
GEMV2 delivery ratio, reliable
communication range
This Large-scale path loss, RSS
work 3D-RL SUMO statistics, Doppler profile,

Doppler shift, VID influence,
statistical characterization.

N.A.: Not available, PDP: power delay profile, EV’s: Eigenvalue distributions.
PER: Packet error rate.

contributions of the presented work are the following: a) the
use of spatial and segmentation considerations which can lead
to more fine-grained large-scale and small-scale information,
useful for detailed measurements and statistical analysis for a
better understanding of the impact of the VID on V2V and
V2I channel characterization, and b) the integration of accurate
simulation tools such as geographical database, 3D-RL algo-
rithm, and microscopic vehicular simulator as a contribution
for federated approaches recommended in [32].

The remaining parts of the paper are organized as follows:
Section II describes the theoretical basis, detailed integration
of the used simulation tools, the configuration and spatial
considerations of the scenario and the representation of the
VTD. Section III describes the large-scale and small-scale
simulation results. Statistical analysis of VTD on V2X links is
set out in Section IV while Section V presents a campaign of
measurements and the algorithm validation. Finally, the con-
clusions are presented in Section VI.

II. WIRELESS CHANNEL CHARACTERIZATION
A. Ray Launching Technique

An in-house 3D-RL algorithm has been developed based on
Geometrical Optics (GO) approach and the Uniform Theory
of Diffraction (UTD). The principle of RL approaches is that
a consistent number of rays follow a path from the transmitter
to the receiver over the direct, reflected and diffracted rays
according to geometric considerations and geometrical optics
rules. The resulting complex impulse response incorporates
the complete channel information. These methods require a
detailed description of site-specific propagation environments.
Some shadowing problems are caused by applying GO due to
field prediction impairments in edges and discontinuities areas.
These problems are solved in the algorithm by introducing
diffraction phenomenon based on UTD. In that sense, the dif-
fraction coefficients on the edges of the diffractive elements
have been considered to predict the shadowing areas’ field.
The electric field E created by GO and the diffracted electric
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field created by UTD are calculated by [33]
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where fo = 2xfc/eop0, €0 = 8.854 - 10~ 12F/m, Ho =
47 - 107"H/m and no = 120r ohms. Pq is the radiated
power of the transmitter antenna. Dy(6;, ¥) is the directivity
where rays are launched as defined in the spherical coordinate
system at an elevation angle ; and an azimuth angle ¢. X!
and L+ are the polarization ratio and path loss coefficients
for each polarization, r the distance in the free space and
fe the transmission frequency. In equation (2), D!l are the
diffraction coefficients for each polarization and s1, s are the
distances from the source to the edge and from the edge to
the receiver point.

In the literature, the in-house developed 3D-RL code has
been validated to predict wireless propagation in complex
environments [13]. Also, it has been shown that the basis of
GO/UTD predicts accurately wireless communication propa-
gation when a complete 3D scenario is taken into account
[34].

¢
Eymp = eo

B. OSM, JOSM, SUMO

OpenStreetMap (OSM) is a collaborative project to create
a free editable map of the and is one of the most popular
examples of volunteered geographic information (VGI). Java
OpenStreetMap editor (JOSM) [35] is an open-source exten-
sible editor for OpenStreetMap for Java and allows to edit the
OSM data (nodes, ways, and relations) and their metadata tags
[36].

Simulation of Urban Mobility (SUMO) [24], is an open-
source, microscopic, space-continuous, multi-modal traffic
simulator based on the microscopic car following model
developed by Stefan Krauf3 in 1998 [37], which keeps some
similarities with the car-following model presented by Gibbs
in 1981 [38]. Microscopic means that vehicles are modeled
explicitly, have an own route and move individually through
the network according to a realistic mobility model. Simula-
tions are deterministic by default but there are various options
for introducing randomness. The model uses restriction para-
meters like the maximum acceleration and deceleration, maxi-
mum velocity, length of the vehicle, and driver’s imperfection
in holding the safe velocity, [37]. SUMO has been extensively
applied in different projects related to network performance,
traffic assignment, vehicle routing, traffic analysis [39], traffic
emission, V2X [40] and other diverse traffic issues.

C. 3D-RL and Vehicular Mobility Integration

In the presented work, for the simulation of the V2X (V2I,
V2V, 12V) radio propagation phenomenon, the integration of
tools such as geographic information, 3D-RL, and microscopic
vehicle movement simulator has been done. Even though the
3D-RL algorithm can represent the vehicular movement for
V2X purposes, yet the vehicular density requires a more accu-
rate representation that 3D-RL is unable to perform. In this
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way, 3D-RL and SUMO were joined to present integrated
results for analysis. Fig. 2 illustrates the solution approach
which includes four stages: 1) the scenario selection and
edition, 2) the VTD and movement configuration, 3) the 3D-
RL propagation simulation and, 4) the VTD analysis. Stage
5 is considered for future integration with network layer
modules as a part of a five-stage top-down methodology for
building realistic simulation scenarios, suitable for multiple
levels of abstraction in V2X simulations.

In stage 1, the geographic information of the urban scenario
is obtained and exported from OSM, which coordinate system
World Geodetic System (WGS) [41] needs to be pre-processed
to be compatible with SUMO, that needs Cartesian coordinates
(meters). The geographic information from OSM is edited in
JOSM were useless geo-referencing information, non-relevant
routes and places are eliminated and some parameters as veloc-
ity limit, lane number, type of lane (i.e., highway, residential),
lane direction, and axis translations useful for SUMO and 3D-
RL compatibility are configured.

In stage 2, the vehicle movement and density parametriza-
tion are simulated. The traffic-stream parameters, fall into
two broad categories: macroscopic parameters (volume or rate
of flow, speed, and density) characterize the traffic stream
as a whole, and microscopic parameters (spacing and time
headway) characterize the behavior of individual vehicles in
the traffic stream [42]. In this stage, the vehicle movement
is defined by the default car following model configured in
SUMO. The density, a macroscopic measure of traffic stream
conditions, is defined as the number of vehicles occupying a
given length of highway or lane and is generally expressed in
vehicles per mile (vpm) or vehicles per mile per lane (vpmpl).
Density is difficult to measure directly, and it is perhaps the
most important of the three traffic-stream parameters because
it is the measure most directly related to traffic demand.
Parameters such as vehicle routes, vehicle type, maximum
speed, initial and final position, depart and arrive lane, start and
final time, vehicles per hour, traffic lights parameters, etc., are
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TABLE 11
SCENARIO REFERENCES

Description Position (x, y, z) [m]
AV-1/AV-2 (x,93,0)/ (x, 82, 0)
ST-1/ST-2/ ST-3 (x,39,0)/(103,y,0)/ (180, y, 0)
TX1/TX2 (164,78,3.5)/ (114, 43, 3.5)
Cl/C2/C3 (118, 80, 1.5), (171, 35, 1.5), (100, 53, 1.5)

C4 (115, 85,1.5)
TX1, TX2 = Transmitters antennas on lampposts
C1, C2, C3 = Transmitters antennas on cars.
C4 = Reference point for Power delay profile measurements.

configured to obtain three vehicular densities: High Density
(HD), Medium Density (MD) and Low Density (LD).

In stage 3, propagation simulation using the 3D-RL software
is performed. From mixed information of OSM, JOSM, and
SUMO, the 3D scenario is parametrized and created into
the 3D-RL simulator, where the Cartesian coordinates (x, y)
are matched with JOSM and SUMO, while the Cartesian
coordinate (z) is matched with OSM. The in-house 3D-RL
algorithm divides the represented 3D urban scenario in several
cuboids of a fixed size. The main pieces of information
stored in each cuboid that the ray passes in its trajectory are
PDP and Doppler profile (DP) [43]. From PDP is extracted
the RSS, which is synonymous with theoretical P (power
received) defined in the Friis transmission formula [44] how-
ever, we used RSS to discern the 3D-RL simulation results
from theoretical calculations. Parameters such as frequency
of operation, the radiation pattern of the antennas, number
of multipath reflections, separation angle between rays and
cuboids dimension, can be configured in the algorithm. The
material properties of the scenario were considered with the
conductivity and relative permittivity at the frequency range
of operation of the system under analysis.

D. Urban Scenario Description

Fig. 3(a) displays a 2D aerial-view of the modeled
urban scenario, an approximate replica of Plaza de Gongora
(WGS84 Latitude/Longitude: 42.79793, -1.63921), located in
Pamplona, Spain. The Cartesian coordinates (X, y, z) of interest
points are identified according to their relative position from
the origin (0, 0, 0), presented in Table II. Fig. 3(b) depicts
a 3D rendered aerial view of the scenario, where dimensions
are shown (260 m x 120 m x 20 m) together with typical
elements of an urban environment, such as buildings, vehicles,
trees, benches, people, and lampposts. Fig. 3(c) shows the real
scenario.

Due to power limitations of the equipment used in the
measurement campaign (see section V), the transmit power
simulated and configured, was set up at 0 dBm for both, V2V
and V2I links, even when is natural to assume that the power of
the transmitter antenna on the lampposts (V2I) shall be higher
than the transmitter antenna of the cars (V2V). Simulation
parameters are summarized in Table III.

The received signal threshold (RST) was chosen according
to the minimum sensitivity information reported for some V2X
(IEEE 802.11p) radio-communications commercial products,
[45], [46], [47].
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TABLE IV
VEHICULAR TRAFFIC DENSITY DEFINITION
Rout Total length Full occupancy
oute [m] [total vehicles]
AV-1 (2 lanes) 453.60 58
AV-2 (2 lanes) 452.44 58
AV-3 (2 lanes) 180.86 22
AV-4 (2 lanes) 181.20 22
AV-5 (2 lanes) 165.34 20
ST-1 (2 lanes) 273.98 34
ST-2 (2 lanes) 85.80 10
ST-3 (2 lanes) 164.30 20
Roundabout (2 lanes) 203.74 26
Scenario 2161.26 270
vehicles are simulated simultaneously as is registered

Fig. 3.
(c) Real view from Google Maps.

Urban scenario: (a) 2D schematic view, (b) 3D schematic view,

The VTD was calculated considering two parameters: the
total simulated vehicles in the scenario at specific SUMO step
time versus the full scenario capacity, this is when all the roads
are occupied. Approximately 30% of scenario occupancy is
considered for LD, while 50% and 80% are considered for
MBD and HD respectively. The Full Scenario Occupancy (FSO)
was calculated as follows,

FSO[vehicles] Total routes length [m] 3)
vehicles] =
Vehicles_length [m] + minGap[m]

where
routes length [m] = Total length of the vehicular routes,
vehicles_length [m] = 5.0 m (default SUMO),
minGap [m] = 2.5 m, empty space after leader.
The largest routes are AV-1 and AV-2 with capacity for
58 passenger vehicles each one (see III for reference).
When all the routes are fully occupied, a total of 270

in Table IV.

Fig. 4(a) shows the VTD evolution during a SUMO step
time span of 2100 s, for LD, MD and HD. For example,
approximately 220 cars were simulated in the scenario for
HD, while 90 cars for LD. Occupancy level at 100% were
simulated with significant increase in the simulation time.
Fig. 4(b) depicts a 2D view of the SUMO simulation for HD
(220 cars, 80% occupancy, step time of 1253 s). Alternative
VTD definition could be used as is presented in [7], where
the density is defined by the vehicle’s mean velocity: free-
flow (0-10 km/h), medium-flow (10-40 km/h), jammed (above
40 km/h). There is an inverse relationship between density and
velocity.

III. RESULTS

With the integrated information results from stage 3 pre-
viously described, large-scale parameters such as RSS, and
small-scale parameters such as coherence bandwidth (Bc),
root mean square delay spread (zrms) and Mean Excess Delay
(Tmean) can be calculated. The frequency dispersive effects
due to the vehicle’s movement can be also analyzed using
the Doppler shift and Doppler spread parameters, for different
vehicular velocities and frequencies.
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Fig. 5. HD-RSS [dBm]: (a) TX1&TX2; (b) C1&C2&C3.

A. Received Signal Strength and Spatial Path Loss

This subsection presents a detailed spatial representation of
the RSS and spatial PL characterization, both as a function
of the Euclidean distance TX-RX. The TX is located at a
height of 3.5 m for I2V and 1.5 m height for V2V, while
the RX height is 1.5 m for both. Fig. 5(a) illustrates the RSS
surf-plot under HD conditions (HD-RSS) when the antennas
on lamppost TX1 and TX2 (TX1&TX2) are transmitting
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Fig. 6. RSS along AVI: (a) 12V, (b) V2V.

simultaneously, while Fig. 5(b) shows an HD-RSS surf-plot
when antennas on cars Cl, C2 and C3 (C1&C2&C3) are
transmitting.

In Fig. 5(a), and considering definitions in Fig. 3(a), it is
observed RSS values above the RST (-100 dBm) along AV-1,
AV-2, ST-1, ST-2, ST3 which mean 12V coverage for these
areas, whereas AV-3, AV-4, AV-5 in the roundabout area,
show continuous or intermittent RSS values below the RST
where the 12V connectivity is unfeasible. On the other hand,
Fig. 5(b) shows higher RSS values received for V2V than
the observed for 12V which means larger coverage area for
V2V than V2I (e.g., the roundabout area is covered by Cl1).
This is due to the lack of obstacles present nearby the
cars, which facilitates the propagation of the radiated wave.
Furthermore, the cars distribution and the fact that there are
3 transmitters instead of 2, provides such better results. The
12V case presents worse results due mainly to the vicinity of
foliage and the metallic surface of the lampposts, which in
this case affects greatly the radiation pattern of the employed
monopoles: the metallic surface acts as a reflector and no
power is radiated ‘backwards’. Thus, a shadowing effect is
created by the lampposts, reducing the coverage of these
nodes.

A more detailed analysis of the RSS along AV-1, under HD
and LD conditions, is depicted in Fig. 6. The large-scale spatial
PL for 12V and V2V is depicted in Fig. 6(a) and Fig. 6(b)
respectively. From 12V and V2V figures, it is observed higher
RSS values for HD than LD in the nearer area of the TX,
(approximately up to 30 m); far from this distance there are
not observable differences.

The placement of the TX has great influence on the
creation of the LoS, NLoS and QLoS conditions. For 12V,
the path loss exponent (PLE) ranges from [2.0 - 3.3] and
the standard deviation (STD) from [5.4 - 22.5] dB under
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LoS /QLoS conditions, while the PLE varies from [3.6 - 4.3]
and the STD from [38.0 - 43.0] dB under NLoS conditions.
Places such as roundabout and intersections deteriorate the
RSS irrespective of distance, and buildings generate high PL
and notorious fluctuations. A corridor configuration at streets
ST-1 and ST-2 causes the waveguide effect when roadside
unit (RSU) rays impacts upon the lining walls of the buildings.
For V2V, the PLE and STD values are variable, accord-
ing to the temporal and spatial position of the transmitting
vehicles.

B. Multipath Metrics: PDP, t,,,5, Doppler Shift

The PDP quantifies the number and severity of power rays in
the wireless channel and is used to calculate various multipath
statistics as Tmean, Trms» Maximum excess delay, and CB.
Fig. 7 illustrates the V2V PDP at C4 when C1 (see Table II
for reference) is transmitting under 3 different VID levels.
A selected timespan of 750 ns shows a highly dispersive
scenario, where many power rays arrive to C4 resulting in
reflected, refracted, and diffracted rays. The first ray arrives at
20 ns due to the vicinity with the transmitter.

The highest density of rays that arrives to C4 above the
RST corresponds to HD, which suggests that high vehicular
densities are related to high dispersive effects and high RSS
values for V2V links. This would be caused by the increase in
the reflected rays that impact on the metallic roof of the cars
and its contribution to the total RSS. Conversely, the lowest
density of rays corresponds to LD. Additional simulations for
locations far from the transmitter (more than 30 m) do not
show significant PDP variations under different VTD.

Fig. 8 shows the 7,3 Cumulative Distribution Function
(CDF), when Cl1 is transmitting (HD), along AV-1 (a segment
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TABLE V
12V-DOPPLER SHIFT (WHEN TX1 IS TRANSMITTING)
C4 relati Theoretical 3D-RL 3D-RL
rle a twe positive/negative positive negative
V[ir‘r’;’lllj‘/ fdnax Offset £y OFfset £y OFfset
[Hz] [Hz] [Hz]
60 327.78 278.00 300.00
40 218.51 215.00 205.00

of 15 m left to C1). It is observed a good fit with Nakagami or
Rician distribution, commonly used to describe the fast fading
channel delay dispersion. The mean s value is approxi-
mately 250 ns. Additional simulation shows a good agreement
with Lognormal distribution. Authors in [48], propose the
use of a mixture of Rayleigh and Rician distributions to
characterize the 7,5 under conditions of LoS and NLoS.
The time-varying nature of the channel caused by the rela-
tive motion between the mobile and base station in the small-
scale region can be described by the Doppler spread (Ds) and
coherence time (Tc¢). Dg is defined as the range of frequencies
over which the received Doppler spectrum is essentially non-
zero. Doppler shift (fd) is the Doppler spectrum of the received
signal in the range fc — fd to fc + fd, where fc is the transmit
frequency [44]. Fig. 9 depicts the 12V-Doppler shift at C4,
under 2 different VTD levels, when TX1 is transmitting. C4 is
traveling at a constant velocity of 60 km/h. Although there
are variations in the frequency components of the Doppler,
the famax (positive and negative) remains approximately equal
for LD and HD while, it is observed from Fig. 7 and Fig. 9,
more evenly distributed PDP and Doppler taps under HD.
The theoretical maximum Doppler shift, fdyax, for a trans-
mission frequency of 5.9 GHz, when cosf = 1 (0 is the angle
between the direction of motion of the mobile and direction
of arrival of scattered waves) is fgmax(60 km/h) = 327.78 Hz.
According to 3D-RL results, the received signal spectrum will
have components in the range feokm/n = (5.9 x 10° - 300.0 to
5.9%x 109+ 278.0) Hz; additional simulation for 40 km/h where
performed and the results are summarized in Table V.

IV. STATISTICAL ANALYSIS

The identification of the statistical fading model that fits
and characterizes the fading level of this multipath scenario
is required, as well as the adoption of descriptive statistics
to measure it. Different fading models such as Gamma,
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Fig. 10. Scenario segmentation for V2V analysis when C1 is transmitting.

Lognormal, Rician [25], Rayleigh, Nakagami, Weibull; com-
posite fading models as Weibull-Gamma [49], Nakagami-
Lognormal, K distribution (mixture of Rayleigh and Gamma);
mixtures of Gamma distributions [50], etc., have been pro-
posed and utilized to characterize the fading channel in
vehicular environments that change over distance, time, and
mobility. To measure the closeness of the data with the
theoretical distributions, graphical and descriptive statistical
tools are used. Graphical tools such as probability plot (pp-
plot) which keeps similarity with the quantile-to-quantile plot
analysis [51], and descriptive tools as goodness-of-fit (GOF)
and squared coefficient of variation (SCV).

To measure the GOF of the resulting non-parametric RSS
3D-RL data with some theoretical distributions, the Anderson-
Darling (AD) test with 5.0% for the significance level of
the hypothesis (Hp) test is used. The AD statistic provides
robustness and flexibility because it gives heavyweight to the
tails and should be powerful against alternatives in which
the true distribution and the data disagree near the tails of
the data distribution. AD has been employed to quantify the
difference between the observed and expected values [52],
as a type of divergence or discrepancy measurement. To mea-
sure the differences between CDF’s resulted of the different
I2V-VTD or V2V-VTD test, a one-side Kolmogorov-Smirnov
(K-S) test was performed at 5.0% for the significance level of
the hypothesis (Hp). To measure the data variability, the SCV
was used [53]. Indeed, the SCV characterizes the amount of
fading (AF) of the received signal power, [42].

For statistical analysis, symmetric and equidistant data seg-
ments from TX were selected, S1 to S5 along AV-1 and S6 to
S7 along ST-2, as is depicted in Fig. 10, to have as much as
possible, consistent data for GOF analysis.

This kind of segmentation was chosen for four reasons:
a) to identify the spatial differences between symmetric and
equidistant areas from TX (C1), b) to organize the 3D-RL RSS
data into homogeneous segments, avoiding extreme values,
c) to group segments under similar LoS, QLoS or NLoS
criteria and d) to identify near areas to the TX (up to 30 m)
which are characterized by high data variability. Data segments
in the vicinity should be shorter than in remote locations.

Fig. 11 shows the V2V-RSS pp-plot of two segments along
AV-1: the segment S3 and the joint segment S1-S2-S3 (S1-S3)
when C1 is transmitting. The RSS data were plotted against
a theoretical Lognormal distribution which is represented by
the black-dotted straight line; departure from the straight line
indicates departure from the specified distribution.
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From Fig. 11(a), it is observed that S3-RSS data lie closer
to the straight line with some departure from the right-sided
tail which could be caused by the natural variation in the RSS
(outliers). This graphical result suggests a good fit between
the S3-RSS data and the proposed distribution; in other words,
the S3-RSS behavior would be characterized by a Lognormal
distribution. Conversely, Fig. 11(b) shows that the S1-S3 RSS
data departs from the straight line, mainly at the right-sided
and left-sided tails, which is an indicator that the S1-S3 RSS
do not follow the proposed distribution. This lack of fit
could be caused by the high data variability in the analyzed
segment. Additional pp-plot analysis for Exponential, Rician
and Lognormal distributions for S1-S3 and S6-S7 segments,
resulted in a similar departure of the RSS data to those
distributions. These results give insight into the necessity to
evaluate individual segments and define metrics to find the
statistical distribution able to represent the RSS data.

Fig. 12 depicts the graphical GOF between the RSS and
some distributions used in the description of multipath fading
environments as Gamma, Lognormal, Nakagami, and Weibull.
Fig. 12(a) depicts the comparison between the Empirical
Cumulative Distribution Function (ECDF) of S3-RSS (under
HD) and the aforementioned distributions, where the best fit
is observed for the lognormal distribution, which is confirmed
with the AD-GOF analysis presented in Table VI (item c), with
the non-rejection of the null hypothesis (Hg is False). Table VI
additionally summarizes the SCV, the AD-GOF test with 5.0%
for a significance level of the hypothesis (Hp), the AD statistics
as a measure of divergence and, the input parameter (shape)
for the tested distributions.

There are segments such as S2 and S6, that were fit-
ted by more than one distribution, however, the best fit is
defined by the smallest “AD-value” given that this statistic
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TABLE VI
DATA DISPERSION MEASUREMENTS AND GOF TEST FOR C1

Segment SCV Lg. Gm. Nk. Wb.
a) S1 (60 m)
AD-GOF (H/S) 1.95 T /10.02 F/122  T/12.58 F /0.39
Shape factor 2.92 0.67 0.24 0.76
b) S2 (100 m)
AD-GOF (H/S) 1.96 T/2.92 T/2.97 T/19.57 F /2.09
Shape factor 4.83 0.86 0.28 0.87
¢) S3 (20 m)
AD-GOF (H/S) 6.03 F/1.06 T/2.98 T/13.79 F /0.87
Shape factor 6.37 0.53 0.18 0.65
d) S1-S3 (120 m)
AD-GOF (H/S) 23.77 T/3.12 T /Inf T /Inf T/18.87
Shape factor 4.13 0.35 0.11 0.51
¢) S6 (20 m)
AD-GOF (H/S) 1.57 T/8.65 F/1.23 T/13.45 F/0.71
Shape factor 3.59 0.74 0.28 0.85
f) S7 (60 m)
AD-GOF (H/S) 286 T/291 F/2.34 T/12.29 F /0.94
Shape factor 5.65 0.63 0.22 0.72
g) S6-S7 (80 m)
AD-GOF (H/S) 7.31 F/2.09 T/37.14 T /inf T/13.44
Shape factor 4.25 0.44 0.15 0.58

AD-GOF (H/ S) = Anderson-Darling GOF (Hypothesis test / statistic test)
SCV = Squared Coefficient of Variation.

Lg = Lognormal, Gm = Gamma, Nk = Nakagami, Wb = Weibull.

T / F = True / False (for hypothesis test validation)

can be considered a divergent or discrepant measurement, [55]
(e.g., for S6 the best fit corresponds to Weibull distribution).
From Fig. 12(b), it is observed an approximate fit between
S1-S3 ECDF and Lognormal distribution, however, Table VI
(item d) shows the rejection of the null hypothesis with all
the tested distributions. The length and high data variability
of this segment expressed by the SCV value would be a factor
that causes this lack of fit.

For practical purposes, even though the segment S1-S3 can-
not be described, under stringent statistical sense, by anyone
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of the tested distribution, nonetheless, it would be “fitted”
by a Lognormal distribution given its smaller AD-statistic.
Additional segments as S1, S2, S3, S5, S6, S7 and S5, S6
(not registered in Table VI) can be described in terms of
Lognormal or Weibull distributions. It is worth noting that
the SCV of each segment is significantly smaller than the
SCV of joint segments which ease the statistical fitting. The
input parameter (shape), estimated from the 3D-RL RSS data
that characterizes the distributions, is not constant, showing
variations according to the length and position to the TX.
These results give an insight that the shape factor is variable
depending on the scenario characteristics, as it is the PLE,
which must be considered for further simulations.

Fig. 13 illustrates the effect of the VTD in the RSS.
Fig. 13(a) shows the S3-RSS ECDF under HD, MD, and LD
when CI1 is transmitting. It is observed that higher values
of RSS are related to HD and lower values to LD. The
0.5 cumulative probability is approximately -56 dBm for HD,
-58 dBm for MD and -60 dBm for LD. A performed one-side
K-S test at 5.0% for a significance level, showed significant
differences between HD and LD (HD resulted “smaller” than
LD). The K-S test between HD and MD or MD and LD did
not show significant differences. Additional one-side K-S test
for S1, S2, S5, S7 did not show significant differences when
comparing HD, MD and LD.

These results are in concordance with those observed in
Fig. 6(b) and suggest that HD conditions have impact in the
V2V RSS values of the segments located near the transmitter
while no significant impact is evidenced for segments located
in remote areas (see Fig. 10 for reference).
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TABLE VII
V2V-RSS STATISTICS FOR SEGMENTS NEAR TO C1, C2, C3

CX-VID QI [dBm] Q2[dBm] Q3 [dBm] STD [dB] scv
Cl1-HD -62.02 -55.80 -49.92 18.80 5.25
Cl-MD -63.24 -56.90 -49.95 20.60 4.45
Cl-LD -64.30 -58.45 -51.09 19.60 4.86
C2_HD -60.43 -54.84 -49.12 20.66 18.22
C2 - MD -62.18 -56.20 -49.72 20.83 18.56
C2-1LD -62.72 -57.42 -54.01 23.01 24.63
C3-HD -59.83 -54.50 -49.06 29.00 8.94
C3-MD -60.37 -55.86 -50.09 29.33 12.77
C3-1D -61.35 -57.21 -52.07 30.87 24.63

QI = Quartilel (25%), Q2 = Quartile2 (50%), Q3 = Quartile3 (75%)

TABLE VIII
V2V-RSS STATISTICS FOR SEGMENTS REMOTE TO C1, C2, C3

CX-VTD QI [dBm] Q2[dBm] Q3 [dBm] STD [dB] SCV
Cl1-HD -75.36 -70.92 -67.53 51.05 2.11
Cl1-MD -74.67 -70.32 -66.92 57.62 1.27
Cl-LD 74.97 -70.66 -67.09 52.53 1.30
C2-HD 77.05 -712.75 -69.15 15.11 1.89
C2-MD -76.90 -73.31 -69.95 15.89 1.76
C2-LD -76.86 -72.88 -69.31 15.80 1.97
C3—HD -66.96 -63.71 -60.91 29.83 1.01
C3-MD -68.47 -64.56 -61.34 25.79 2.87
C3-LD -68.251 -64.74 -62.01 29.82 1.97

To confirm the results, the effect of the VID for V2V
was analyzed for two additional transmitters, C2 and C3,
for segments located in their vicinity (analogous to S3, S4,
S5 when C1 is transmitting). Fig. 13(b) depicts the RSS
boxplot when C1, C2 or C3 is transmitting under HD, MD, and
LD. It is observed difference and trend mainly for the median
RSS of each transmitter, where HD keeps correspondence
with higher median RSS values while LD is related to lower
median RSS values. The interquartile range remains constant
for C1 and C3 while some variation is reported for C2-MD,
possibly due to a specific car distribution in the scenario.

Table VII and Table VIII show more detailed RSS statistic
measurements as quartile values (25%, 50%, 75%), STD and
SCV, of near and remote areas of C1, C2, C3, respectively,
under different VTD levels. From Table VII the most notice-
able difference corresponds to the second quartile (Q2) - the
median of the RSS data - where higher RSS values are related
to higher VTD levels. There is approximately a 3 dB difference
between C3-HD and C3-LD. The first quartile (Q1) and third
quartile (Q3) show an analogous trend as Q2. Measures as
STD and SCV do not show apparent RSS tendency when
different VTD values are compared.

For remote areas, there are no significant differences or
trends in the RSS values due to the influence of the VTD,
as it is described by the RSS statistics from Table VIII. The
SCV indicates less data variability than remote areas.

To analyze the effect of the VTD into the V2I links, three
cars have been considered, C1, C2, C3, as transmitters and
three antennas on lampposts TX1, TX2, TX3 as receivers
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(see Fig. 3(a) for reference). Fig. 14 shows the mean RSS
of TX1, TX2, TX3 under three different VTD levels. Factors
as distance and obstacles in the LoS causes lower TX3-RSS
than TX1 or TX2 RSS for all the VTID levels. Otherwise,
although C3 is nearest to TX3, its RSS is below than C1 or
C2, due to the significant obstruction of building 1 (B1).
From the analysis and comparison between TX1, TX2 and,
TX3, there are no significant differences in the mean RSS nor
some trend is observable under different VTD levels. These
results suggest that V2I links are less affected by VTD.

V. MEASUREMENT CAMPAIGN

A measurement campaign has been performed in the real
scenario of Plaza Gongora, in Pamplona, Spain, to validate
the proposed simulation algorithm. Real pictures of the sce-
nario are presented in Fig. 15, where the deployment of the
employed equipment can be seen, as well as the surroundings
of the deployed antennas. A common business day at the early
morning with medium vehicles density (MD) has been chosen
for the development of the measurement campaign. Two dif-
ferent positions for the transmitter antenna has been selected,
the first one with the transmitter placed in a lamppost at 3.5 m
height (same position as TX1) and the second one with the
transmitter placed on the top of a vehicle at 1.5 m height (same
position as C1), see Fig. 15a and Fig. 15e respectively. Fig. 4a
and Table III present the reference positions of TX1 and CI.

The transmitter antenna TX was connected to a signal
generator at 5.9 GHz frequency, while the receiver antenna
was placed on a top of a sedan-car vehicle at 1.5 m height. The
TX and RX antennas were ACA-4HSRPP-2458 from ACKme
Networks, both omnidirectional, with a gain of 3.7 dB. The
employed signal generator was a portable N1996A unit, from
Keysight Technologies, and the spectrum analyzer was a
Keysight N9912 Field Fox. Measurements were performed
with 100 MHz bandwidth at 5.9 GHz frequency with a
measurement time at each point of 60 seconds. The RSS at
each point is the highest peak (Max-Hold function) of power
shown by the spectrum analyzer, in order to compare with
equivalent continuous wave operation provided by the 3D-
RL simulation code. Note that for the measurements with the
antenna mounted on the vehicle, one of the two lanes of the
road was blocked by our car.

Regarding the radio propagation conditions of the presented
measurements, Fig. 15b and Fig. 15¢ show the scenario under
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Fig. 15. Real pictures of the equipment deployment: (a) Deployment on
a lamppost; (b) Left hand view of the scenario under analysis, (c) Right
hand view of the scenario under analysis; (d) Detail of the deployed antenna;
(e) Deployment on a conventional car.

analysis, where apart from lampposts, several trees are present
in the sidewalk (with foliage nearby the transmitting antenna),
as well as a lot of parked cars. These conditions make the
environment very complex in terms of radio propagation,
although most of the cases are LoS cases. Furthermore, as can
be seen in Fig. 15d, the antenna is very close to the metallic
surface of the lamppost. This fact can affect the impedance of
the antenna, and therefore, worsen the radiating characteristics
of the antenna.

Measurements were performed along AV-1 and AV-2 con-
sidering the lane segment between C1 to TX1 (See Fig. 3(a)
for reference). Fig. 16 illustrates the RSS comparison (mea-
surements versus 3D-RL simulation) when TX1 is transmitting
(Fig. 16a) and when C1 is transmitting (Fig. 16b) versus the
distance for each transmitter, respectively. Note that AV-1 is
the further away avenue from both transmitter positions.

Fig. 16 shows a good agreement between 20 measured
and its correspondent simulated spatial points for both trans-
mitter positions. For the transmitter TX1, the mean error
between simulation and experimental measurements is 2.71 dB
(5.22 dB STD) and 2.06 dB (3.07 dB STD) for AV-1 and AV-2
respectively. The largest RSS variations are observed in the
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vicinity of the transmitter, which is in concordance with the
high RSS variability reported in Section III. For the transmitter
Cl1, the mean error has been 3.68 dB (3.45 dB STD) and
3.82 dB (4.50 dB STD) for AV-1 and AV-2 respectively. Higher
deviations are given mainly by the impact of antenna location
in real operating conditions (with partial impedance mismatch)
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as well as by local variations in scenario definition in the
measurement intervals under consideration.

Fig. 17 depicts the RSS boxplot when TX1 and C1 are
transmitting under MD. It is observed for both transmitter
cases that the interquartile range remains constant for AV-1
and AV-2. It can be noticed that some extreme values are
observed for AV-2-Sim in the C1 transmitter case, possibly
due to a specific car distribution in the scenario because in this
case, the transmitter and receiver are at the same height. Mean
differences between the compared values are more notorious
for C1 than TX1 which keep concordance with the results
obtained in Sections III and IV where it is observed an increase
in the SCV for Cl1 transmission mainly in the vicinity of the
transmitter.

VI. CONCLUSION

In this work, the characterization of the impact of the
VTD into the URPC for V2X channels has been presented.
The use of integrated computational tools such as a geo-
graphic database, a deterministic 3D-RL algorithm, and a
microscopic vehicular simulator, has been presented in detail.
The integration process has been implemented, based on the
sequential exchange of information between VTD, 3D-RL
and network simulation block, in order to enable further data
analysis. The solution methodology considers 3 different VITD
levels whose impact into the V2X links is analyzed through
statistical measurements and presented for large-scale and
small-scale metrics. The resulted volumetric PDP and 7y
provide insight into coverage and capacity ratios, adaptive
modulation parameterization, equalization requirements, and
coding schemes.

In order to obtain consistent and homogeneous data for RSS
analysis and statistical measurement, considerations as the
spatial distance (near and remote), symmetry, and equidistance
from TX are required. The GOF analysis shows that Log-
normal and Weibull distributions can characterize the V2X-
RSS for HD, MD and LD where Weibull distribution best-fit
individual/small data segments, while jointly/large segments
are best represented by Lognormal distribution.

Statistical metrics suggest VTD affectation to the mean RSS
in near areas of the TX. Thereby, for V2V and 12V links HD
induces the highest RSS values while LD is related to the
lowest RSS values. This could be caused by the increase in
the reflected rays that impact on the metallic roof of the cars
and its contribution to the total RSS. For remote areas from
TX, there were not reported significant differences for V2V
and I2V. On the other hand, the results suggest that Doppler
taps tend to be more evenly distributed across all Doppler
frequencies with a higher VITD with some variations in the
frequency components of the apparent received frequency. The
maximum Doppler shift is relatively similar for different levels
of VID.

As future work, the identification of other significant para-
meters (i.e. different car type, vehicular distribution, QLoS
conditions, etc.) or specific environmental variables, as well
as different frequency bands is currently under consideration
in order to obtain a more accurate channel characterization
in these complex environments. The consideration of variable
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scatterers within time domain with focus on reducing compu-
tational complexity is also foreseen.
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