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Abstract—As of today, millimeter-wave (mmWave) bands are
employed as part of the emerging 5G technology to provide high
data rates for vehicle-to-vehicle (V2V) communications. However,
V2V channels over mmWave have not been well studied as of
yet due to the complexity of measurements, especially if there
is a need to estimate the contribution of adjacent interfering
vehicular transceivers. Moreover, the channel models that are
currently in use consider vehicles on the road according to a
certain distribution, which may not be accurate in practice. Also,
past models do not take into account the effects of reflection,
diffraction, and transmission through obstacles, as well as the
physical properties of vehicles themselves. In this paper, using
geometric ray-based simulations, in which the aforementioned
effects are incorporated, we present mmWave V2V channel
modeling for a highway scenario at 28 and 72 GHz carrier
frequencies with both low and high density of vehicles. Our
results include such characteristics as path loss, fading, root-
mean-square (RMS) delay spread, and angular spread.

Index Terms—Vehicle-to-vehicle communications, Millimeter
waves, Radio propagation, Channel modeling

I. INTRODUCTION

According to data from the World Health Organization
[1], about 1.35 million people worldwide die each year as
a result of road traffic accidents. This horrendous number
is comparable to the population of large cities. One of the
solutions to increase road safety is to establish communication
between vehicles and to improve sensing data exchange from
LIDARs and cameras. This allows to steer cars without drivers
and create a better monitoring of ambient traffic that can help
provide see-through vision and detect hidden objects on the
roads [2]. The existing IEEE 802.11p standard is aimed for
V2V communication, which operates at 5.9 GHz and can
provide the data rates up to 27 Mbps. However, combining
advanced sensing data in real-time requires much higher rates
on the order of Gbps [3].

Theoretically, 5G provides the data rates of up to 10
Gbps with mmWave extensions. Unlike lower frequencies,
mmWave bands have higher reflectivity, and they are also
more susceptible to blockage. These properties spawn a new
wave of research related to mmWave propagation. Besides
this, precipitation and weather conditions have an impact
on mmWave propagation. However, in the context of V2V
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Fig. 1. Signal propagation between moving vehicles.

communication, the impact is negligible due to short distances
between transceivers [4]. At this point, the question remains
of how to characterize a V2V channel in the mentioned
conditions by taking into account the considered physical
properties as it is shown in Fig. 1.

At the same time, there is insufficient literature on this sub-
ject because arranging measurements in the case of mmWave
V2V channel is challenging. In [5], measurements were con-
ducted at 6.75, 30, 60, and 73 GHz frequency bands via ultra-
wideband (UWB) multi-channel sounder for urban and high-
way scenarios to investigate the effect of blockage between
transmitting and receiving vehicles. However, consideration
of two vehicles and a blocker does not account for the
interference effects. There are also several works [6], [7]
where measurements were carried out with the purpose of
determining a relevant antenna position on a vehicle, which
allows to estimate the line-of-sight (LoS) path loss (PL) but
assessment of any other physical effects was not attempted.

Theoretical V2V channel models have been proposed by
the METIS project [8] and other authors in [9]–[11]. All these
works consider a stochastic channel model, which implies a
deterministic distribution that may not always be achieved in
real life [12]. Despite the lack of results related to mmWave
V2V channel, there are many studies related to the microwave
range for IEEE 802.11p. Measurements via a channel sounder
with the bandwidth of 50 MHz at 5 GHz carrier frequency with
20 ns delay resolution were conducted in [13] to contribute an
appropriate approximation model. In [14], measurements via a



channel sounder were presented at the carrier frequency of 5.6
GHz. In several studies [15], [16], measurements were carried
out at 5.3 GHz via 4x30 MIMO system. Measurements and
modeling were also conducted in different environments at 5.2
GHz band in [17]. The work in [18] was dedicated to studying
signal propagation at 5.9 GHz.

Summarizing this literature review, a gap can be identified
in the following way. Measurements over mmWave V2V
channel are based on LoS or one-blocker scenarios. In that
case, the effect of interference from adjacent vehicles is not
taken into account. Theoretical models assume that vehicles
follow a certain predetermined distribution. In this work, we
characterize mmWave V2V channels by using our custom ray-
launching (RL) simulator, which allows to consider the rele-
vant signal propagation effects and physical properties of the
environment. Our RL tool incorporates the essential models,
which are intended for site-specific deterministic scenarios.
The sufficient accuracy of our RL tool was demonstrated
in [19], [20]. The main contributions of this work are the
following:

• In our simulations, we address a site-specific highway
scenario where vehicles do not follow any certain distri-
bution, which is closer to reality according to [12].

• For this scenario, we propose a method to characterize
mmWave V2V channels using a RL simulator, which
allows to take into account such signal propagation effects
as reflection, diffraction, transmission through obstacles,
and diffuse scattering, as well as physical properties of
vehicles.

• Using the described scenario and approach, we provide
parameters for mmWave V2V channel modeling. We also
present a comparison of the obtained parameters with
the reference results for microwave frequencies. These
parameters are useful for further system design, link layer
analysis, and beam management optimization.

The rest of the text is organized as follows. Section II
describes the approach in use for the calculations as well as
the modeling scenarios. Section III outlines the methodology
for obtaining channel characteristics. Section IV reports the
simulation results. Section V is dedicated to a comparison
of our simulation output with the results produced by other
authors. Conclusions are made in Section VI.

II. SCENARIO AND APPROACH

A. Deployment

We consider a 700x15 m highway area with the size of
each car 5x2 m, where the length of the highway was chosen
as follows. According to the research in [21], one mmWave
transiver cannot cover the radius of more than 200 m, since in
this case the received signal is equivalent to the noise level. To
take into account such cases, the length of the highway must
be greater than 200 m. Two scenarios with different vehicle
densities were considered. The minimum distance between the
vehicles is 1 m. The height of antennas, which are located
in the front, rear, and sides of the vehicles, is 0.35 m. Fig.
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Fig. 2. Vehicular deployment of interest.

TABLE I
SCENARIO PROPERTIES

Scenario
no.

No. of ve-
hicles

No. of an-
tennas

Density,
m−2

Highway
size, m

Scenario 1 42 168 0.04 700x15
Scenario 2 106 424 0.01 700x15

2 illustrates the deployment of interest. We placed antennas
on the bumpers to increase the number of reflected paths,
since high reflectivity is one of the properties of mmWave
propagation. The considered deployment specifications are
listed in Table I.

B. Ray-Launching

We employed our RL simulator to obtain the required
parameters, such as power, azimuth, as well as elevation
angle of arrival (AoA), and angle of departure (AoD). The
calculation process in our RL simulator is divided into 4 parts.
In the first one, verification and conversion of the input data,
which consists of geometrical and physical components, are
produced. In the second part, the image method is applied to
calculate all of the possible multipath components between the
transmitter (Tx) and the receiver (Rx). During the calculation,
we consider such effects as reflection, diffraction, transmission
through obstructive vehicles, and diffuse scattering. Further,
electric and magnetic fields are captured by the geometrical
optics (GO) and the uniform theory of diffraction (UTD).

The main goal of using this RL simulator is to estimate
the contribution of different paths to the total amount of
power and thus the PL in two extreme cases: when the
summation is done coherently and incoherently. The first
option reflects the situation where the Rx may resolve the
arriving multipath component (MPC) due to larger bandwidth
available. In contrast, the incoherent case is related to the Rx,
which is not able to resolve the MPCs. It is worth mentioning
that the number of paths in our simulation is limited to 20 for
each transceiver.

III. METHODOLOGY

A. Path Loss

In our simulations, we consider two situations. The first one
is when there is larger bandwidth at our disposal and the sec-



ond one is when the bandwidth is small. These situations refer
to wideband and narrowband Rx, where the term narrowband
reflects the bandwidth of less than 25 kHz according to ETSI
[22]. It makes sense to consider these two cases as they may
have different applications. The advantage of a narrowband
Rx is lower noise bandwidth and thermal noise. Therefore,
using lower-power Rx and Tx, a similar signal-to-noise ratio
(SNR) can be achieved. The main advantage of a wideband
Rx is in high data rates due to larger bandwidth available.
Operation in large bandwidth offers a sufficient frequency
range to distinguish the incoming reflected copies of a signal.
Hence, their phase shifts are compensated i.e., they can be
summed up coherently. This allows to increase the SNR at the
Rx and consequently reduce the PL. The opposite situation
occurs when we operate with a smaller frequency range. In
that case, signal copies are summed up incoherently.

To obtain a large-scale PL model, we compute the received
power of each MPC with our RL simulator. Then, intervehicle
distances are calculated. The common form of the log-distance
power law PL model – a so-called single-slope approximation
model – is given by

PL(d) = PL0 + 10nlog(
d

d0
) +Xσ, (1)

where d is the distance between the Tx and Rx; n is the PL
exponent; Xσ is the zero-mean Gaussian distributed random
variable with the standard deviation σ; d0 is the reference
distance; and PL0 is the PL at the reference distance.

In practice, the dual-slope model [18], [14] is considered to
be more accurate. The dual-slope model is commonly charac-
terized as a piecewise-linear formulation. The calculation for
the dual-slope model is described as

PL(d) =


PL0 + 10n1log( dd0 ) +Xσ, if d0 ≤ d ≤ db
PL0 + 10n1log( dd0 )+

10n2log( dd0 ) +Xσ, if d > db,
(2)

where db is the breakpoint distance; n1 is the PL exponent
corresponding to the PL before the breakpoint; and n2 is the
PL exponent corresponding to the PL after the breakpoint.

We consider db as the distance at which the first Fresnel
zone touches the ground, or where the first ground reflection
traveled db + λ/4 to reach the Rx [14], where λ is the wave-
length. In our case, the antenna height is hTX = hRX = 0.35
m. Then, one can calculate the breakpoint distance as

db =
4hTXhRX − λ2/4

λ
. (3)

The breakpoint distance is a critical distance at which the PL
exponent and the standard deviation are changed drastically.

Further, we use the single-slope approximation model to
obtain the PL exponent n and the standard deviation σ in
the LoS conditions due to smaller scattering of points. The
dual-slope approximation model is utilized to produce the PL
exponents n1, n2 and the standard deviations σ1, σ2 for the

non-LoS (NLoS) conditions. It should also be noted that in
our approximations we use the floating intercept (FI) model,
which implies the least-square linear regression fit. According
to the FI model, the values of PL0 and n are chosen as a
result of such fitting.

B. RMS Delay Spread

The RMS delay spread is the second central moment of
the channel impulse response. In other words, this is the
second central moment of the power-delay-profile (PDP).
Mathematically, it can be described by the following equation
[11]:

τrms =
√
τ̄2 − τ̄2. (4)

For L propagation paths, it holds

τ̄n =

∑L
i=1 τ

2
i |Pi|2∑L

i=1 |Pi|2
, (5)

where Pi is the power of i-th propagation path.

C. Angular Spread

We consider both AoA and AoD azimuth spreads. Formally,
they are expressed with the following equation [11]:

φ(t) =

√∑
l

|exp(jφl − (
∑
l

(exp(φl, t))))|2Pang(φl, t),

(6)
where φl is the angle of l-th path, and

Pang(φl, t) =
∑
θ

L∑
i=1

Pang(φ, θ, t, τi), (7)

where θ is the elevation angle. We only consider the azimuth
components of each MPC, because the distribution of their el-
evation components does not change significantly as compared
to the distribution of the azimuth components.

IV. NUMERICAL RESULTS

A summary of the results obtained during our simulations
is presented in Table II. A large deviation of the parameters
is caused by the variation of distances from 1 to more than
500 meters. First, let us denote the breakpoint distances for
the dual-slope approximation. In the case of 28 GHz, the
wavelength λ = 0.0107 m and therefore db = 45.8 m. In
the case of 72 GHz, the wavelength λ = 0.0042 m and thus
db = 117.7 m. To provide a better fit for the data, it was
however shifted to 55 m. The results of the PL modeling are
shown in Fig. 3.

In the case of narrow bandwidth and 28 GHz, PL exponents
for the low density and for the high density of vehicles are
n = 2.36 and n = 2.3 for the LoS links. For the NLoS links,
we used the dual-slope approximation; hence, n1 = 1.21 and
n2 = 3.23 correspond to a low-dense scenario at 28 GHz. The
values of n1 = 1.12 and n2 = 4.02 correspond to a high-dense
scenario at 28 GHz. PL exponents at 72 GHz for low-dense
and high-dense scenarios are n = 2.18 and n = 2.17 for the



Fig. 3. The results of our PL simulations. The PL in narrowband Rx is represented by the top row of the figures and the PL in wideband Rx is represented
by the bottom row of the figures. The first and the second figures of the row represent the PL for 28 GHz (1 - Low Density; 2 - High Density). The third
and the fourth figures of the row represent the PL for 72 GHz (3 - Low Density; 4 - High Density).
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Fig. 4. 28 GHz and 72 GHz RMS delay spread.

LoS links. For NLoS at 72 GHz, the PL exponents are n1 =
1.11, and n2 = 3.06 for a low-dense scenario and n1 = 0.95,
n2 = 3.97 for a high-dense scenario.

It should be noted that the coherent summation of MPCs
reduces the PL deviation. Hence, for all the cases considered,
the PL exponent deviation increases by 0.5 to 1 for the
coherent summation. If we consider wide bandwidth at 28
GHz, the PL exponents are n = 2.19 for a low-dense scenario
and n = 2.09 for a high-dense scenario for the LoS links. In
the case of NLoS, n1 = 1.08, n2 = 3.10 for the low-dense
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Fig. 5. CDF of AoA spread (left) and AoD spread (right) at 28 GHz.

deployment and n1 = 1.10, n2 = 4.04 for the high-dense
deployment. The PL exponents at 72 GHz carrier frequency
for low-dense and for high-dense scenarios are n = 2.26 and
n = 2.16, respectively, for the LoS links. For the NLoS links
at 72 GHz, the PL exponents are n1 = 0.95, n2 = 2.92 for
the low-dense scenario and n1 = 0.93, n2 = 3.95 for the high-
dense scenario.

Fig. 4 shows the cumulative distribution function (CDF) of
the RMS delay spread at 28 GHz and 72 GHz. This figure
includes the CDFs for the first and the second scenarios. The



TABLE II
SUMMARY OF OUR RESULTS

Carrier Frequency Scenario Parameter Value
LoS NLoS

28 GHz

Low Density

PL exponent (n; σ) (2.36; 3.61) (1.21; 13.71), (3.22; 14.43)
RMS delay spread (µ; σ) (92.67 ns; 84.85 ns)

AoA spread (µ; σ) (61.58; 48.19)
AoD spread (µ; σ) (62.87; 48.94)

High Density

PL exponent (n; σ) (2.3; 3.72) (1.12; 14.34), (4.02; 16.12)
RMS delay spread (µ; σ) (51 ns; 49.37 ns)

AoA spread (µ; σ) (50.30; 49.25)
AoD spread (µ; σ) (58.07; 49.46)

72 GHz

Low Density

PL exponent (n; σ) (2.18; 3.51) (1.11; 13.34), (3.06; 14.98)
RMS delay spread (µ; σ) (89.49 ns; 85.58 ns)

AoA spread (µ; σ) (59.42; 47.49)
AoD spread (µ; σ) (60.94; 48.14)

High Density

PL exponent (n; σ) (2.18; 3.61) (0.95; 14.97), (3.97; 16.31)
RMS delay spread (µ; σ) (50.71 ns, 46.95 ns)

AoA spread (µ; σ) (48.52; 48.11)
AoD spread (µ; σ) (55.99; 48.92)

mean values of the RMS delay spread are µ = 92.67 ns with the
standard deviation of σ = 84.85 ns for the low-dense scenario
and µ = 51.52 ns with the standard deviation of σ = 49.37 ns
for the high-dense scenario at 28 GHz carrier frequency. For
72 GHz carrier frequency, the mean values are µ = 89.49 ns
with the standard deviation of σ = 85.58 ns for the low-dense
scenario and µ = 50.71 ns with the standard deviation of σ =
46.95 ns for the high-dense scenario.

We calculate the angular spread values for both AoA and
AoD. Fig. 5 demonstrates the CDF of AoA and AoD for the
carrier frequency of 28 GHz. The behavior of the CDF at 72
GHz is similar to that at 28 GHz. We also compute the mean
values of AoA and AoD spreads together with their standard
deviations. For the AoD, these values are µ = 62.87, σ = 48.94
and µ = 58.07, σ = 49.46 at 28 GHz for the low-dense and
high-dense scenarios, respectively. The AoD spread values at
72 GHz are µ = 60.94, σ = 48.14 for the low-dense scenario
and µ = 55.99, σ = 48.92 for the high-dense scenario.

For the AoA CDF, µ = 61.58, σ = 48.19 and µ = 50.30, σ =
49.25 correspond to the low-dense and high-dense scenarios at
28 GHz. The AoA spread values at 72 GHz carrier frequency
are µ = 59.42, σ = 47.49 and µ = 48.52, σ = 48.11 for the
low-dense and the high-dense scenarios. It can be seen in the
figures that all of the CDFs have a sharp ’jump’ at around
90 degrees. This phenomenon means that the vast majority of
the AoA and AoD angles are close to 90 degrees. However,
there are also many other angles having near-zero values,
which make a significant contribution to the mean value of
the AoA and AoD spreads, thus reducing it. There is no major
difference between the low and the high density in terms of
the angular spread. The direction spread is higher in more
cluttered scenarios because of the congested surroundings.

V. COMPARISON AND DISCUSSION

To validate our findings, we compare them with the refer-
ence results for microwave frequencies. The reference data for
our comparison are shown in Table III. Measurements in the
work [13] were carried out via a channel sounder at 5 GHz

with 20 ns delay resolution in different cities and highways
of Ohio. The intervehicle distances in question ranged from a
few meters to 100 meters in the cities and from a few meters
to 1 kilometer on the highways. We focus on the RMS delay
spread results for highways with low and high traffic densities
because these conditions are most similar to our scenarios. As
can be seen in Table III, the overall delay spread is lower in
the mmWave frequency range than in the microwave band.

In [17], measurements were conducted for different environ-
ments in 5.2 GHz band, and we chose the closest ones to our
scenario. In [18] and [14], the dual-slope approximation was
used for fitting the measured data. The LoS measurements in
[8] were carried out at 2.3 GHz and 5.25 GHz. The antennas
were installed on the rooftops of the cars. To be more precise
with our simulation results, we consider a higher frequency of
5.25 GHz. In the LoS conditions, the PL exponent in mmWave
range is not much higher than in microwave band. This is
because the PL exponent tends to the FSPL value, which
is equal to 2. With regards to the NLoS conditions, the PL
exponent significantly increases due to the link blockage. As
for the PL vs. the carrier frequency, the difference between 28
GHz and 72 GHz bands is approximately 3 dB.

Only the AoA measurements in the band of 5.3 GHz with
the bandwidth of 60 MHz are considered in [16] due to a small
number of Tx elements. It should be noted here that the results
in Table III are normalized. It was reported in [16] that high
angular spreads of 100 and 290 degrees were obtained due
to the reflections from roadside scatterers or vehicles in both
the LoS and NLoS cases. The authors of [16] also concluded
that the value of the angular delay spread depends mostly
on the width of the road. That might be the case, because
if we normalize our values, they will be reasonably close to
those obtained in [16]. The measurement results similar to our
modeling of the angular spread at 5.25 GHz were reported by
the METIS project [8].

In summary, our comparison did not reveal dramatically
large differences between the results for microwave band and
mmWave band, especially in terms of the RMS delay spread



TABLE III
REFERENCE RESULTS

Carrier Frequency Parameter Value Ref.LoS NLoS

5 GHz RMS delay spread (High Traffic) 126 ns [13]RMS delay spread (Low Traffic) 53.2 ns

5.25 GHz Angular delay spread (mean) 42.7 39.8
[8]PL exponent 1. 8 -

5.2 GHz PL exponent 1.77 - [17]
5.6 GHz PL exponent (n1, n2, σ) (1.81, 2.85, 4.15) (1.93, 2.74, 6.67) [14]

5.9 GHz PL exponent (n1, σ1); (n2,
σ2) (2, 5.6); (4, 8.4) [18]

5.8 GHz RMS delay spread (mean, std) (59.83 ns, 30.37 ns) (134.6 ns, 121.9 ns) [15]
5.3 GHz Angular delay spread (mean, std) (0.13, 0.13) (0.14, 0.15) [16]

and angular spread. The highest discrepancy was observed
for the PL exponents in the NLoS cases due to a difference
between propagation properties in the mmWave and the mi-
crowave range. The effect of signal blockage has a greater
impact on the propagation features in mmWave band, but the
presence of a direct path is beneficial. Hence, the absolute
difference between the two wave ranges for the RMS delay
spread and the angular spread is relatively small.

VI. CONCLUSION

In this paper, we presented a ray-based modeling for V2V
mmWave channels considering two carrier frequencies, 28
GHz and 72 GHz, as well as two highway scenarios with
low and high densities of vehicles. The main characteristics,
such as PL, RMS delay, and angular spread, were obtained for
this setup. The actual numerical values of the listed parameters
were presented in Table II, which might be useful for further
channel modeling. Our simulation results can be considered
reliable as they were also compared with previous works to
demonstrate adequate convergence. Small discrepancies are
caused, primarily, by different frequencies addressed in the
previous publications.
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