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ABSTRACT Due to the need for larger bandwidth, future mobile networks may primarily operate over
millimeter-wave (mmWave) bands. In this regard, one of the central research topics today is mmWave
channel modeling. However, highly mobile vehicle-to-vehicle (V2V) mmWave channels pose an open
question because conducting measurements may be challenging in this environment. The existing pub-
lications on mmWave V2V channel modeling consider line-of-sight (LoS) or single-blocker scenarios.
Accordingly, the impact of interference from adjacent vehicles is not taken into account. Conventional
analytical models suggest that path loss (PL) strikes equally in all directions whereas measurements
are inherently directional, especially in the case of mmWave propagation. Recently, it was proposed to
synthesize the omnidirectional PL from directional measurements. However, with this method, the resulting
PL is underestimated. Moreover, theoretical models assume that vehicular transceivers follow a certain
predetermined distribution, which may not be accurate in real-world scenarios. Several works take into
account the directionality of an antenna pattern when the antenna orientation is known. However, the effects
of reflection, diffraction, and transmission through obstacles are not considered. One way to avoid these
limitations is to use ray-based simulations. However, the ray-launching (RL) approach does not specify
any criteria for the directionality of the antenna patterns. Assuming omnidirectional PL appears impractical
for mmWave transmission where directional communication is crucial to combat high PL. In this paper,
we propose an approach for synthesizing directional PL based on extensive RL modeling. For the obtained
directional and omnidirectional PL, we parametrize the close-in (CI) and float-intercept (FI) channel models.
As a result of our modeling, from 0.1 to 2.7 for the LoS and from 0.1 to 2.6 for the non-LoS (NLoS) higher
PL exponent is observed as compared to the omnidirectional case.

INDEX TERMS 28 GHz, millimeter-wave propagation, directional antennas, V2V, channel modeling.

I. INTRODUCTION
The problem of road accidents has always been essential as it
relates directly to human life. Pursuant to statistics [1], more
than a million people lose their lives on roads every year
and about half a hundred million more people suffer non-
fatal injuries [2]. To address this problem, the IEEE 802.11p
standard on V2V communication was released. It enables
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transmission between vehicles moving at speeds of more
than 100 km/h [3] through the formation of a vehicular ad-
hoc network (VANET). The IEEE 802.11p technology repre-
sents a modification of the IEEE 802.11a/g (WiFi) standards,
which increases the tolerance to multipath in the high-speed
environment. Consequently, it provides data rates ranging
from 6 Mbps to 27 Mbps to enable exchange of sensing
data [4]–[6]. However, it may not be sufficient for reliable
continuous connections in real time [7], which are needed
for the most promising road-safety applications that involve
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e.g., self-driving cars. The requirements of high data rates and
low latencies can be satisfied by the novel 5G technology
because it becomes feasible to achieve data rates of up to
10Gbps due to the rise in bandwidth [8]. This growth is owing
to the transition toward the mmWave spectrum where about
500 MHz of bandwidth may be made available.

However, radio propagation in mmWave significantly dif-
fers from that in microwave. The dissimilarities are in higher
reflectively and penetration losses as well as in stronger
susceptibility to weather conditions, such as rainfall or
loss of foliage [9]. In addition, higher free-space, scatter-
ing, transmission, and diffraction losses pertain to mmWave
communication. Hence, directional antenna patterns and
beamforming algorithms are considered as key enabling 5G
technologies [10] to avoid the mentioned effects. On the
other hand, the conventional approach for the path loss (PL)
analysis tends to be omnidirectional. By conducting a mea-
surement campaign, one can define a directional PL, i.e.
specific to a certain transmitter (Tx) – receiver (Rx) antenna
combination. However, V2V communication measurements
are challenging, thus accuracy of modeling plays a significant
role. Today, radio propagation specialists employ Geometri-
cal Optics (GO) and Uniform Theory of Diffraction (UTD)
based on RL algorithms for indoor and outdoor propagation
simulations. The RL and ray-tracing (RT) approaches are
believed to be the most suitable for radio wave propagation
modeling because they account for transmission, reflection,
and diffraction effects, as well as physical properties of the
considered objects and the environment [11]. On the other
hand, they pose significant challenges when solving non-
conventional tasks with commercial RL tools.

A. RELATED WORK
The following studies can be considered as pioneering
research works where measurements were conducted for
V2V communication over mmWave. In [12], angle-of-arrival
(AoA) measurements were carried out at 60 GHz, and it was
demonstrated that a variation in the Tx and Rx separation
distances provides different root mean square (RMS) delay
spreads. The RMS delay spread measurements were also
conducted in [13]. In [14], measurements were carried out
in the conditions of an empty highway for two vehicles at
60 GHz. Measurements under similar settings were arranged
in [15] to determine the applicable distance for inter-vehicle
communication. At the same time, several studies [16]–[18]
employ measurements to analyze the effects of different
antenna positions on a vehicle. However, in that case, the two-
ray model is utilized in all of the mentioned publications,
which considers only LoS and reflected paths.

In contrast to these previous studies, more realistic mea-
surement setups were reported more recently. The empir-
ical PL model for V2V channel at 60 GHz was obtained
by the authors of [19], where measurements were carried
out with horn antennas placed at the bumpers of vehicles
in the LoS and NLoS conditions between the Tx and the
Rx. However, the formulation presented in [19] requires to

know the number of blocking vehicles between the Tx and
the Rx, which might be difficult to determine in real-life
situations due to the changing speed of vehicles. It is also
important to emphasize that vehicles between the Tx and the
Rx were considered in [19]–[21] only as blocking objects,
which does not account for the interference effect. The inter-
vehicle blockage was also studied in [22] by conducting mea-
surements at 6.75, 30, 60, and 73GHzwith an ultra-wideband
(UWB) multi-channel sounder. Other state-of-the-art works
related to mmWave vehicular channel measurements were
reviewed in [4], [23].

It was suggested in [24] to synthesize the omnidirectional
PL from directional measurements by a summation of the
received power at each of the unique measured antenna
pointing angle combinations. This method allows to compare
measured results with analytical models. However, following
this approach, there is a risk to underestimate the PL. Stochas-
tic channel models for V2V communication were proposed
in [25], [26] but antenna patterns were not considered either.
On the other hand, there are several works where the antenna
directivity is accounted for [27]–[29]. However, the men-
tioned publications are aimed to investigate and optimize
the connectivity, throughput, or blockage probability; thus,
they do not focus on channel characterization. In addition,
these papers do not consider such propagation effects as
transmission through vehicles, diffraction, and environmental
properties. Moreover, the utilization of a stochastic model
entails a deterministic distribution that may not always be
achieved in real-world scenarios according to statistics [30].
One may argue that geometry-based stochastic channel
models (GSCMs) [31]–[33] are able to provide sufficient
accuracy. However, they also require preliminary channel
parameters from measurements to reproduce results reliably.

Several popularmmWave channelmodels adopt the RL/RT
techniques or map-based models, for instance, [34], [35].
This allows to capture the effects of transmission, reflection,
diffraction, link blockage, scattering, and multipath fading.
However, all mentioned models are limited to the omni-
directional transmission. This approach in the context of
V2V communication was addressed by the authors of [36].
In [37], vehicle-to-infrastructure (V2I) channel modeling was
produced at 28 GHz using the RT techniques. Nonetheless,
the antenna directivity is particularly crucial for V2I com-
munication because there is a need to avoid blockage and
interference not only from the neighboring vehicles but also
from the urban surroundings. A step toward the directional
mmWave V2V modeling was made in [38] where a theoret-
ical analysis of the Doppler power spectrum was reported in
the presence of beamforming within V2I scenarios.

B. OUR CONTRIBUTION
In this paper, we propose a novel approach for the ray-based
modeling of directional transmission. Our work is motivated
by a gap in past works, which can be determined as follows.
Ray-based models do not take an antenna pattern into consid-
eration while stochastic models cannot guarantee the same
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accuracy of simulations as the RL/RT modeling. Moreover,
vehicles under any stochastic model are located according to
a predetermined distribution, which cannot be guaranteed in
real-life situations [30]. The GSCM requires accurate chan-
nel parametrization provided by measurements or geometri-
cal modeling. Measurement campaigns yield directional PL;
thus, a comparison with the omnidirectional models becomes
infeasible. A summation of the received power at each posi-
tion of antenna pointing angles underestimates the losses. Our
study is intended to mitigate this inconsistency; therefore,
it is aimed to parametrize the PL model for mmWave V2V
highway scenarios by using our framework, which is based on
the RL tool that employs site-specific deterministic models.
The adequate accuracy of our RL simulator was demonstrated
in [39], [40]. The developed framework enables the formation
of a VANET in a V2V scenario. In thus formed VANET,
an antenna pattern is employed on every established link.
During our simulations, the direction of the antenna is tracked
according to the maximum signal-to-noise ratio (SNR) crite-
rion. Using the RL modeler in this study allows us to con-
sider such signal propagation effects as reflection, diffraction,
and transmission through obstacles. The contributions of this
paper are summarized as follows:
• We propose a method to synthesize the directional PL
for mmWave V2V channel modeling, which employs
ray-based techniques.

• We address a site-specific highway scenario where vehi-
cles on the road are not considered to follow a random
process of time.

• For the considered V2V highway deployment, we
parametrize the CI and FI PL models considering the
direction of the antenna pattern, which is essential for
mmWave applications.

• We also provide parameters for the considered vehicular
scenario with omnidirectional antennas. This additional
modeling is needed to compare the obtained directional
PL parameters with the omnidirectional case. The com-
parison is useful to underline the practical importance
of accounting for antenna patterns in simulations. These
results significantly extend our work reported in [36].

The rest of this text is organized in the following way.
Section II describes the vehicular scenario and approach,
which were considered in our simulations. Section III out-
lines the methodology for obtaining the directional PL and
V2V channel parameters. Section IV reports our simulation
results with a comparison of omnidirectional and directional
modeling. Conclusions are drawn in Section V.

II. SCENARIO AND APPROACH
A. VEHICULAR SETUP
As our simulation scenario, we use the deployment, which is
shown in Fig. 1. In the simulations, this scenario is modeled
as a 3D polygonal object. We consider low and high densities
of vehicles on the highway area of 700 × 15 m. The low-
dense scenario comprises of 42 cars. Together with the given
size of a highway, this corresponds to a vehicular density

FIGURE 1. Vehicular deployment of interest with considered antenna
pattern.

of 0.001 cars per square meter. The high-dense scenario con-
tains 106 cars, which reflects a vehicular density of 0.04 cars
per square meter. The length of the highway was chosen
according to [41], where it was argued that one mmWave
transceiver covers the maximum radius of 200 m. The dis-
tance of 200 m is also comparable to the cell radius, which
is presently employed by the ultra high frequency (UHF)
cells. Hence, the length of the highway should be greater
than 200 m to consider the cases where the Tx and the Rx
cannot reach each other. The dielectric permittivity of the
pavement is ε = 6 and the conductivity is σ = 0.04, while
each vehicular body is a perfect electric conductor (PEC)with
ε = 0 and σ = Inf .
For both densities, all cars were equipped with four anten-

nas, which were deployed on the bumpers: more precisely,
in the front, rear, and sides of the vehicles. The antennas were
placed on the bumpers to increase the number of reflected
paths. As it was mentioned earlier, this occurs due to the
higher reflectivity of mmWave. Also, this antenna placement
allows to reduce harmful interference from adjacent vehi-
cles. The height of the antennas is 0.35 m. Every antenna
pattern is approximated by a Gaussian shape as it is shown
in Fig. 1. The parameters of the antenna pattern and the
scenario, which were utilized in our modeling, are listed
in Table 1. During the simulations, we vary the parameters
of the antenna pattern. More specifically, we change the half
power beamwidth (HPBW) from 10◦ to 30◦ and the strength
of the sidelobes (SL) from 13 dB to 30 dB.

B. SIMULATION MECHANISM
Formally, the considered calculation procedure is divided
into three parts. First, we collect the channel state infor-
mation (CSI) from all Txs to all Rxs with our RL tool.
The CSI comprises of such parameters as AoA, angle-of-
departure (AoD), time-of-arrival (ToA), and received power.
To compute these, Txs are assigned consistently in a for loop
of 168 or 424 transceivers, while the rest of the antennas are
made to be Rxs. The values of 168 and 424 correspond to
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FIGURE 2. Employed simulation algorithm.

TABLE 1. Modeling parameters.

the total numbers of transceivers. They can be obtained by
multiplying the number of cars by 4. Accordingly, at the first
iteration, the power is calculated for one of the Txs to all the
Rxs. At the next iteration, this is done for the second Tx to all
Rxs and so forth.

At the output of the RL, we obtain a symmetric 168× 168
or 424 × 424 cell array for both of the considered densi-
ties of vehicles. The cells of the array are filled with the
CSI between each pair of the Tx and the Rx. Due to the
symmetry of the resultant array w.r.t. its diagonal, the chan-
nel reciprocity principle is applied. Hence, only half of the
cells can be considered to reduce the memory consumption.
In the second part, using the Delaunay triangulation method,
we conditionally connect vehicles to create a VANET.
Further, the algorithm iterates over the neighboring antennas
to establish a connection. The choice of the link is made
based on the maximum SNR level at the antennas. Also,
the following two criteria should be satisfied. The first one
is that a pair of antennas should have at least one path, which

was calculated by the RL. The second criterion is fulfilled
if AoA and AoD do not conform to the end-fire antenna.
Hence, all the multipath components (MPCs) with AoD or
AoA of more than 80◦ are excluded from the simulations.
Further, it should be noted that each car can be connected
to another car with only one link. Finally, the antenna pattern
is imposed along with the links calculated in the second path.
As an example, the vehicles in Fig. 1 are connected according
to this mechanism. Our step-by-step algorithm is introduced
in Fig. 2.

C. RL MODELING
The RL simulator is used for obtaining the CSI: received
power, ToA, azimuth and elevation AoA and AoD. The RL
input data consists of geometrical and physical components.
The calculation procedure is divided into 4 steps. Verification
and conversion of the input data are handled in the first step.
The input data consists of a 3D model of the environment,
Tx-Rx antenna locations, and the physical parameters (dielec-
tric permittivity, conductivity, and roughness of materials).
The Tx power is set to 0 dBm in order to equate the Rx
power to the PL value. In the second step, all of the possible
MPCs between the Tx and the Rx are calculated. During
the calculations at this stage, the rays are generated from
the surface of a geodesic sphere. The intersection of a ray
with an object boundary is implemented with the Smith’s
algorithm [42]. If an intersection was found, the ray-polygon
intersection test [43] is performed. To describe the detected
paths, the image method is utilized. In the next step, the
GO and UTD are applied to capture electric and magnetic
fields. Additionally, the single-order diffuse scattering model
[44], [45] is employed to supplement the GO and UTD
methods.
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The last stage corresponds to the post-processing, which is
described more thoroughly in the next section. Importantly,
it should be highlighted here that the purpose of developing
our own RL simulator was to achieve flexible post-processing
capabilities. While existing commercial simulators allow to
obtain basic parameters, there is limited possibility to modify
the original code. This fact makes them inconvenient for
in-depth research. Our custom tool allows to incorporate dif-
ferent models. In the context of this work, its use is essential
because it becomes possible to combine the RL modeling
together with the VANET formation algorithm.

To reduce the computational time, the number of MPCs is
limited to 20 in our RL simulations. Reliance on the RL sim-
ulator allows us to not only estimate the contribution of the
strongest path but also account for the reflected and diffracted
MPCs. We incorporate such effects as reflection, diffraction,
transmission through occluding vehicles, and diffuse scat-
tering. Another case that we consider in our modeling is
the amount of bandwidth available at the Rx side. The first
situation is when there is larger bandwidth at our disposal and
the second one is when the bandwidth is smaller. The latter
refers to the bandwidth of less than 25 kHz according to Euro-
pean Telecommunications Standards Institute (ETSI) [46].
For smaller bandwidth, the summation of MPCs is done
incoherently because the Rx is not able to resolve them.
In contrast, with larger bandwidth, theMPCs are resolved and
the summation is done coherently.

III. DIRECTIONAL ANTENNA MODEL
Before a recalculation of the received power, it is important to
compute the attenuation in all the directions, which is caused
by the antenna pattern. To mimic the attenuation, we apply
the 3GPP model, which is given by [47]

A(θ) = −min[12(
θ +1θ

θ3dB
)2,Am], (1)

where Am is the maximum attenuation in the range of
180 ≤ Am ≤ 180; θ3dB is the HPBW; θ is the AoA, which
is delivered by the RL simulator. In other words, this angle
corresponds to omnidirectional transmission; 1θ is the AoA
that reflects the recalculation with the antenna pattern. The
value of 1θ is determined as

1θ =



(xRX − xTX )2√
(xRX − xTX )2 + (yRX − yTX )2 + (zRX − zTX )2)

(yRX − yTX )2√
(xRX − xTX )2 + (yRX − yTX )2 + (zRX − zTX )2)

(zRX − zTX )2√
(xRX − xTX )2 + (yRX − yTX )2 + (zRX − zTX )2)

.

(2)

The above equation represents Cartesian coordinates of
the required direction. To obtain the AoA in radians,
the coordinates need to be converted to the spherical system.
After applying the antenna pattern, the corresponding power

recalculations are produced by the following equation:

Pi[dBm] = PiRL + At + Ar + GTX + GRX , (3)

where P is the power of the i-th MPC recalculated according
to the antenna direction; PiRL is the power of the i-th MPC
delivered by the RL; At is the attenuation at the Tx; Ar is
the attenuation at the Rx; GTX is the gain provided by the Tx
antenna pattern; GRX is the gain provided by the Rx antenna
pattern. Both gains are set to 0 dBi in our case.

IV. PL MODELS
A. FI MODEL
TheRx power in a communication system can be expressed as

PRX [dBm] = PTX + GTX + GRX − PL. (4)

To estimate the large-scale PL, we consider two PL models
that are the FI PL model [48] and the CI free-space reference
distance PL model [49]. The fact that these models are the
most popular in the literature ensures a reproducible compar-
ison of the scenarios. The FI model is based on a regression fit
to the PL versus distance dependence. The traditional single-
slope FI model, which is referred to as the log-distance law,
is given by

PLFI (d)[dB] = PL0 + 10nlog10(d/d0)+ XFIσ , (5)

where d is the Tx-Rx separation distance; n is the PL expo-
nent; Xσ is the zero-mean Gaussian distributed random vari-
able in dB (large-scale fluctuations due to shadowing) with
the standard deviation σFI , which is also known as spreading
factor (SF); d0 is the reference distance and PL0 is the inter-
cept point in dB. In our simulations, the reference distance is
d0 = 1 m. Hence,

PLFI (d)[dB] = PL0 + 10nlog10(d)+ XFIσ . (6)

To obtain the PL exponent n and the FIPL0 values, the best-
fit linear regression is utilized. The PL0 and n parameters in
this case are the optimization parameters, which are deter-
mined by the least-square linear regression fit. Hence, the PL
exponent n represents the linear slope of the form

n =

∑N
i=1(di − d)× (PLi − PLFI )∑N

i=1(di − d)2
, (7)

where di is the distance of the i-th MPC; PLi is the PL of the
i-th MPC; d is the average distance; and PL is the average
PL of the entire data set. The PL0 is the intercept of the
linear regression fit, which determines the starting point of
the approximation. Numerically, it can be established as

PL0[dB] = PLFI − n10log10(d). (8)

For the linear regression, the expressions (7) and (8) are
solved simultaneously. For the FI model, the value of PL0
can be interpreted as the reference PL data point. The SF
describes a random variation around the distant-dependent
large-scale PL model. Having the knowledge of the SF is
essential because it allows to predict the PL behavior without
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site-specific details of the environment. The goal of the linear
regression fit is to minimize the standard deviation, which is
given by

σFI [dB] =

√∑
(XFIσi )

2/N

=

√√√√ N∑
i=1

(PLFI (di)− PL0 − 10nlog10(di))2/N , (9)

where N is the number of the PL data points. The mini-
mization of the SF standard deviation σFI corresponds to the
minimization of the numerator in (9) i.e. the derivative with
respect to n is zero:

d
∑N

i=1 (PLFI (di)− PL0 − 10nlog10(di))2

dn

=

N∑
i=1

20log10(di)(10nlog10(di)− PLFI (di)+ PL0) = 0.

(10)

Therefore,

n =

∑N
i=1 (PLFI (di)− PL0)10log10(di)∑N

i=1 (10log10(di))2
. (11)

B. CI MODEL
The CI model is based on the Friis formula where the PL

exponent is connected to the actual Tx power using the CI
free-space PL (FSPL) value. The general form of this model
is expressed as [46]

PLCI (d, fc)[dB]=FSPL(1, fc)+10nlog10(d/d0)+XCIσ ,

(12)

where fc is the carrier frequency; d0 is the reference distance
at which the PL is calculated according to the Friis equation
that is given by

FSPL(fc)[dB] = 10log10(
4π
λ
)2 = 20log10(

4π fc
c

)

= 20log10(
4π
c
)+ 20log10(fc)

= 32.4+ 20log10(fc). (13)

The reference distance of d0 = 1 m is a convention that links
the PL to the convenient CI distance of 1 m [50]. Hence,
it holds

PLCI (d, fc)[dB] = 32.4+ 10nlog10(d)

+20log10(fc)+ XCIσ . (14)

For the CI model, the SF is calculated as

σCI [dB]

=

√∑
(XCIσ )2/N

=

√√√√ N∑
i=1

(PLCI (di, fc)− FSPL(fc)− 10nlog10(di))2/N .

(15)

Applying a similar consideration as for the FI model, the PL
exponent equals to

n =

∑N
i=1 (PLCI (di, fc)− 32.4− 20log10(fc))10log10(di)∑N

i=1 (10log10(di))2
.

(16)

One can argue that directional antennas with a high-gain
pattern may have Fraunhofer distances of greater than 1 m.
At this point, the PL model can be brought back to the
1 m reference by assuming that the far-field begins at 1 m.
Accordingly, the starting point in the CI model is fixed and
equals one, which is determined by the carrier frequency.

C. MPC COMBINING
We consider the cases of coherent and incoherent MPC

summation. The calculations are produced by taking into
account the phase for the coherent summation and without
considering the phase for the incoherent summation. These
methods represent different types of Rxs, which can be
employed in practice. The arriving MPCs can be resolved in
different ways depending on the Rx type and the available
bandwidth. For example, equal gain combining techniques
can be adopted at the Rx where the incoherent summation
is produced. Hence, phases are not taken into account and the
received power is given by

Pincoh(d) =
Nα∑
i=1

Pi, (17)

where Nα is the number of unique angles of the arriving
MPCs. Another situation occurs if the Rx is designed to com-
pensate for the phase shift. This improves the contribution
to the total received power. The expression for the coherent
summation is thus written as

Pcoh(d) = (
Nα∑
i=1

√
Pi)2. (18)

In the equations (17), (18), the power is given in Watts. It is
worth noting that in real-life scenarios, the value of Nα can
be restricted by the number of the Rx antenna elements.

V. OMNIDIRECTIONAL PL MODELING
As mentioned above, we consider two different MPC sum-
mation methods, i.e. coherent and incoherent. The model-
ing results for omnidirectional transmission are presented
in Fig. 3. The numerical values are also given in Table 2 for
both coherent and incoherent summation methods. Let us
first address the incoherent case, which corresponds to
the summation of MPCs without taking into account their
phases. This abstraction corresponds to the narrowband Rx.
The results for such incoherent summation are offered
in Fig. 3(a), (b). As one can observe, the modeled PL points
are located higher than the theoretical PL for 28 GHz, espe-
cially at high vehicular density. This effect suggests that
losses are significantly higher for a V2V scenario. Also, we
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FIGURE 3. Simulated omnidirectional PL. Figures (a), (c) correspond to a low density of vehicles, while Figures (b), (d) reflect a high density of
vehicles. The results for narrowband Rx are at the top of the figure. The results for wideband Rx are at the bottom of the figure.

TABLE 2. Omnidirectional PL parameters for CI (d0 = 1 m) and FI models
at 28 GHz.

may notice that the points of the LoS PL have a certain devi-
ation. In other words, there are several regions where the PL
is higher at a shorter distance even if the LoS is available.

For a high-dense scenario, this process can be described as an
oscillation of the LoS points. This is due to the constructive
and destructive combination of rays, which pertains to the
incoherent summation of two signals.

The PL approximations provided by the FI and CI models
are close to each other. However, the numerical values of
the PL exponent are higher for the FI case for a low-dense
vehicular scenario in LoS and NLoS. Here, attention should
be paid to the fact that for the CI model, the intercept value
is fixed. It equals the FSPL value at the considered frequency
and the reference distance of 1 m. For 28 GHz, this value
is 61.4 dB. This explains the difference in the PL exponent
values as they represent the slopes of the approximating lines.
For a high vehicular density, the NLoS approximations of the
two considered models converge. In the case of the CI model,
a transition from low to high vehicular density causes about
a 16 percent increase in the PL exponent for the incoherent
MPC combining.

In the case of wideband Rx, as a result of the coherent
summation of MPCs, smaller fluctuations are observed. The
phases are resolved; thus, the stability of the PL is higher.
Also, the LoS PL approximations are located below the theo-
retical PL curve. This fact confirms that coherent summation
decreases the PL. As can be learned from Table 2, a transi-
tion from the incoherent to the coherent summation provides
from a 4.8 to 37.5 percent reduction in the PL exponent.
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For a low-dense scenario, we can notice a significant differ-
ence between the two approximations for the NLoS because
the fitted line for the FI model is located 6 dB above the CI
case. However, the PL exponents are similar in value due to
the higher intercept point calculated for the FI model. As can
be observed in Fig. 3 (d), for a high vehicular density the two
models approach each other. This fact is also confirmed by the
SF, which is similar for both models in the NLoS. In general,
for the FI model, the intercept value PL0 tends to the FSPL,
and the slope approaches the PL exponent of the CI model
with an increase in the vehicular density. Also, the FI model
provides a smaller SF for the LoS environment. However, for
the NLoS situation, the difference between the two models in
terms of SF is within a fraction of a dB.

VI. DIRECTIONAL PL MODELING
As it was shown in the previous section, the PL exponent
values for the LoS case with omnidirectional antennas are
close to the PL exponent in free space. This situation is
realistic but if we consider NLoS, one may think that the
PL exponent values of up to 3 underestimate the PL. This is
because in the environment that comprises only of vehicles,
the effect of scattering is expected to have a greater impact
on the resulting PL. Also, the results in the previous section
do not consider the VANET formation algorithm. Hence, our
omnidirectional PL modeling data represent the classical PL
in its typical form. In this section, we employ the methodol-
ogy, which was explained in subsection II-B. Here, the link is
formed according to the maximum SNR criterion. Intuitively,
this modification should reduce the number of PL points.
However, the behavior of the approximations needs to be
addressed.

FIGURE 4. Considered modeling parameters for incoherent and coherent
summation of MPCs.

To reveal the impact of the antenna pattern, we alter several
modeling parameters according to Fig. 4. For both coherent
and incoherent summation, we consider 4 cases. The first
one corresponds to the low-dense scenario with 42 vehicles,
HPBW of 10◦, and the SL of 13 dB. Further, we keep these
parameters and increase the vehicular density to 106 for
the second case. From this setup, we iterate to increase the
value of the HPBW and the SL as depicted in Fig. 4. The
results obtained with our modeling are presented in Fig. 5 for
incoherent combining and in Fig. 6 for coherent combining.

The numerical values for the CI and FI models are presented
in Table 3. Transitioning from the incoherent summation to
the coherent case causes from 15 to 30 percent decrease in
the value of the PL exponent in the LoS situation and from
10 to 15 percent in the NLoS environment. As expected, there
is a significant reduction in the number of points for all of
the considered scenarios. This is due to the fact that some
of the mmWave links become blocked by other vehicles.
Also, the PL increases in general. For omnidirectional PL
data, the theoretical FSPL line lies closer to the LoS points.
For the directional PL, all of the modeled points are located
above the FSPL, which means that the losses grow.

Another important observation is that for directional trans-
mission, the LoS losses are essentially higher than in the
omnidirectional case. This occurs because even if the link
is unobstructed, the antennas of these two connections are
oriented along themaximum SNR direction. According to the
definition of the antenna pattern adopted in our simulations,
if the direction of anMPCdoes not coincidewith the direction
of the transmission, it causes additional attenuation. The
separation of signaling links can be observed in Fig. 5 and
Fig. 6 where they are highlighted by a yellow square. The PL
values of these links are similar to the omnidirectional ones.
The energy carried by this link corresponds to directional
transmission. However, the behavior of the approximations
changes drastically as compared to the previously considered
scenarios without the link formation abstraction and antenna
patterns. The difference between the approximated LoS PL
and the signaling link points for both densities is from 10 to
40 dB depending on the considered case and the distance
between the Tx and the Rx. The highest difference is observed
for the case # 4 where the value of the SL increases by 30 dB.

For the case # 1 with a low density of vehicles, the CI
and FI models perform approximately the same in LoS and
NLoS environments. The main dissimilarity is in that the
intercept point in the FI model varies widely as compared to
the reference PL of 61.4 dB for the CI model. This can be
confirmed by the values of the SF. As can be seen in Table 3,
the standard deviation for both models in the first case dif-
fers by less than one dB. In the case # 2, as we increase
the density of vehicles, the behavior of the approximations
remains the same as was observed for the case # 1. However,
without having detailed information about the site-specific
environment, it becomes impossible to accurately reproduce
the distribution of points by the PL exponents and the SF.
This is because for all the PL models it is assumed that the
data points are distributed normally around the large-scale PL
approximation with a certain standard deviation. However,
as we can observe in Fig. 5 and Fig. 6, the LoS signaling
links do not follow such behavior. Further, for this setup,
we increase the HPBW to 30◦. As a result in Fig. 5 and
Fig. 6 (Case # 3), we can observe visibly smaller losses in
general. Hence, the value of the PL exponent for the LoS
is slightly lower than that for the same scenario with the
HPBW of 10◦. For the case # 3 under both incoherent and
coherent combining, the discrepancy between the majority
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FIGURE 5. Simulated directional PL for narrowband Rx (incoherent summation of MPCs).

FIGURE 6. Simulated directional PL for wideband Rx (coherent summation of MPCs).

TABLE 3. Directional PL parameters for CI (d0 = 1 m) and FI models at 28 GHz.

of the PL points and the so-called signaling links becomes
smaller. This is because this case corresponds to a larger value
of the HPBW of 30◦.
In the case # 4, the difference between the signaling and the

overall PL data increases dramatically. The PL in these cases
is higher for both the coherent and incoherent combining
techniques due to the larger value of the SL isolation. In this
situation, the signal propagation is possible only through
directional links because the main lobe is narrow and the SLs

are isolated. In Table 3, we can notice that for this case the
SF is significant for both of the considered models in LoS
and NLoS conditions. From the last plots of Fig. 5 and 6,
we can also deduce that the CI model does not fit the data
properly. In this case, the intercept, which is determined by
the propagation in free space, cannot capture the obtained
data completely. For the second model, choosing the FI might
be preferred. This is because the approximation line fits the
simulated data adequately as it is depicted in Fig. 5 and 6.
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The SF of the FI model is 2.5 to 3.5 dB smaller as compared
to the CI case for the communication in the LoS situation with
coherent and incoherent MPC summation, respectively. For
the NLoS environment, the FI model has 1.6 to 2.8 dB smaller
standard deviation for the coherent and incoherent cases.
However, it does not discard the fact that both models cannot
describe the signaling links separated from the majority of
the data points. This limitation can be essential for future
system design since these links determine the channel with
the maximum quality of transmission.

To address this problem in the future, one may consider
adopting a combination of parameters for omnidirectional
and directional transmission. Indeed, if we look at the sig-
naling PL data points and the PL points for the omnidi-
rectional transmission, some similarities can be found. For
instance, let us consider the case # 4. For the incoherent
setup, the signaling PL is located 3 dB above the theoretical
FSPL curve. Similar behavior is noted for the omnidirectional
approximations under incoherent MPC combining and high
vehicular density.

VII. CONCLUSION
In this paper, we proposed an approach to model directional
transmissions in mmWave frequencies within a link forma-
tion framework on top of a ray-based modeler. The param-
eters for the CI and the FI channel models were reported
at 28 GHz for a V2V highway scenario. These results may
become of interest to facilitate accurate channel modeling
in V2V communication where conducting measurements is
challenging. Also, the parameters presented in this work are
convenient for further V2V system modeling.

The key findings of our work are summarized as follows.
The PL exponent reported for the directional transmission is
from 0.1 to 2.7 higher for the LoS and from 0.1 to 2.6 higher
for the NLoS as compared to the omnidirectional case. Also,
the antenna pattern causes a separation of the signaling links.
This effect has the most significant impact on the scenarios
with higher SL isolation where traditional CI and FI models
become unable to capture the PL behavior. With our simu-
lations, we demonstrated the importance of antenna pattern
consideration for the PL modeling in mmWave.
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