
Arabian Journal for Science and Engineering (2023) 48:14901–14911
https://doi.org/10.1007/s13369-023-07922-6

RESEARCH ART ICLE -ELECTR ICAL ENGINEER ING

A Proposed V2V Path Loss Model: Log-Ray

Kenan Kuzulugil1 · Zeynep Hasirci Tugcu2 · Ismail Hakki Cavdar3

Received: 30 July 2022 / Accepted: 30 April 2023 / Published online: 22 May 2023
© King Fahd University of Petroleum &Minerals 2023

Abstract
Vehicle-to-vehicle (V2V) communication that has prominent involvement in the design of innovative communication solutions
for the intelligent transportation system. Therefore, to developV2V channelmodels, the knowledge of the propagation channel
on which comprehensive research efforts have been carried is vital. In this study, we focused on the analysis and modeling of
path loss characteristics for V2V communications and proposed a log-ray path loss model with the motivation of overcoming
remarkable fitting errors between the two-ray model and measured data where the path loss exponent corresponds to different
from 2. First, channel measurements were performed at 5.9 GHz with commercially available DSRC OBU devices for five
different scenarios in typical highway and suburban environments in Gümüşhane, Turkey. Then, the large-scale characteristics
of different propagation scenarios were analyzed and the proposed log-ray model performance was compared with commonly
used log-distance and two-ray path loss models qualitatively and quantitatively. On the other hand, analysis of small-scale
modeling and shadowing were also conducted for all scenarios and presented in the results. The findings clearly demonstrate
that the proposed log-ray path loss model fits the measured data with a smaller RMSE value (2.54 dB) than the results of
the log-distance (3.07 dB) and two-ray (3.72 dB) path loss models in the literature. In other words, the proposed model has
approximately 17.5% and 32% increase in fitting performance according to the log-distance and the two-ray path loss models,
respectively. The study results will be helpful for better performance analysis and system design of V2V communication.

Keywords Channel measurements · Large-scale fading · Propagation model · Small-scale fading · Vehicular channels ·
Vehicular communications · V2V path loss models.

1 Introduction

The main idea behind vehicle-to-vehicle (V2V) communica-
tion is to prevent accidents, alleviate traffic congestion, and
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save more life and money. For this purpose, vehicles share
data such as speed, heading, and position with other vehicles.
Due to the high speed of transmitter (Tx) and receiver (Rx)
vehicles, blockage by other vehicles due to lower antenna
heights, and the presence of several scattering objects such
as traffic lamps, lamp posts, trees, and the vehicle itself, the
V2V communication channel differs from wireless commu-
nication. Thus,whether the existing communication path loss
models in the literature are appropriate for the V2V commu-
nication channel in different traffic conditions, road types,
and environments should be tested. Over the last decades,
a considerable number of experimental studies have been
carried out about V2V communication channel modeling.
V2V channel modeling approaches can be discussed in the
two main perspectives such as large-scale modeling and
small-scale modeling. Path loss and shadowing are gener-
ally analyzed with large-scale modeling, while small-scale
modeling is calculated as fast fading over the mean path loss
value. In large-scalemodeling, themeasured data fromdiffer-
ent propagation environments are fitted to well-known path
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loss models to show how a received signal power decays
with the distance between Tx and Rx. Shadowing is usu-
ally modeled by a zero-mean Gaussian distribution with the
standard deviation obtained from the measured data. On the
other hand, small-scale modeling, also called fast fading,
is modeled with well-known statistical distributions such as
Weibull, Nakagami-m, Rayleigh, and Rician.

Experimental studies in the literature differ in terms of
measurement environment, measurement setup, center fre-
quency, antenna types, antenna positions, etc. The measure-
ments were generally conducted in different environments
such as urban [1–12], in suburban [1, 3–5, 9, 12–17], in
highway [1, 3–9, 12, 18–24], in rural [3–7, 22], in forest
[11] and in park [2, 25]. The measurement setups also dif-
fer from each other in these studies. Dedicated Short Range
CommunicationOn-BoardUnit (DSRCOBU) kitswere used
in [1, 2, 9, 11–14, 19, 20, 24, 25] while a signal generator
(SG) at the Tx side and a signal analyzer (SA) at the Rx
side were used in [3–8, 10, 13, 15–17, 21–23]. The studies
using the DSRC OBU setup can only record and analyze the
received signal strength values, while the SG-SA setup can
also analyze Doppler spread, delay spread, and coherence
time. Additionally, if we evaluate the measurement setups in
terms of antenna characteristics, antennas used in the DSRC
OBU measurement system were generally omnidirectional
[2–5, 7–9, 11, 17–20, 24, 25], while the SG-SA measure-
ment setup had alsoMISO in [22] andMIMO in [21] antenna
arrays. All measurements were performed in the center fre-
quency range of 700 MHz to 5.9 GHz which were at 5.9
GHz in [2, 4–7, 9, 10, 12–16, 19, 20, 23, 24], at 5.8 GHz in
[1, 25], at 2.85 GHz in [18], at 5.2 GHz in [3, 21], at 700
MHz in [4, 5], at 1.85 GHz in [17], at 5.75 GHz in [22],
at 5.6 GHz in [8], and at 2.1 GHz in [11]. The antennas
were commonly placed on the roof of the vehicles. However,
to observe the effect of the antenna location, antennas were
located to the bumper in [26], inside the car in [11, 17] or
nearside of the vehicles in [10]. In the realm of experimen-
tal studies, measurement environments can be classified as
urban, suburban, rural, highway, freeway, expressway, forest,
parking lot, tunnel, and intersection. However, in this study,
the measurements were performed in highway and suburban
environments.

1.1 RelatedWorks

Log-distance and two-ray path loss models are widely used
in V2V communication channel modeling. Studies using the
log-distance path loss model mostly present the path loss
exponent (n) parameter. In the studies, two-ray path loss
model is used, the ground reflection coefficient (r or �) or
relative permittivity parameter (εr ) is given. In addition, the
standard deviation (σ ) value is given to model the shadow-
ing. To keep the related works section short, these values are

shown in n/σ from now on. Here, n denotes the path loss
exponent and σ denotes the standard deviation of the shad-
owing. In this literature review,V2V communication channel
modeling studies were examined into two main groups: log-
distance and two-ray path loss models. Additionally, these
groups were also subdivided into RSSI measurements (using
DSRC OBUs) and SG-SA measurements (using signal gen-
erator and signal analyzer).

There are many studies that used log-distance path loss
model (hereafter called as log-distance model)( [1–8, 13–23,
27–31]). In [13], RSSI measurement setup was carried out
in suburban environment and n/σ values were presented as
1.57/4.2 dB; however, the SG-SA measurements were also
realized in this study and obtained n/σ values were 2.32–
2.75/7.1–5.5 dB. The difference between numerical results
was due to the higher receiver sensitivity of SG-SA. In [1],
suburban measurement was also realized and the obtained
n/σ value was 1.53/3.5 dB. The authors emphasized that
these discrepancies with other published results illustrate
that path loss parameters were strongly dependent on the
propagation environment, measurement techniques used, the
physical characteristics of vehicles and the antenna heights.
In [14], variousmeasurements in which vehicles move on the
same/opposite direction and the same/adjacent lanewere per-
formed inmaximum100mTx-Rxdistance. Theobtainedn/σ
values were 1.2–2.22/0.55–3.92 dB. The authors also pro-
posed a newpath lossmodelwhosen valuewas determined as
aGaussian randomvariable and its value is changing between
1.6 and 1.76.

RSSI measurements of highway, freeway, open road,
and expressway were analyzed collectively as the measure-
ment conditions of these environments were nearly identical.
In [2], the measurements were performed at freeway with
low/moderate vehicle density and obtained n value changes
between 1.99 and 2.05. RSSI power drop locations were
found with a formula developed in [18], and also n value was
calculated as 2.85 for the measurement data after the deter-
mination of the critical distance. In [19], the measurements
were carried out on highway and n value was found as 2.4. In
[1], n/σ values were 1.77/2.8 dB for highway environment.
Multilink shadowing model was presented in [20], and the
measurements were carried out with four different vehicles
with equipped DSRC transceivers. The measurement data
were separated through LOS and OLOS (obstructed-LOS)
links. For NLOS links, n/σ values were obtained as 0.54–
4.18/1.73–6.58 dB, while there was no n/σ results due to
using two-ray model for LOS links.

In [3–5, 15–17], SG-SA measurements were performed
in suburban environment and n/σ values were calculated as
1.59–3.41/2.1–6.39 dB. The antennas were placed inside the
vehicles in [17] and n/σ values were 2.8–4.6/2.54–4.79 dB.

SG–SA measurements of highway, freeway, open road,
and expressway environments were analyzed collectively
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as the measurement conditions of these environments were
nearly identical. In [3–7, 21], n/σ values were obtained as
1.33–2.78/3.1–5.94 dB. In [22], antennas were located at dif-
ferent locations such as on the roof, inside or rearwindshields
of the vehicle. According to different antenna locations, the
n/σ values were calculated as 1.6–1.9/4–7.9 dB. In [8, 23],
dual-slope path loss model results were presented as follows:
n1/σ1 were 1.66–1.9/2.5–3.95 dB and n2/ σ2 were 2.88–
4/0.6–6.12 dB. In [27], the measurements were performed at
5.2 Ghz. The obtained n/σ values were 1.76/1.68 dB for LOS
and 2.18/3.83 dB for NLOS. In [28], ray-basedmodelingwas
performedat 28GHzandn/σ valueswere 1.6–2.4/1.5–3.8 dB
for LOS, while 2.2–2.9/13.1–15.2 dB for NLOS. In [29], the
measurements were carried out in an urban environment, but
the measurement setup was not provided. The obtained n/σ
values were 1.43/3.06 dB. In [30], the measurements were
performed at an urban intersection of 5.2 GHz. The calcu-
lated n/σ values were 1.96/3.34 dB for LOS, while 2.64/7.8
dB for NLOS. In [31], based on ray tracingmodeling, n value
was calculated as 1.94 for urban straight road and 1.93 for
urban intersections, respectively.

Some studies also used two-ray ground reflection path loss
model (hereafter called as two-raymodel) ( [3, 6, 9, 10, 14, 19,
25]). In [6], the ground reflection coefficient (r) and σ were
calculated as 0.264 and 2.7 dB for rural environment, while
0.353 and 2.3 dB for highway environment, respectively. In
[3], r/σ values were given as 0.44/2.6 dB. In [19] and [25],
two-ray model was used to compare fitting results with other
models, but any corresponding parameter value was not pre-
sented in these studies. In [9], an RSSI measurement system
was used, and measurements were carried out on a highway,
urban, suburban, and open area. Tomodel measurement data,
free-space path loss model and two-ray model were used and
the authors argued that modified two-ray model fits better
than free space in most cases. The relative permittivity (εr )
value was given as 1.003 to calculate effective ground reflec-
tion coefficient. Also, σ value was obtained between 3.3 dB
and 5.7 dB. In [10], SG-SA measurement setup was used
and the ground reflection coefficient was calculated as 0.7
by tuning to match the measurement data. In [14], the rela-
tive permittivity value was chosen as 3.75 for calculations.

In this study, a path loss model named log-ray is pro-
posed. The motivation of this proposal is to overcome the
fitting errors between the two-ray model and the measured
data by taking into account the nature of V2V propagation
environments and also to provide better representations in
terms of large-scale modeling.

The remainder of the study is organized as follows. Sec-
tion2 describes the V2V channel modeling approaches,
including path loss, shadowing, and multipath. Section3
presents the measurements campaigns which contain exper-
imental setup, environments, and scenarios. Section4 is
devoted to the proposed log-ray path loss model. The path

loss model comparisons as quantitatively and qualitatively
are given in Sect. 5. Finally, Sect. 6 concludes the paper with
a summary of the observations and outcomes.

2 V2V Communication Channel Modeling

V2V communication channel can be divided into two parts:
large-scale fading and small-scale fading. Large-scale fading
includes distance-dependent path loss and shadowing. Small-
scale fading is generally determined as fast fluctuations over
mean path loss. Shadowing occurs due to the communication
passed through objects such as buildings, trees, and vehicles
between the transmitter and the receiver. Small-scale fading
consists of multipath caused by propagation mechanisms of
reflection, diffraction, and scattering. Reflection occurs from
large-scale objects such as buildings; diffraction occurs from
a sharp corner of large-scale objects such as mountains and
buildings; and scattering arises from small-scale objects such
as trees, traffic lamps, and traffic signs. In this study, the
received signal strength is divided into three parts: path loss,
shadowing, andmultipath. Then, each part is modeled one by
one and all models are combined to obtain the most suitable
V2V channel model.

2.1 Path Loss Modeling

The path loss, which represents signal attenuation as a posi-
tive quantity measured in dB, is defined as the difference (in
dB) between the effective transmitted power and the received
power [32]. Path loss highly depends on the environment (to
even scenarios) of V2V communication measurements per-
formed. Therefore, different channel models are convenient
for each environment or scenario. In this study, the log-
distance path loss model and the two-ray ground reflection
path loss model, which are the most used path loss models
in V2V communication, are used.

2.1.1 Log-Distance Path Loss Model

Both theoretical and measurement-based propagation mod-
els indicate that average received signal power decreases
logarithmically with distance, whether in outdoor or indoor
radio channels. Such models have been used extensively in
the literature. The average large-scale path loss for an arbi-
trary Tx–Rx separation is expressed as a function of distance
by using a path loss exponent, n;

PL(d) = PLd0 + 10n log(d/d0) (1)

where n is the path loss exponent which indicates the rate at
which the path loss increases with distance, d0 is the close-in
reference distance which is determined from measurements
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close to the transmitter, PLd0 is the path loss at the reference
distance, and d is the Tx-Rx separation distance [32]. n value
changes between 2 and 5 for classical wireless communica-
tion and is equal to 2 for free-space environment. However, n
is calculated lower than 2 in many V2V measurements stud-
ies and rarely higher than 5 for density building and forest
environments [11]. The most important part of calculating
n using (1) is to first determine optimum d0 value from the
measurement data. The d0 value is typically chosen a fixed
value such as 1m or 10m inmanymeasurement studies. This
may cause deviation on calculating the best-fitted n. In [24],
we proposed an approach related to this problem to find opti-
mum d0, PLd0 and best-fitted n based on the measurement
data. According to this approach, the d0 is chosen as mini-
mumdistance value in themeasurement data. Then, themean
PLd0 value corresponding to the chosen d0 value is also cal-
culated from the measurement data. n value is calculated by
using least-square method after substituting chosen d0 and
PLd0 values into (1). Afterward, the second distance value
and corresponding mean path loss value are chosen as new
d0 and PLd0 values, respectively. The calculation process of
n value is repeated for new d0 and PLd0 values, and another
n value is obtained. This process is repeated for all distance
values up to 100m (because, reference distance should be
closer to transmitter as much as possible [32]). The new log-
distance path loss models are generated by substituting d0,
PLd0, and n values into (1). Then, the errors between the
generated models and the measurement data are calculated.
The n valuewithminimum error is determined as nbest value,
and the d0 value used to generate nbest is chosen as optimum
reference distance. In this study, n values were obtained from
(1) using this described approach in [24].

2.1.2 Two-Ray Path Loss Model

Power law models, such as log-distance model, take into
account only one path, which is a non-obstructed line-of-
sight (LOS) ray, between the Tx and Rx. Two-ray ground
reflection path loss model consists of both direct path (LOS)
and ground-reflected path. The formulation of two-raymodel
is given as follows [32]:

Etot(d, t) = E0d0
ddirect

cos

(
ωc

(
t − ddirect

c

))
+

�
E0d0
drefl

cos

(
ωc

(
t − drefl

c

)) (2)

where E0 is the free-space E-field (in units of V/m) at a
reference distance (d0) from the transmitter, ωc is the carrier
frequency in radians per second, ddirect is the distance of the
direct path between Tx and Rx, t is the time in second, c is
the speed of light given in m/s, � is the ground reflection

coefficient, and drefl is the distance of the ground-reflected
path between Tx and Rx.

The simplified two-ray model has been used in most stud-
ies. This model assumes that d � ht + hr while calculating
ground reflection coefficient (�) anddistancedre f l .However,
using the actual height of the antennas is important. Because
even small differences in height of either Tx or Rx result
in a significantly different interference relationship between
the direct and ground-reflected ray. This is also emphasized
and used in [12]. For the case when the first medium is free
space, the reflection coefficients for the two cases of vertical
and horizontal polarization can be simplified to [32]

�‖ = −εr sin θi + √
εr − cos2 θi

εr sin θi + √
εr − cos2 θi

(3)

�⊥ = sin θi − √
εr − cos2 θi

sin θi + √
εr − cos2 θi

(4)

where εr is the relative permittivity and θi is the incident
angle. The relative permittivity is not chosen at a fixed value
(1.003 or 3.75) as in [12, 14]. The antenna location, diffrac-
tion over the vehicle roof, and the roughness of the road affect
the reflection coefficient. Therefore, in this study, εr values
were calculated using least-square method to minimize error
between the two-ray model and the measurement data for
each different scenarios.

2.2 Shadowing

The multipath in the raw measurement data should be
removed to analyze shadowing. For this purpose, the average
of signal strength received should be calculated in a deter-
mined interval which was chosen 3m distance. Because,
it should be greater than GPS sensitivity (2.5m) and have
enough data points in statistical evaluation. Thus, the multi-
path effect was removed from the data. After that, remaining
data include both path loss and shadowing components.
Finally, the shadowing part was obtained after removing the
path loss component modeled by log-distance or two-ray
according to better fitting performance from the remaining
data. Shadowing is generally modeled with zero-mean Gaus-
sian distribution in V2V communication ( [1, 3, 7, 8, 13–16])
and presented with the standard deviation (σ ) of this Gaus-
sian distribution calculated from the shadowing part.

2.3 Multipath

Multipath in the radio channel creates small-scale fading
effects and assumes rapid fluctuations over the average sig-
nal power received in measurement data. After the average
received signal strength is removed from the raw data, the
multipath part remains. This process is carried out by using
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a sliding window of determined distance interval (three
meters). However, the received signal values correspond-
ing to the same distance at different moments are handled
together when the measurement data are analyzed based on
the distance. In other words, the multipath effect belongs
to different times corresponding to the same distance can be
evaluated. This causesmultipath to be interpreted incorrectly.
Therefore, path loss deviations is interpreted as multipath
when an analysis is made depending on sliding window
of distance. To overcome this problem, the measurement
data are evaluated according to the time, not distance. The
multipath is analyzed according to the order of the packet
sequences to make an evaluation in terms of time. In the
literature, the multipath is modeled with commonly used sta-
tistical distributions such as Rician, Weibull, Nakagami-m,
and Rayleigh and Akaike Information Criteria (AIC) is used
in selecting themost suitablemodel ( [25]). AIC is calculated
as

AIC = n

[
ln

(
RSS

n

)]
+ 2k (5)

when using residual sum of squares (RSS). k is the number
of parameters in the model, and n is the sample size [33]. The
smallest value of AIC indicates the best model for the data.
However, the best model among of the candidate models is
chosen with Akaike weights whose formula is as follows:

ωi = e−0.5�i∑R
r=1 e

−0.5�r
(6)

Here,�i = AICi −min(AIC). Akaike weight is between 0
and1. Sumof allAkaikeweights is equal to 1.Themodelwith
the highest Akaike weight is considered the most suitable
model for the multipath.

3 Measurement Campaigns

3.1 Measurement Setup

Two vehicles (2015 Ford Focus, 2004 Volkswagen Bora)
which have almost similar heights were used for V2V com-
munication channel measurements. The measurement setup
in both vehicles includes aDSRCOBU (withGPS andDSRC
antennas), a laptop, a car camera, a 12/220 V inverter, and a
car cigarette lighter splitter as shown in Fig. 1. The specifi-
cations of DSRC OBU used in this study are summarized in
Table 1. Two omnidirectional DSRC antennas connected to
DSRC OBUs were mounted on the roofs of the vehicles.
The car cameras were used to analyze the measurements
as needed. For the measurements, laptops send commands
to DSRC OBU via Ethernet port to generally start/stop the

Fig. 1 Measurement setup

Table 1 DSRC OBU specifications

Parameter Values

Standard IEEE 802.11p

Center frequency 5.9 GHz

Data rate 3–27 Mbps

Transmitted power 22 dBm

Antenna gain 5 dBi

Antenna heights Vehicles - 1.48m
(Tx) and 1.45m
(Rx) + 0.1m
antenna heights

Receiver sensitivity −99 dBm at 3 Mbps

records. The car cigarette lighter splitters were used to mul-
tiply the car cigarette lighter that supplies all devices. The
inverters were used to charge the laptops.

3.2 Measurement Environments and Scenarios

V2Vcommunicationmeasurementswere carried out in high-
way and suburban environments in Gümüşhane, Turkey, as
shown in Fig. 2. In total, 112859 data packets were collected
during the measurements. Highway (H) is two-lane roads in
each direction with low traffic density and vehicles driving
at high speeds. Suburban (SU) is a two-lane roads in each
direction (separated by median strip) with medium traffic
density and vehicles moving at medium speeds. In addition,
the latitude and the longitude coordinates of the measure-
ment environments are given in terms of decimal degrees in
the caption of Fig. 2.

4 ProposedModel

Log-distance and two-ray models are widely used in V2V
communication path loss modeling. In this study, first, the
raw data (in Fig. 3a) obtained from a highway environment
were modeled with these two models as shown in Fig. 3b.
Then, one that has the highestR2 value betweenmeasurement
data and model results was defined as a selection criterion
in order to determine the most suitable one among the two
aforementioned propagationmodels.However, some shifting
errors occur when the measurement data are fitted to one of
these models. For instance, in Fig. 3b, although the two-ray
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Fig. 2 Measurement environments
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Fig. 3 An example of path loss modeling. Blue dots show the raw data,
yellow line shows the log-distance model, green line shows the two-
ray model, and orange line/dots show the best-fitted path loss model
(log-ray)

model has the highest R2 value, there is a non-negligible shift
between the model and the measurement data. Thus, another
selection criterion should also be defined for a better path
loss modeling. In our study, the RMSE value between the
measurement data and model was preferred as a selection
criterion in addition to the R2 value to increase the modeling
performance.

On the other hand, although the combination of R2 and
RMSE values provides better modeling performance, there
is still a considerable shift in some data modeled with two-
ray path loss, as in Fig. 3b. The reason for this is that the

parameter variation in the two-ray path loss modeling is
limited only by the ratio of the constructive and destructive
effect of the ray reflected from the ground. In other words,
the direct ray value of the two-ray path loss model corre-
sponds to the log-distance model whose n parameter is 2
(as in free space). However, the n value can be less or more
than 2 in V2V communication. Therefore, even if the mea-
surement data characteristically follow the two-ray model,
shifts occur between the two-ray model and the data when
n is different from 2. To correct this shift error due to the
constant n=2 value, themodel parameters should be both sen-
sitive to the path loss exponent changing and represented by
characteristics of the two-ray model. In this study, to over-
come the representation problems of the raw data, a new
modified model named “Log-Ray Path Loss Model” (here-
after called as log-ray model) is proposed by combining the
log-distance and two-ray models. In Fig. 3c, the compari-
son of log-distance, two-ray, and log-ray models in terms
of fitting performance is presented. It is clearly seen that
log-ray model fits the measured data better than the other
models. Finally, the combination of the most suitable shad-
owing, multipath, and best-fitted proposed model (log-ray)
is obtained in Fig. 3d. The following equations are provided
to clarify how log-ray model is achieved theoretically.

The received power at distance d from the Tx, Pr (d),
according to the Friis free-space loss equation is given as

Pr(d) = PtGtGrλ
2

(4π)2d2
(7)

where Pt is the transmitted power (W) from the Tx, λ is the
wavelength (m), Gt and Gr are Tx and Rx antenna gains,
respectively. The free-space received power Pr(d) (W) can be
given with the power flux-density (Pd) and effective antenna
aperture (Ae) as

Pr(d) = Pd Ae = |E(d, t)|2
120π

Grλ
2

4π
= |E(d, t)|2Grλ

2

480π2 (8)

where E(d, t) is the free-space electric field at the distance
d and given as

E(d, t) = E0d0
d

cos

(
ωc

(
t − d

c

))
(9)

where E0 is the electric field at the reference distance d0
from the at Tx. In (8), |E(d, t)| represents the envelope of
the electric field at a distance d and equals E0d0/d. Thus, the
square of the electric field amplitude in (9) can be written as

|E(d, t)|2 = E2
0

(
d0
d

)2

(10)
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where (d0/d)2 indicates the variation of the electric field
with the square of the distance, and this square expression
comes from the path loss exponent for free space n= 2. In
the log-ray model, by using the n value obtained from the
measurements instead of the square expression in (10), the
electric field at the Rx is obtained that represents the char-
acteristics of the propagation environments that differ from
free-space conditions. Thus, the expressions |E(d, t)|2 and
|E(d, t)| are rearranged as

|E(d, t)|2 = E2
0

(
d0
d

)n=2

(11)

|E(d, t)| = E0

(
d0
d

)n/2

(12)

By this way, Elog−ray(d, t), the total electric field at Rx of
the proposed log-raymodel can be obtainedwith substituting
(12) in (2) as

Elog-ray(d, t) = E0

(
d0
d ′

)n/2

cos

(
ωc

(
t − d ′

c

))
+

�E0

(
d0
d ′′

)n/2

cos

(
ωc

(
t − d ′′

c

)) (13)

Finally, the received signal power in the proposed log-ray
model, Plog-ray(d), at the distance d can be calculated as

Plog−ray(d) = |Elog-ray|2Grλ
2

480π2 (14)

In order to use the log-ray model, firstly, n, d0 and PLd0

values should be obtained for the related propagation envi-
ronment [24]. Then, the received signal power corresponding
to the optimum reference distance, Pr (d0), can be calculated
as Pr (d0) = Pt − PLd0 and E0 is obtained as

E0 =
√

Pr (d0)480π2

Grλ2
(15)

Lastly, after obtaining the values of n, d0 and E0, the total
electric field, Elog-ray(d, t), and the received signal power,
Plog-ray(d), for the proposed log-ray model are calculated
according to (13) and (14), respectively.

5 Results

A path loss modeling based on five different measurement
scenarios at 5.9GHzwas carried out in highwayand suburban
environments were presented in this paper. These scenar-
ios can be classified as highway same direction (Hs) where
the measured vehicles move in the same direction, highway

low/high speed (Hls/Hhs) where themeasured vehiclesmove
at slowandhigh speed, and suburban same/opposite direction
(SUs/SUo) where the measured vehicles move in the same
or opposite direction. All the simulations were conducted in
MATLAB® environment.

First, path loss parameters (n, d0, and PLd0) were cal-
culated by using the authors’ previously proposed approach
[24] which is based on optimum d0 estimation and best n cal-
culation according to the nature of measured data. Obtained
n, d0, PLd0, and εr for five different scenarios in highway
and suburban environments are given in Table 2. In this study,
n values of 1.5–1.81 in highway scenarios and 1.71–1.92 in
suburban scenarios were obtained, while εr values were cal-
culated between 1.007 and 1.014 in highway scenarios and
between 1.005 and 1.006 in suburban scenarios. The n values
obtained for LOS, NLOS, and OLOS links in highway, free-
way, open road, and expressway environments from similar
RSSI and SG-SAmeasurements in the literature were 1.77 in
[1], 1.99–2.05 in [2], 1.33–2.78 in [3–7] and [21], 2.4 in [19],
and 1.6–1.9 in [22]; the n values obtained in the suburban
environment are 1.57 in [1], 1.59–3.41 in [3–5] and [15–17],
1.57 in [13], 1.2–2.22 and 1.6–1.76 in [14]. In this context,
it has been seen that the obtained n values are in agreement
with other results in the V2V literature. If an evaluation is
made in terms of εr values, few studies have presented εr
values, directly. In [9], this value was found to be 1.003,
which is consistent with our study. On the other hand, in [19,
25], although two-ray was used for path loss modeling, no εr
value result was reported. In [3], [6], and [10], r values were
obtained instead of εr values and were given as 0.44, 0.353,
and 0.7, respectively. Then, the large-scale characteristics
of different propagation scenarios were analyzed with path
loss modeling. Visual comparisons of path loss modeling
were conducted for five different measurement scenarios, as
shown in Fig. 4. These qualitative results were given to com-
pare the performance of the proposed log-ray model over the
other two models (log-distance and two-ray) in Fig. 4a, c, e,
g, i. One can conclude from Fig. 4 that although the two-ray
model seems to be one of the appropriate models to represent
measured data, the results of the log-raymodel provide a bet-
ter modeling performance by overcoming the unrecoverable
shifting errors. Last, in Fig. 4b, d, f, h, j, a comparison of the
log-ray Model with measured data was shown with the com-
bination of the most appropriate shadowing and multipath
model.

Additionally, the quantitative results for all path loss mod-
els and propagation scenarios are given in Table 2 for a
complete comparison. These values show the metrics of R2

and RMSE of measurement data and model results for high-
way and suburban environments. If a comparison is made in
terms of the R2 criterion (in Table 2), while the average R2

value in five different propagation scenarios was calculated
as approximately 0.92 for two-ray and log-ray models, it was
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Fig. 4 Log-ray path loss model results. The letters in the figures are
abbreviations for H: highway, SU: suburban, s: same direction, o: oppo-
site direction, ls: low speed, hs: high speed, and pck:packets
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Fig. 5 Akaike and probability density function (pdf) results of multi-
pathmodels of themeasurement scenarios in Table 2. The abbreviations
are R: Rician, N: Nakagami, and W: Weibull distributions. The values
in parentheses are the parameters of the models

calculated as 0.86 for the log-distance model. In other words,
the model with the worst fit was the log-distance. However,
as we mentioned in Fig. 3 before, it is not enough to choose
only the one with a high R2 value when determining the most
suitable model. Thus, not only a higher R2 value but also a
lower RMSE value should be the criteria for determining the
best-fit model. When the log-ray and two-ray models have
the highest R2 values, it is clearly seen that for the Hs, Hls,
Hhs, SUs, and SUo scenarios, the RMSE values of 5.62 dB,
3.19 dB, 2.66 dB, 3.85 dB, and 3.30 dB in two-ray changed
as 2.01 dB, 2.50 dB, 2.24 dB, 3.14 dB, and 2.83 dB in the
log-ray model, respectively. That is, the fitting errors of the
proposed model decreased by 64%, 21%, 15%, 18.4%, and
14% compared to the two-ray model for the Hs, Hls, Hhs,
SUs, and SUo scenarios, respectively. As a result, it is clearly
seen that the log-ray model has the smallest fitting errors for
all propagation conditions.

On the other hand, small-scale characteristics of the five
different propagation scenarios were analyzed with statis-
tical distributions such as Rician, Weibull, Nakagami-m,
and Rayleigh. For all the calculations, the data points were
grouped and analyzed at intervals of 3 m over time. First,
the probability distribution functions (PDFs) of themeasured
data and candidate statistical models were obtained as shown
in Fig. 5b, d, f, h, and j. Then, the AIC which evaluates the
goodness-of-fit between the statistical models and measured
data was used in the most suitable model selection as pre-
ferred in [25]. Figure 5a, d, f, h, j shows a plot of the Akaike
weights calculated by (5) and (6) for the statistical distribu-
tions that have been widely used in the V2V scenarios. After
multipath modeling, several observations in this comparison
(in Fig. 5) are worth noting. Nakagami-m distribution shows
the best fit in the Hs and Hls scenarios for 46% and 50%,
respectively, while the Rician distribution also indicates a
reasonable fit with a best-fit rate of 38% and 41%. Addition-
ally, the Rician distribution has the best-fit rate of 49%, 52%,
and 48% in the Hhs, SUs, and SUo scenarios, respectively,
while the Nakagami-m distribution also shows a reasonable
fit with a best-fit rate of 43%, 43%, and 42%. As a result,
we concluded that Nakagami-m and Rician distributions are
generally good at representing each scenario, while Weibull
and Rayleigh distributions do not provide the best fit in five
V2V scenarios as shown in Fig. 5. Nakagami-m distribution
offered the perfect for Hs and Hls scenarios, while Rician
distribution performed best for Hhs, SUs, and SUo scenar-
ios as presented in Table 2. Finally, shadowing was modeled
with a zero-mean Gaussian distribution, and the results were
obtained as given in Table 2 for five different propagation
scenarios. The standard deviation of Gaussian distribution is
related to the propagation environment and was calculated
from the measured data as 0.54 dB, 1.21 dB, 0.89 dB, 1.39
dB, and 1.02 dB forHs,Hls, Hhs, SUs, and SUo, respectively.
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6 Conclusion

In this study, the log-ray path loss model has been proposed
for large-scale modeling of V2V communication channels
taking into account the changing n value due to the nature
of propagation environments. The main motivation of this
work is to overcome the fitting errors between the two-ray
model and the data when n is especially different from 2 and
furthermore to provide a more realistic representation of the
measured data with a modified path loss model including the
changing n parameter. The extensive sets of measurement
data were collected mainly in two propagation environments
(highway and suburban) for five different scenarios. The fit-
ting performances were compared with R2 and RMSE as
quantitatively (in Table 2) and were compared qualitatively
(in Fig. 4) for all scenarios. The average RMSE value of the
log-ray model in five different propagation scenarios is 2.54
dB, which is 17.5% and 32% better than the log-distance
and two-ray models, which are 3.07 dB and 3.72 dB, respec-
tively. These results prove that our proposed log-ray model
fits the measured data better than both log-distance and two-
ray models.

On the other hand, small-scale modeling and shadowing
were also analyzed for all measured data because other vehi-
cles, roadside trees, etc., can lead to channel fading, and
the fading varied with the propagation environment. For the
sake of completeness, small-scale and shadowing modeling
results were also combined with the log-ray model to show
the most suitable V2V channel model. The multipath was
modeled best with Nakagami-m and Rician statistical distri-
butions, and AIC was selected as the decision criterion since
it is frequently used in the literature (Fig. 5). As a result, it
is clearly seen that the proposed log-ray modeling presents
more accurate representations as shown in Table 2. In this
aspect, to the best of the authors’ knowledge, the log-ray
path loss modeling approach is proposed for the first time for
V2V channel modeling. We believe that the proposed model
will be very helpful for path loss investigations based onV2V
communication channel measurements and additionally can
serve as the basis for the design of V2V communication
systems. In the future, more data for different propagation
environments in Turkey such as urban, suburban, rural, high-
way, freeway, expressway, forest, parking, and tunnel can be
measured. Thus, overall, the proposed log-ray model perfor-
mance can be compared with existing path loss modeling
approaches in the literature to contribute to the further V2V
channel modeling studies.
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