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Abstract—The communications between two driving vehicles
along a narrow street may be limited by the presence of a third
vehicle blocking the transmission. In this work, we investigate radio
wave propagation at 28 GHz in an urban street canyon scenario by
conducting channel measurements, where the vehicle(s) occlude(s)
the line-of-sight path. We quantify the impact of the car blockage
and study the alternative propagation paths, which can be used for
establishing a data link. Based on the obtained results, we report
that besides the low-loss (3.4 dB) reflection from the wall, a radio
link through the blocking car may potentially be established for
data sharing. Specifically, the attenuation through clear windows
is 2 dB, while the attenuation caused by sun protective film is 15 dB.
Diffraction over the car and propagation in foliage reduce the mul-
tipath power drastically by 21–24 dB and 16–19 dB, respectively,
and cannot be associated with reliable links. Finally, measurement
results were compared with the ray-based simulation data, which
demonstrate agreement to within ± 4.3 dB of measured losses.

Index Terms—Millimeter-wave, radio wave propagation,
blockage, propagation losses, multipath, 5G vehicular scenarios.

I. INTRODUCTION AND MOTIVATION

W ITH the rapid development of connected and au-
tonomously driving cars, vehicular communications at-

tract increased attention [1]. As connected cars are envisioned
to exchange information from a large number of advanced
sensors, including high-resolution video cameras, radars, and
light detection and ranging (LIDAR) devices, the amounts of
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transmitted data can be as high as several terabits per hour [2].
Unfortunately, the currently deployed 4 G and 4G+ technologies
are not capable of providing the required data rates for such
communications applications due to their limited bandwidth,
thus motivating an exploration of higher frequencies in, e.g.,
the millimeter-wave (mmWave) spectrum [3]. Particularly, the
28 GHz frequency band1 will be employed for next-generation
mobile communications [4], where the emphasis is set on urban
vehicular scenarios due to their unprecedented market poten-
tial [1]. At the same time, being equipped with directive antennas
the mmWave systems may suffer from the blockage effect,
reducing overall reliability of the transmission [5]. This paper
investigates the impact of 28 GHz signal blockage caused by
a vehicle in an urban street canyon scenario and determines
alternative propagation mechanisms to compensate for losses
due to the blockage effect.

There are several works that address the peculiarities of radio
wave propagation in urban deployments at mmWave frequencies
for vehicular communications. For example, [6] demonstrates
the pathloss levels when the car body blocks the line-of-sight
(LOS) link. Additionally, the path loss measurements at 60 GHz
between two cars have been conducted in [7] and later extended
in [8]. However, the results of our work complement the pre-
viously obtained results by the researchers. Urban propagation
measurements for the 28 and 73 GHz bands were described
in [9], while spatio-temporal channel sounding in a street canyon
at 15, 28, and 60 GHz was conducted in [10]. A multi-frequency
analysis of the pathloss is presented in [11]. Nonetheless, these
studies do not consider the car blockage effect.

In this work, we present the simulation and measurement
results at 28 GHz for urban canyon deployment, where the
vehicle is a source of the LOS blockage. The objectives are the
following: (i) evaluate the effect of the car blockage and identify
the alternative propagation paths that may establish the radio link
when the LOS is blocked, (ii) deliver excess loss values for dif-
ferent propagation mechanisms, and (iii) validate the accuracy
of the in-house developed ray-tracing by the measurements in
the LOS obstructed scenario. The obtained measurement and
simulated results can be helpful for the future development
of more realistic propagation models in street canyon specific
scenarios.

1While formally 28 GHz band is not a part of the mmWave band (30 GHz to
300 GHz), it is close enough so that it is often referred to as mmWave.
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Fig. 1. Measurement scenarios (Sc) with our target radio propagation mechanisms (LOS: line-of-sight; Transmission through car(s); Diffraction, front window
is shielded with aluminum foil).

Fig. 2. Schematic view of employed measurement equipment.

The rest of this paper is organized as follows: Section II
introduces the vehicular deployments of interest, the channel
sounder, and the measurement procedure. Section III describes
the ray-tracing methodology. Simulation results are compared
with measurements in Section IV, while the work is concluded
in Section V.

II. RADIO CHANNEL MEASUREMENTS

A. Channel Sounder

Our wideband channel sounding is based on a vector network
analyzer (VNA) and covers 27–27.9 GHz [10]. The schematic
view of the measurement equipment is presented in Fig. 2.
An omnidirectional antenna with 2 dBi gain and elevation half
power beamwidth (HPBW) equal to 60◦ was utilized at the Tx
side, while a horn antenna with 19 dBi gain and HPBW of
10◦ and 40◦ in the azimuth and elevation domains was used
at the Rx.

The local oscillator (LO) frequency was set to 12.5 GHz
with 6 dBm power level, and the intermediate frequency (IF)
was swept from 2 to 2.9 GHz at the VNA with −15 dBm
power level. The up-converter having a frequency doubler for
the LO signal was used to achieve the desired radio frequency

TABLE I
GEOMETRICAL PARAMETERS OF EMPLOYED VEHICLES

range of 27–27.9 GHz with about 2 dBm going to the om-
nidirectional Tx antenna. A more detailed description of the
channel sounder, as well as the scenario of interest, can be
found in [10]. Back-to-back calibration was performed prior
to the field measurements. During this measurement, the RF
output port of the Tx (the up-converter) was connected to the
RF input port of the Rx (the down-converter) through a 20 dB
attenuator to obtain channel transfer functions of the sounder.
By performing such calibration, any losses in the cables and the
equipment can be taken into account. The antennas are excluded
from the calibration measurements, but their radiation patterns
are considered in the post-processing. Altogether, eight radio
links (excluding the links “transmission through car window”)
were assessed (with co-polarization) for different positions of
the cars between the Tx and the Rx. In most cases, the radio link
distance was set to 12 m.

B. Channel Measurement

Our radio channel measurements were conducted in an urban
street canyon. On the right side of the street there were bushes,
whereas on the left side there was a brick wall, see Fig. 1.
The widths of the street and bushes were 17.1 m and 2.9 m,
respectively, and the height of the bushes was approximately
1.6 m. In our measurement campaign, three vehicles were em-
ployed: Peugeot partner (PP), Hyundai i30 (i30), and Honda
HR-V (HRV). Dimensions of these cars are listed in Table I,
where the clearance shows the floor of the car and the ground.
First, the received power levels were evaluated for the LOS case
where there are no obstacles for the radio link.



Fig. 3. Photograph of our measurement scenario No4.

The measurements were conducted at 12 and 10 m distances
between the Tx and the Rx as a reference. The antenna heights
were set to 1.30 m and 1.36 m at the Tx and Rx, respectively.
Considering the fact that the street had a small slope from the
Rx to the Tx side, antenna heights from the ground level were
adjusted so that they are at the same level with respect to (w.r.t.)
each other. The antennas were installed such that they radiate and
receive mainly vertically polarized fields. In order to maintain
only the LOS signal in calibration procedure and to eliminate the
impact of ground reflections, the absorbing material was placed
on the ground between the Rx and the Tx. The total received
power, when Tx and Rx are installed close to the ground, can
be calculated using the 2-ray model. However, depending on
humidity and temperature, the dielectric property of the ground
may vary significantly. As a result, the 2-ray model gives us an
extra variable (properties of the ground), which is rather difficult
to predict without additional measurements; therefore, ground
reflection is excluded in the calibration measurements. Addi-
tionally, the delay difference between the LOS and the ground
reflection is too small to be resolved by the channel sounder,
which results in a fading of the LOS path magnitude [12]. When
new obstacle(s), such as a car, appear(s) between the Rx and
the Tx, reflection, transmission, and diffraction phenomena may
occur around such obstacle(s).

Specular reflections come from the left side of the street (i.e.,
the brick wall), while foliage on its right side attenuates the
signal according to the scattering properties (see Fig. 1). Second,
we characterize multipath effects in addition to LOS. The PP
and i30 were parked in the middle of the Tx-Rx link and near
the left wall, respectively, to measure any changes in observed
multipath effects. The measurements were conducted for the
parallel, perpendicular, and 45◦ orientations of the car. Then,
HRV was parked behind the PP for parallel (see Fig. 3) and
perpendicular orientations. The Rx antenna was rotated in the
azimuth plane parallel to the ground with 5◦ step within the
range of −100◦ to +100◦. For each pointing angle of the Rx
antenna, the complex channel transfer function was measured.
Altogether, the first and the second measurements covered eight
radio links with different positions of the cars between the Tx and
the Rx.

The following measurement aims at characterizing transmis-
sion through the car windows and diffraction over the car roof.
Honda HR-V was first placed parallel and then perpendicular
to the link. The distance between the Tx and the Rx was set to

Fig. 4. Schematic view of the setup for measurements of transmission through
a car.

5.3 m. The measurements were conducted when the passenger’s
windows are closed and open. It is important to note that the
rear windows differ from the front ones. There is sun protective
film on the rear passenger windows. By these measurements, we
investigate the attenuation due to protective film on the windows.
The measurements were repeated with slight displacement of
the Tx-4 from its original position toward the left and the right
walls by 0.1, 0.2, 0.3, 0.4, 0.6, 1, and 2 m as shown in Fig. 4. The
broadside direction of the Rx was swept across the±30◦ range of
azimuth angles. Another measurement set was performed with
only PP between the Tx and the Rx, where the front and the side
windows were covered with aluminum foil to isolate diffraction
over the car roof from the signal penetration through the car
compartment.

III. SIMULATION METHODOLOGY

In this work, we used our enhanced in-house ray-based model-
ing tool [13], which allows to mimic radio propagation channels
with multipath components in a site-specific 3D environment.
The utilized software comprises of four processing stages as
described further. The first one is the pre-processing stage,
during which the software verifies and converts the input data
(3D model, antenna positions, and physical properties) into
the appropriate format that is compatible with the ray-based
simulator input data structure. During the second stage, the
geometrical engine establishes the geometry of the environment
and introduces the multipath components (MPCs) using the
image method. The propagation mechanisms, such as reflection,
diffraction, transmission, and diffuse scattering, are taken into
account at the third processing stage.

During the last processing stage, the electric (E-) and magnetic
(H-) fields are calculated for each MPC by using geometrical
optics (GO) [14] and uniform theory of diffraction (UTD) [15].
This is a conventional ray-based modeling approach, which
provides accurate results for various types of deployments.
However, in our scenario, there is foliage on the right side of
the street canyon (see Fig. 1), which means that it is necessary
to introduce a foliage attenuation model in our calculations. For
that reason, an analytical ITU-R model [16] is implemented as
part of the ray-tracing software. A more detailed discussion on
this is provided in Section III-B.



Two selection criteria of the 3D model detalization are de-
termined. First, only electrically large scene objects, whose
contribution to the channel parameters is significant, are utilized.
Second, the geometry and physical parameters of the modeling
objects should correspond to the models used in RT. Hence,
curved- and complex-shaped objects are removed from the
simulation.

A. Ray-Tracing Model

Here, we offer a more detailed description of the developed
ray-tracing software. Interaction with the surrounding objects,
such as a building wall or vehicles, produces reflection and
transmission components causing additional losses and depo-
larization of the radiated signal. For a spherical wavefront, this
behavior can be described as:
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In Eq. (1)–(2), E||
i and E⊥

i are the parallel and perpendicu-
lar components of the resolved E-field vector in the ray-fixed
coordinate system, while s′ is the distance from the reflection
(Rp)/transmission (Tp) point to the Rx. Finally, the reflection
and transmission coefficients accounting for internal multiple
reflections are calculated as:
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In Eq. (3)–(4), θ is the angle of incidence, α and β are the lossy
medium propagation coefficients, l is the penetration depth of the
wall, and d is the gap between two adjacent rays produced by an
internal reflection. Finally, Γ⊥ and Γ|| are Fresnel coefficients
that are perpendicular and parallel to the plane of incidence,
respectively.

When the MPC interacts with sharp wedges, diffraction
occurs, which causes losses and depolarization of the signal.
Together with the first-order diffraction encountered during our
measurement campaign, the second-order diffraction character-
izing the propagation of a signal around a vehicle can also be
of interest. Specifically, the second-order diffracted E-field of a
single MPC is calculated in our ray-based software as in [17]:

EUTD
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·D1 ·D2

·
√
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In Eq. (5), s is the distance from the source to the first diffraction
point (Dp1), s′ is the distance between the first and the second

Fig. 5. 3D model of scenario of interest for ray-tracing simulations.

Fig. 6. Scenario with a car between Tx and Rx: diffracted paths around the
vehicle are highlighted.

diffraction points, s′′ is the distance between the second diffrac-
tion point and the observation point. In Eq. (5), E||

i and E⊥
i are

the components of the incident E-field resolved in the edge-fixed
coordinate system, whileD1 andD2 are soft and hard diffraction
coefficients collected in a 4 × 4 array [17].

B. Foliage Model

There is foliage on the right side of the considered street
canyon scenario (see Fig. 5), which might potentially become
the source of signal attenuation and scattering; it should be
taken into account in ray-tracing simulations. The foliage can be
represented in two ways: (i) as a continuous surface of leaves,
meaning that the diffuse scattering effects take place (in this case,
the model developed in [18] can be used), or (ii) as a sparse
density of leaves, meaning that the signal propagates through
the leaves, reflects from the wall behind the leaves, and is then
received by the Rx (the ITU-R model can be utilized [16]).

In order to choose an appropriate model, the density of leaves
should be known. Based on our preliminary measurements of
the power angular delay profile (PADP), we confirmed that most
likely the signal is attenuated severely and then reflects from the
right brick wall. Later, in Section IV, we verify our assumption
by presenting the respective measurement results. Following this
assumption, we implement the ITU-R foliage model in our ray-
tracing simulation tool. The extent of foliage loss is described



TABLE II
CONSIDERED SCENARIO PARAMETERS

by the coefficient Ascat [16]:

Ascat = R∞d+ k(1 − exp(−(R0 −R∞)/k)). (6)

The model accounts for the dual slope nature of the measured
attenuation versus the depth curves, whose initial R0 and final
R∞ slopes can be calculated asR0 = αf andR∞ = b

fc , where f
is the operating frequency in GHz, whileα, b, and c are borrowed
from [16] (see page 5, Tab. I). In Eq. (6), k is the attenuated
coherent (non-diffusive) component, which is calculated as:

k = k0 − 10 log10(A0(1 − exp(−Amin/A0)(1 − exp(−Rff)).
(7)

If the Tx and the Rx are specified by their elevational and
azimuthal HPBW [φT , θT ] and [φR, θR] (see Fig. 3 in [16]),
then the minimum illumination area Amin on the foliage with
vertical hv and horizontal wv size is defined as:
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2
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θR
2

)
,wv
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. (8)

Other coefficients, such as k0, Rf , and A0, were taken from
the ITU-R recommendations [16] as well. The missing input
coefficients, such as the propagation distances inside foliage df ,
the distance between the Tx and the foliage r1, as well as the
distance between the Rx and the foliage r2, were produced by
the geometrical engine of the ray-based simulator in Section IV.

C. Simulation Steps

First, we create the 3D model of the environment (Fig. 5)
consisting mostly of large objects in a CAD software, such as
PTC Creo. Dimensions and locations of the surrounding objects
were measured by tape-meter. The 3D models of cars (see
Table I), which act as blockers and reflectors in our simulations,
are constructed in the same software. The shape and the outline
size of the car models correspond to the real ones. These are
produced as the “3D assembly” consisting of multiple solid
objects, such as windows, car body, wheels, and car interior. For
these specific parts, different materials are assigned (Table II).

Second, we upload all of the constructed 3D models into our
ray-based simulator and assign the corresponding materials to
each object. Additionally, we set the position of the Tx and
the Rx antennas. Finally, the E-field (Section III-B) for each
MPC accounting for the Tx (GTx) and the Rx (GRx) gains

(both in dBi) as well as for the radiated power PTx (in dBm) is
calculated in our software. The power (in dBm) of the MPC is
calculated as:

P = 10 log10((λ
2|E|2)/(8πZ0)) +GTx +GRx + PTx, (9)

where λ is the wavelength and Z0 is the free-space impedance
120π. Another output of the performed simulations is the excess
loss, which is the difference between the total pathloss and
the free-space loss. Both the total received power and the ex-
cess loss were calculated for different propagation mechanisms,
such as reflection, diffraction, transmission, and attenuation due
to foliage. The MPCs with the power contribution of under
−110 dBm were not taken into account (in practice, the noise
level is around −90 dBm for the wideband mmWave system).
We have reduced the noise level to identify more MPCs, which
offers broad information about the radio channel.

After our first simulated PADP was obtained and compared
with the measured one, additional smaller objects and details
of the environment have been added to the simulation model
(metal pipe near the door, protrusion of the brick wall, etc.). This
helped to achieve better convergence (more MPCs are matched
on PADPs) between the ray-based modeling and the measured
channel properties. As soon as all the MPCs in the PADP are
recognized, the simulation rounds stop.

IV. SIMULATION AND MEASUREMENT RESULTS

The simulation and measurement results are combined into
three sets. The first set includes the simulation results of PADP
that characterize the angular and temporal behavior of MPCs.
These results provide the following input: (i) geometrical ac-
curacy of the 3D model uploaded into the ray-based simulator,
(ii) objects affecting the radio propagation, (iii) types of prop-
agation mechanisms, and (iv) appropriate model for the diffuse
scattering. The second set of our results is related to the power
angular profile (PAP), the main purpose of which is a comparison
between the simulations and the measurements in terms of the
received power. The third set offers a more detailed overview
of radio transmission through the car as well as losses due to
the car windows. The received power is analyzed and compared
against the measurement results.

A. Analyzing PADP Values

The measured PADP in the reference scenario without any
obstacles between the Tx and the Rx (Sc1 in Fig. 1) is presented
in Fig. 7. The LOS path (square#1) is observed at the angle of
arrival (AoA) of 0◦, and the delay is 40 ns with the received
power of −77.5 dBm. This value was used for calibrating the
free-space pathloss in our simulations. The distance between the
Tx and the Rx is 12 m, which corresponds to the measured delay.
Another dominant MPC determined by the ray-based modeler is
a reflection from the left wall (square#2 at AoA = −65◦, delay
= 70 ns).

The simulated total received power equals to −88.2 dBm,
which is 1 dB less than that obtained in the measurements.
More accurate investigation of reflection by further simulations



Fig. 7. Measured (a) and simulated (b) PADPs in our reference scenario#1. Empty square #7 is a hypothetical diffuse scattering zone from foliage surface. Part
of measured (c) and simulated (d) PADPs in our reference scenario#3.

demonstrated two reflections in the square#2 with almost equal
received power but the taps having 2.1 ns difference in terms of
delay. This is caused by irregularities of the left wall visible in
Fig. 5. There is a protruding part of the brick wall on the left
side, which creates two propagation paths. Both of these taps in
square#2 are well captured by our ray-based simulations.

One more relatively weak MPC was observed in simulations
at the same AoA as the LOS component but with the delay of
65 ns (Fig. 7, square#3). The source of this tap is a car (car
No3 in Fig. 5) parked behind the Tx at a certain angle, which
creates a diffracted incoming path. Based on our simulations,
this path was found to contribute−100 dBm of the total received
power, which has a 4-dB discrepancy with the measured value
(−104 dBm). The time difference between the measured and the
simulated data is negligible (i.e. 0.5 ns).

Following the ray-based modeling results, the group of taps in
square#5 represents mixed propagation effects, such as diffrac-
tion and reflection. The presence of diffraction explains high
losses (over 20 dB) over a relatively short propagation time.
Despite that, simulation results are well aligned (under 3 dB of
difference) with the measured data. Square#6 is produced by
higher-order reflected MPCs from the parked cars #1 and #2
as well as the open door on the left side (see Fig. 5). In the
process of modeling, this path was the most challenging, since
it is very sensitive to the slope of the glass in a passenger car
parked near the wall. The power difference between the mea-
sured and simulated results is 4.5 dB (−105.3 dBm is the mea-
sured power, while −100.8 dBm corresponds to the simulated
results).

On the right side of the considered street canyon scenario,
there is foliage near the brick wall. It is important to determine
whether reflection/scattering will be observed on the brick wall
or the foliage. Based on the geometry of the measurement
equipment as well as the measured PADP, one can determine
a weak tap corresponding to a reflection from the right wall at
AoA of 55◦ and the delay of 71 ns. The Tx and the Rx are
aligned along one line in the middle of the street canyon, while
the reflection should occur from left and right walls at the same
delay but different AoAs. This can be observed in Fig. 7. If
the reflection occured at the foliage surface, the measured tap
would have appeared in square#7 (Fig. 7 at AoA = 55◦, delay
= 59 ns). Based on the above explanations, we can apply the

ITU-R foliage model and utilize Eq. (6). The difference between
the measured and the simulated results is approximately 4 dB.

Another setup of interest assessed in this subsection is sce-
nario#3 (see Fig. 1) where there is a parked car near the left
wall at the expected reflection point. A major difference be-
tween the measured and the simulated PADPs appears in the
highlighted square#8 (see Fig. 7). The reflection occurs at the
car body and from the brick wall. The measured received power
of the reflection from the car body is −89.4 dBm (AoA = 50◦,
delay = 59 ns), while another reflection from the brick wall is
−89.9 dBm. The respective values obtained by simulations are
−87.1 dBm and −89.0 dBm.

B. Analyzing PAP Values

In this subsection, we analyze the obtained PAPs (with both
measurements and simulations) for each of the studied scenarios
(see Fig. 1). The PAPs are divided into two distinct groups. In
Fig. 8(b), the PAP is presented for the cases where there is an
unshielded car between the Tx and the Rx. The second group
includes PAPs for two LOS deployments where the LOS is not
obstructed (Sc1 and Sc2) as well as for the scenarios where there
is a shielded (by the aluminum foil) car in the middle of a link,
see Fig. 8(a). Based on our observations and for better visibility,
these two groups of PAPs can be further divided into four angular
areas, wherein certain propagation mechanisms dominate. The
first area corresponds to the reflection from the left brick wall,
the second area corresponds to the reflection from the door, the
third area represents the LOS case, and the fourth area shows
the received signal from the foliage side.

The LOS and the reflection from the wall are the domi-
nant phenomena for vehicular communications as observed in
our measurements. The accuracy of the simulated reflection
is directly related to the accuracy of the dielectric properties
of the wall and its roughness. In our case, the gap does not
exceed 2 dB for the single-order reflection and 3 dB for the
higher-order reflections. Accordingly, the maximum of 6 dB
difference is observed between the measured and the simulated
results for the interaction of signal with foliage. The modeling
of attenuation due to diffraction is fairly accurate for UTD,
where error is less than 3 dB. Table III summarizes the excess
loss for each observed effect in different scenarios. Diffraction



TABLE III
MEASUREMENT RESULTS OF EXCESS LOSS FOR DIFFERENT PROPAGATION MECHANISMS IN AN URBAN STREET CANYON

Fig. 8. (a): Power angular profile for scenarios 1, 2, 7, and 8 (from Fig. 1).
Link distance is 10 and 12 m; (b): Power angular profile for scenarios 3, 4, 5,
and 6; transmission through car(s). Link distance is 12 m for all given scenarios.

and attenuation due to foliage have the expected excess loss,
where the difference between measurements and simulations is
negligible. Further, the signal may be passing through the cabin
and suffer from additional losses. It happens due to partial signal
blockage by the door frame, head restraints, or other interior
elements. However, this does not block the signal fully, but rather
introduces additional 10-dB losses. Since the level of accuracy
for the propagation through the cabin differs by 2–5 dB, it is
necessary to study it in more detail.

Fig. 9. Total received power. (a) the car is parallel to the link [Fig. 4(a); (b)
perpendicular location of the car relative to the link (Fig. 4(b)]. Blue color
denotes Tx locations from 0 to −2 m, while red color denotes locations from 0
to 2 m.

C. Transmission Through Vehicle

In this subsection, a more detailed analysis of the transmission
through the car cabin is provided. This propagation mechanism
can be used to communicate between the vehicles, along with the
reflections from the walls or the nearby cars. As part of our mea-
surement campaign, we conducted additional measurements that
characterize the transmission losses through the car windows.
Then, simulation results of the same deployment implemented
in our ray-based modeling software were produced. In Fig. 9, the
power dependence versus Tx location is presented for two cases:
(i) when the car is in the middle of the link and parallel to the



radio link (Fig. 9(a)), and (ii) when the car is perpendicular to the
radio link (Fig. 9(b)). It is visible in Fig. 9(a) that the measured
received power levels (dashed lines) are not similar. This is
because the car is slightly offset from the middle point of the link
and causes significant difference in the power level. For the 0 m
location, most of the signal is blocked by the car headrest and
the mirror, while for the offset position a transmission through
the car is not obstructed. At the position of 1 m, the transmit
signal is significantly obstructed by the rear part of the car, and
the total received power is on the level of −110 dBm. For the
parallel car alignment, our results suggest that higher power is
received at 0.4 and 0.6 m as compared to the central point. This
occurs due to the rack between the front and the rear passenger
windows as well as the seats. The latter means that when the Tx
is offset from the straight line at the Rx, communication through
a window is possible. These observations are confirmed by
our ray-tracing simulations, which are also presented in Fig. 9.
Additional measurements were conducted at the link distance of
5.3 m. This scenario is similar to the one described above. First,
the LOS measurements were performed. The received power at
this distance is −35.3 dB. Then, the HRV vehicle was placed
parallel and in the middle of the link. The car was located so that
the Tx and the Rx have a visual connection through its windows.
The obtained values of the received power and the transmission
losses are −49.1 dB and 13.8 dB, respectively. Then the vehicle
in question was placed perpendicular to the link. The measure-
ments through the two front passenger windows were conducted,
and the received power was found to be −37.1 dB. One window
was left open, such that the link existed only through one of the
front passenger windows. The transmission loss decreased by
1 dB. Similar measurements were repeated for the rear passenger
windows. It is important to note that there was a sun protective
film on the rear windows. The difference in the transmission
loss values between the measurements for two windows and
one window is 13.6 dB.

V. CONCLUSION AND DISCUSSION

The emerging high-rate vehicular communications are envi-
sioned to actively exploit mmWave frequencies, such as those
in 28 GHz band adopted by the 3GPP as part of their 5 G
standardization. To facilitate further efforts on such commu-
nications in this band, we conducted a dedicated measurement
campaign supported by ray-based simulations characterizing the
propagation mechanisms at 28 GHz in a street canyon scenario
with vehicular blockage.

First, we validated the excess loss values for the transmission
through a single car blocking the LOS link. The excess loss of
4.5 to 7.5 dB is obtained, while two blocking vehicles attenuate
the signal for 9.5 to 16.5 dB, accordingly. Additionally, via a
more detailed analysis of the transmission, it was discovered
that exterior (vertical rack) and interior (headset, mirror) parts
of a vehicle might affect the excess loss values, which can be
up to 20 dB, while the attenuation due to sun protective film
on the windows is 15 dB. Based on these results, we may
conclude that the transmission through a car is possible in the
LOS obstructed scenario. However, one should not consider it

to be a dominant propagation mechanism due to various exterior
and interior geometries of different vehicles. Alternatively, the
reflection from a building wall and the parked vehicle(s) might
be used for radio communication. Specifically, the reflections
from a brick wall and a vehicular body have a small excess loss
of 2.8 to 3.5 dB. However, the foliage in the street canyon may
increase the losses up to 20 dB.

Finally, the accuracy of our developed ray-tracing tool was
assessed. The maximum difference between the measured and
the simulated results does not exceed 5 dB. Specifically, the
reflection from a building wall shows the smallest difference
due to lower geometrical complexity of the reflecting plane
and the physical model. On the contrary, the biggest mismatch
was displayed by attenuation due to foliage. The reason for
that is empirical nature of the attenuation model, described by
many variables that parametrize the foliage type. In practice,
it may be challenging to determine the type of foliage and
associate it with an individual coefficient. Finally, a detailed
analysis of through-the-car transmission was completed, which
showed a relatively higher difference as compared to reflection
or diffraction effects. The main reason for that is geometrical
mismatch between the simulated 3D model of the interior and
the real configuration. However, replicating a vehicular interior
is time consuming and beyond the scope of this work. In this
regard, future work may include studying the effect of antenna
positioning on signal propagation.
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