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Abstract—Vehicle-to-barrier (V2B) communications is an
emerging communication technology between vehicles and road-
side barriers to mitigate run-off-road crashes, which result in
more than half of the traffic-related fatalities in the United
States. To ensure V2B connectivity, establishing a reliable V2B
channel is necessary before a potential crash, such that real-time
information from barriers can help (semi-)autonomous vehicles

Vehicle

make informed decisions. However, the characteristics of the V2B ; : v_
channel are not yet well understood. Therefore, in this paper, a [m] o Barrier O

V2B channel model is developed with three channel metrics:
received power, root mean square (RMS) delay spread, and
RMS Doppler spread based on experiments during controlled
vehicle crash tests. Experimentation, empirical analyses, and
mathematical models are introduced to capture the impacts of
antenna height, barrier type, and vehicle type in V2B channel
characteristics. Vehicle-height barrier antennas experience 6.4%
(540ns) less reference delay spread while encountering 10%
(13Hz) higher reference Doppler spread and 10dB more received
power than the barrier-height barrier antennas. Moreover, steel
barrier deployment results in a 21% (2, 040ns) larger reference
delay spread and 2.4% (2.35Hz) smaller reference Doppler spread
than concrete barrier deployment. Finally, the impact of the
crash in the communication channel is investigated with these
empirical metrics. To the best of our knowledge, this is the first
V2B communication channel model that captures received power,
RMS delay spread, and RMS Doppler spread validated with the
most extensive set of vehicular crash tests. The experimental code
and experiment dataset are made public to support reproducible
research (https://github.com/UNL-CPN-Lab/Crashing- Waves).

I. INTRODUCTION

Annually, around 1.35 million people die in road accidents
in the World [1], with at least 20 million more people injuring
in crashes. According to the world health organization, road
crashes become the principal cause of death for people ages
5 to 29 [1]. In the U.S., the number of fatalities due to
road crashes has been consistently greater than 32,000 per
year in this decade (e.g., 36,560 in 2018 [2] and 36,096 in
2019 [3]). According to the National Highway Traffic Safety
Administration statistics, in 2019, 52.59% of fatalities was
caused by a single-vehicle crash [4]. In the last decade, this
rate has always exceeded 50%. A National Center for Statistics
and Analysis study shows that 70% of single-vehicle crashes
is caused by run-off-road (RoR) crashes [5].

To eliminate the fatalities in road transport, intelligent
transport systems (ITS) are introduced between vehicles
and roadside infrastructure. Vehicle-to-everything (V2X) is
considered the key to those intelligent systems [6]. Sev-
eral connected vehicular technologies include: vehicle-to-
vehicle (V2V) [7], vehicle-to-infrastructure (V2I) [8], vehicle-
to-pedestrian (V2P) [9], vehicle-to-cloud (V2C) [10], and

Fig. 1: V2B Communications.
vehicle-to-barrier (V2B) [11]-[13] are introduced in the liter-
ature to serve different vehicle consumers’ purposes. Mainly
V2V and V2I are considered for improving roadside safety
and reducing fatalities and injuries on roads.

Intelligent vehicular communication-based roadside safety
systems are introduced in the literature and implemented in
practice. For example, Toyota has implemented V2V and
V2I for its cars in Japan, [14], to reduce the possibility of
crashes close to intersections. Similarly, California Partners
for Advanced Transit and Highways (PATH) is implement-
ing automatic platooning for trucks by V2V communication
[15], to maintain a small constant clearance between trucks
on highways without any collisions [16]. However, these
solutions mainly focus on multi-vehicular crashes on roads
and do not consider the single-vehicle RoR crashes, which
result in more than half of the traffic fatalities. To reduce
the losses caused by single-vehicle crashes, we introduced
a new vehicular communication paradigm, vehicle-to-barrier
(V2B) communications [17], for moving vehicles to establish
a communication link with roadside barriers (Fig. 1). This link
aims to exchange information (e.g., road condition, barrier
type, curvature, road type, etc) between the moving vehicle
and the barrier to assist the onboard computer or the driver so
that a RoR crash can be avoided. A successful deployment
of this scheme could potentially replace physical roadside
barriers, which are hazards for vehicles, with virtual barriers.
We summarize detailed motivation and use-cases of the V2B
scheme in [13] and the V2B communication behavior during
crash tests is observed in [12], [13].

The aim is to keep vehicles on the road by ensuring
interruption-free V2B communication. This interruption-free
link can also confirm early detection of a potential RoR
crash based on the instantaneous messages received from the
vehicles on the road. A major challenge is designing a uniform
system that could work regardless of vehicle type, barrier type,
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roadside shape, and antenna deployment position. In addition,
an in-depth investigation for proper barrier design and an
emergency message forwarding scheme would also be required
in the next phase.

More specifically, for the successful utilization of V2B
communications, a detailed analysis of the V2B channel pa-
rameters is necessary. In this paper, we aim to bridge this gap.
An empirical channel model is presented. Accordingly, RMS
delay spread and RMS Doppler spread are also estimated. For
all the experiments, the V2B channel behaviors are captured
for the vehicle antenna height, vehicle encroachment angle,
the distance between the vehicle and barrier antennas, the
velocity of the vehicle, and the types of vehicles and barriers.
We briefly summarize the contributions as follows:

« Five vehicle crash experiments are conducted with
software-defined-radio (SDR) equipment, and the channel
metrics: received power, RMS delay spread, and RMS
Doppler spread are empirically measured. This is the
most comprehensive data set for high-velocity wireless
V2B communications to the best of our knowledge.

We capture these channel metrics through empirical mod-
els that are validated based on the experiment results. To
the best of our knowledge, this is the first empirical V2B
channel model. Dataset' and implementation codes® for
this model are open for everyone in the online public
repository.

Finally, we present the impacts of vehicles and barrier-
related parameters on the V2B channel characteristics,
which have important implications for the design of V2B
systems in practice.

The remainder of the paper is organized as follows: In
Section II, the related work is discussed. In Section III, the
experiment methodology is explained for both the static open-
space tests and the crash tests. Then, the performance metrics
measurement and mathematical modeling methodologies are
described in Section IV. The evaluation of the V2B channel
model with the real-world crash tests is presented in Section
V. We conclude the paper in Section VI

II. RELATED WORK

Physical layer channel metrics analysis is a prevalent ap-
proach in literature for investigating wireless channel charac-
teristics. Path loss and delay spread are analyzed for static
transmitter and receiver nodes in an expansive range of cases
[18]-[20]. In addition, Doppler spread is also investigated for
mobile cases [21], [22]. Empirical estimation of these channel
metrics is also explored in the literature [23]-[26].

Studies of path loss, delay spread, and Doppler spread have
recently gained attention for vehicular communications [27],
[28]. These studies assist in developing reliable and efficient
vehicular communication solutions. For example, a collection
of urban channel measurements for V2I is demonstrated in

Uhttps://ieee-dataport.org/open-access/crashing- waves-empirical- vehicle-
barrier-communication-channel-model-crash-tests
Zhttps://github.com/UNL-CPN-Lab/Crashing- Waves
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[29], categorizing the experiment sites into three different
regions and modeling the channel metrics for each region.
These models are then utilized to evaluate the communication
behavior for each region. In [30], channel metrics of a V2I
network are presented in a rural environment, classifying the
measurements into line-of-sight (LOS) and non-line-of-sight
(NLOS) cases. In [31], similar types of measurements are
evaluated for the V2V scenario of highway vehicles . However,
no communication measurement is available in the literature
that addresses single-vehicle, RoR crash conditions.

We observe a similar scenario for commercial standards of
vehicular communication solutions. In the sub-6GHz vehic-
ular communication domain, currently dedicated short-range
communication (DSRC) [32] and Cellular-V2X (C-V2X) [33]
are the two most prominent standards. These communication
schemes are used in a wide variety of vehicular applications
[34], [35]. However, none of these schemes are investigated
in vehicular crash situations.

Previous work on V2B communications describes the ef-
fects of various performance metrics such as received signal
strength (RSS), error vector magnitude (EVM), signal-to-noise
ratio (SNR), and bit error rate (BER) during the crash tests
[13]. However, an in-depth analysis of key channel parameters,
including path loss, delay spread, Doppler spread, is necessary
for efficient and reliable deployment of this mechanism. Fur-
thermore, extensive V2B channel models are missing in the
literature. In this paper, we aim to bridge this gap. To the best
of our knowledge, this is the first paper that discusses received
power, RMS delay spread, and RMS Doppler spread models
for the V2B communication channel with the most extensive
set of vehicular crash tests.

III. EXPERIMENT METHODOLOGY

In this section, we discuss the detailed experiment method-
ology for the wireless experiments, crash tests, and open
space experiments conducted at the Midwest Roadside Safety
Facility (MwRSF).

A. Wireless Experiment Methodology

We use Ettus Universal Software Radio Peripherals (USRPs)
[36]. These radios are placed in vehicles and on or near
barriers. The radio devices for the tests are USRP E312, USRP
B200, and USRP B210. Their placements in the experiments
are discussed in Section III-B. For operating these USRPs,
we use GNU Radio 3.7.13.4 and UHD 3.13.1.0 [37], [38],
and we use GNU Radio’s benchmark orthogonal frequency
division multiplexing (OFDM) python script [39] with neces-
sary modifications for transmitting and receiving the signals.
We set the USRP for transmitting OFDM symbols at 5.8
GHz with a baseband sampling rate of 500 ksps and FFT
length of Nppr 64. Of these 64 sub-carriers, 46 are
used for communicationm and the remaining are reserved
as guard bands and for DC. The cyclic prefix (CP) length
is Nop = 128, and the signal is modulated with BPSK
modulation. The preamble of this OFDM system is block type.
Twenty-four consecutive data symbols follow one block-type
preamble. We refer to this set of 25 symbols (1 preamble
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Fig. 3: Crash test illustrations: Initial vehicle distance to the barrier impact point, encroachment angle and speed, barrier type,
and barrier antenna distance to the impact point are indicated.

TABLE I: Crash Tests Parameters

Antenna Height Antenna Type . . . .

Test Name Vehicle T Barrier | Vehicle T Barrier Vehicle Type | Barrier Type | Max. Distance | Max. Velocity
SSSB 1dsm | L4m | o [ Panel g, Steel Sheet 220m 28 ms

0.87m Panel
PSSB 1.8m 1.8m omni |22l | pickup Steel Sheet 270m 28 m/s

0.82m Omni

1.8m . Panel .
PCB 1.8m 08m Omni Omm Pickup Concrete 350m 28 m/s
PCBL 1.88m 1.88m Omni Panel Pickup Concrete 430m 28 m/s
SSWB 1.45m 1.0m Omni Panel Sedan Steel Wire 250m 28 m/s

and 24 data symbols) as an OFDM frame in this paper.
The receiver uses this block-type preamble for synchronizing
the received signal by using the Schmidl and Cox OFDM
synchronization algorithm [40]. We select the parameters such
that we can observe the channel impact over a simple OFDM
signal. ISM 5.8 GHz band is chosen so that the solution
could be easily deployed in DSRC equipped vehicles without
installing any additional hardware.

B. Crash Test Methodology

Next, we discuss the five real-world crash tests and their
technical setup (Fig. 2a), conducted at MwRSF. In each exper-
iment, the barrier antenna’s locations are determined based on
safety precautions indicated by the expert team from the facil-
ity. On the barrier side, we use USRP B200/B210s, which are
connected to either a highly directional panel antenna [41] (28
dBi maximum gain) or a dual-band omnidirectional antenna
[42] (5.3dBi gain) (Fig. 2b). We refer to the antennas attached
to or next to the barrier as the barrier antenna throughout
the paper. The positions of the antennas are selected for each
crash test to minimize the chances that the crash vehicle hits
any components. The barrier radio is connected to a laptop
operating the B200/B210.

On the vehicle side, we mount a USRP E312 inside a vehicle
(Fig. 2c). E312 is a battery-operated portable stand-alone SDR,
allowing us to easily set it inside the crash vehicle without
any additional computing machines during the operation. The
USRP with a backup power bank is placed inside a metal
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frame and firmly attached to the vehicle body to minimize
damage during the crash. None of the devices were damaged
during the crash tests.

On the vehicle’s rooftop, we place a dual-band omnidi-
rectional antenna (Fig. 2d). This antenna is similar to the
omnidirectional barrier antennas. This antenna transmits the
OFDM signal from the USRP E312 at a 5.8 GHz frequency.
Throughout the paper, we refer to the antenna attached to
the vehicle as the vehicle antenna. The transmit power of
USRP E312 is set to 10dBm for all the experiments. In the
experiments, the vehicle antenna is used as the transmitter, and
each barrier antenna is used as a receiver. On the barrier, we
place antennas at different heights.

Results from a total of five crash tests are presented in this
paper. These crash tests are labeled based on the vehicle and
barrier types involved: Sedan to Steel Sheet Barrier (SSSB),
Pickup to Steel Sheet Barrier (PSSB), Pickup to Concrete
Barrier (PCB), Pickup to Concrete Barrier LOS (PCBL), and
Sedan to Steel Wire Barrier (SSWB) crash tests.

Table I includes details of each crash test. Geometric details
about each test are illustrated in Fig. 3. From the starting point,
the crash vehicle is pulled by another vehicle with a pulley.
At the end of the trajectory, the cable and pulley of the crash
vehicle are released. As a result, the crash vehicle travels the
last part of its distance freely and finally crashes to the barrier.
The pulling vehicle ensures that the crash vehicle can achieve
its desired velocity v. For the experiments we present here,
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Fig. 4: Open space experiment setup.
the value of v is 62mph (or 28m/s). The angle between the
encroachment trajectory and the barrier is set to 25° for the
tests.

Besides the radios and antennas, we use two high-precision
accelerometers and three high-resolution cameras to synchro-
nize collected radio data with vehicle position and speed.
The accelerometer collects acceleration data at the rate of
10kHz on each axis. The three high-resolution cameras were
installed on the spot of the crash test. They are connected
with another laptop during the test. The laptops operate the
USRP B200/B210, and the cameras are synchronized with the
Network Time Protocol (NTP) [43] protocol before each crash
test.

C. Static Open-Space Experiment Methodology

The objective of the open-space experiments is to quantify
the impact of antenna directivity in overall communication.
Therefore for these tests, we consider only directional panel
antennas as the barrier antenna. For these tests, we place radios
and antennas in the same facility where we conduct crash
experiments. Therefore, the large-scale scattering environment
is the same as that in crash tests. We place the equipment in
an open space where no barrier is positioned. Although there
are no barriers in this set of tests, we call these directional
antennas barrier-equivalent antennas. Correspondingly, a sec-
ond setup is called a vehicle-equivalent antenna. To quantify
the impact of the vehicle body on the antenna directivity, we
conduct two sets of experiments, with and without a vehicle.

In the static experiments (Figs. 4a), we place two barrier-
equivalent antennas on one end. Similar to the crash tests,
we place them in two different heights: 0.8m as the barrier
height and 1.5m as the vehicle height. The vehicle-equivalent
antenna is placed at 1.5m. It is placed on a tripod for the
no-vehicle experiments and on the rooftop of a sedan for
the experiments with the vehicle. The distance between the
vehicle-equivalent antenna and the barrier-equivalent antenna
varies in an arithmetic progression of 10 values having first
term and common difference as 30.48m, i.e., 100ft. At each
location, the barrier-equivalent antenna receives signals for
20 secs. For each location, the barrier-equivalent antenna
receives signals for 8 different directivity angles. The direc-
tivity angle is calculated as the angle between the barrier-
equivalent antenna boresight and the line between the vehicle
and barrier-equivalent antenna. For this experiment, we select
8 different directivity angles: 0°,3°,6°,10°,20°, 30°,60°, and

422

90°, where 0° refers to the case when the antenna boresight
points to the vehicle. We collect data for both types of tests,
i.e., with and without vehicle tests. Therefore for 10 different
distances, 8 different angles, and 2 different types, we have a
total of 160 cases.

The vehicle-equivalent and barrier-equivalent antennas are
shown in Figs. 4b and 4c. In Fig. 4c the barrier-equivalent
antenna is placed in a base that can rotate. For the case of
vehicle experiments, the vehicle-equivalent antenna setup is
the same as the vehicle antenna setup of the crash test in
Fig. 2d. Next, we discuss the methodology for processing the
collected experimental data.

IV. MEASUREMENT METHODOLOGY AND MODELING

In the following, we discuss the methodology to obtain
relevant channel and experiment parameters and the channel
model. More specifically, OFDM demodulation and channel
frequency response (CFR), received power modeling, RMS
delay spread, RMS Doppler spread, and experiment parameter
calculation procedures are described.

A. OFDM Demodulation and CFR

The transmitted OFDM signal from the vehicle is received
by the barrier radios and synchronized with Schmidl and Cox
OFDM synchronization algorithm [40]. The synchronized and
CP-separated received IQ stream is converted to frequency
domain data through FFT operation by the benchmark OFDM
receiver code and stored as log files. As a result, CFR can be
calculated from frequency domain log files.

The transmitted signal contains a sequence of OFDM
frames, consisting of one block type preamble and 24 data
symbols. For each preamble, we use the least square (LS)
channel estimation [44] to estimate the channel. This preamble
works as a block-type pilot. This block-type pilot is then used
to estimate the channel of the next symbol. This estimate is
then used to estimate the following symbol. In this way, the
header of the OFDM frame is estimated and then demodulated.
This methodology is performed to track the rapid channel
variations more accurately instead of conventionally relying
on the pilot sequence for the entire frame. Since all the
transmitted data is known at the receiver, channel estimation
can be performed at a symbol granularity.

The header of the demodulated OFDM symbol contains the
frame index. This frame index is used to identify the missing
frames. The channel of the missing frame is then indicated as
a null stream in the overall estimated channel.

B. V2B Channel Model

In this section, the V2B channel model is presented. A
modified log-distance received power model is considered for
the V2B channel. The classical equation for modeling log
distance received power and widely used in the literature
[45], [46] has several limitations. This model assumes that the
received power is independent of the antenna, antenna gain,
and the angle between the transmitter and receiver. However,
this assumption does not hold in practice, especially with
directional antennas, which strongly impact the propagation
of signals.
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For the V2B channel, we define the received power as
follows:

d
P.(d,0,hv,hp) = Py (hv,hg) — 10n(hy, hp)log (d?)

+wiK(d,0,hy,hp)
+w,V(d, 8, hyv,hp)
+ wp, loghp + wy,, log hy 4+ wy
— Lq(d,hy,hp) —T(d, hy, hp,0),
()

where the first two terms are the classical log distance re-
ceived power model, P, (hy,hp) is the reference received
power of the model at distance dy; 0 is the angle between
vehicle and barrier; received power exponent is n(hy,hp),
K(d,0,hyv,hg) and V(d,0,hy,hp), and wy and w, are
the correction factors and associated weights for antenna
directionality and the vehicle body, respectively; hy and hp
are vehicle and barrier antenna heights; wy,, and wy,, are their
weights; w,, is the bias; Ly(d, hy,hp) and I'(d, hy, hp,0)
are the diffraction and reflection losses due to the barrier,
respectively. The reference distance, dg, is set to 30.48m.

We discuss each term in (1) in the following. Empirical
data collected in Section III-C are utilized for this model
development.

Log Distance Received Power: Received signal powers
are evaluated for specific d, 6, hy, and hp according to
the empirical data. Received power exponent 7(hy,hp) is
calculated from the empirical received power data without a
vehicle at LOS condition, i.e., # = 0°. For each hy and hp,
the corresponding n(hy, hg) is determined for the model.

Model for K & V: We include K (d, 6, hy, hg) in (1). This
quantity was introduced [23] for addressing antenna directivity
in the path loss model. For the V2B scheme, the vehicle
antenna is considered Omnidirectional. Therefore K is defined
to only address the barrier antenna directivity. If the barrier
antenna is Omni-directional, as in some of our experiments,
we set 6 = 0°.

For the V2B received power model, addressing antenna
directivity is not sufficient. From the static open-space ex-
periments, we observe that the vehicle body significantly
influences path loss. Therefore, we have also modified Kelner’s
approach with an additional correction factor, V' (d, 8, hy, hg).

The  correction  factors  K(d,0,hy,hg)) and
V(d,0,hy,hp)) are empirically determined from the static

open-space experiments as follows: Using experiments
without the vehicle (i.e., V(d,0,hy,hg) = 0), the
measured received power, P,.(d,0,hy,hp) is used to

find K(d7 9, hv, hB) = Pr(d, 9, hV7 hB) — Pr(d, 07 hv, hB)
according to [23]. Therefore, the difference between the
received power of the current directivity angle and the
received power when the directivity angle is 0° denotes the
correction factor. Similarly, V' (d, 8, hy,hg) is calculated by
comparing experiments with and without the vehicle for d,
hv, hp, and . Then, these values are interpolated for any d
and 6.
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From the empirical data, K and V' values are available for
a specific combination of d and 6. To evaluate K and V for
any d and € we model these two quantities as a function of
d, hy, hp and 6 by utilizing the empirical data. Accordingly,
the mathematical model of K and V are:

K(d, 0, hv, hB) = Wk log(d) —+ Wkh g log(hB)
+ Wihy, log(hy) + wied + wis

V(d7 0, hy, hB) = Wyq log(d) + Wyhg log(hB)
+ Woyhy IOg(hv) + w'z)ee + Wy

@
3

where Wid, Wihy > Wkhy Wk> Wods Wehy> Wohy, and wyg are
the weights and wy, and w,; are the biases. Here the unit of
0 is radian and the units of d, hy, and hp are meter.

These weights and biases are calculated using least square
multiple regression. Using the empirical data, we found the
values as: wgrqg = 2.38, wgp, = —12.44, wip = —11.32,
Wgp = 76.47, Wyd = 73.26, Wyhy, = 2.35, Wy — 71‘59,
and w,;, = 21.76. For evaluating empirical data, we use only
one vehicle (i.e., only one value of hy ). Therefore, wgp,, , and
Wyh, are zero for this case and the contribution of vehicle
height is summed as a constant value with the biases.

Diffraction Loss (Lg4) and Reflection Loss (I'): During
the crash tests, the barrier can contribute as the source of
diffraction and reflection losses. We model these losses with
received power in (1). Diffraction loss L, is modeled with
classical knife-edge diffraction model [47] assuming barrier
top corner as a knife-edge. On the other hand, reflection loss
is modeled from reflection coefficient [48], based on the barrier
top surface’s reflection and refraction properties. Since static
open-space tests are conducted without barriers, these losses
are zero for those experiments.

Model Weights (wg, w,) & Bias (wp): Using all the
components in (1), the estimated received power can now be
evaluated for known d, hy/, hg, 6 values from the model. From
empirical values of static open-space tests these weights and
biases can be derived using least square multiple regression
algorithm. The calculated values are: wy, = 1.64, w, = —0.55,
wp,, = 3.15 and wy, = 11.08.

RMS error of this fit is: 4.09dB and R? value is 0.63. On
the other hand, RMS error of fit (2) and (3) are: 6.01dB and
6.59dB and R? values are 0.49 and 0.03 respectively. To avoid
over-fitting, we accept small R? values in (2) and (3) compared
to a traditional regression model. This results a better overall
fit for (1).

Log Normal Random Fading Model: So far, fading has
not been considered. Accordingly, (1) can be modified to
capture log-normal fading as:

XG:PTE(daeahVJlB)7Pr(d707hVahB)7 (4)
where o is the standard deviation of fading, P, is the

empirical received power, and P,.(d, 0, hy, hpg) is given in (1).

We also represent a hypothesis testing about the observation
that the measured fading of the model is not lognormal
and then calculate the p-values of this hypothesis for each
experiment.
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C. RMS Delay Spread

We use the frequency domain channel state information
(CSI), i.e., CFR, for calculating the RMS delay spread. First,
we calculate the power delay profile (PDP), from which we
empirically quantify the RMS delay spread.

Before utilizing CFR for PDP, the phase errors within
CFR need to be corrected. Therefore we apply the phase
correction approaches on CFR based on the methodologies
in the literature [24], [25]. These approaches are discussed
below.

Non-linearity of the radio components: Different compo-
nents of the radio device creates non-linear errors in the signal,
which exhibit non-linear phase errors in CFR. To remove this
non-linearity, we use least-square linear regression [24] for
the 46 occupied sub-carriers of the OFDM signal, which is
implemented for each OFDM symbol.

Uncertainty of the frame synchronization starting point:
To avoid the inter-symbol interference (ISI), OFDM signals
use CP. The OFDM synchronizes the block type preamble
and then demodulates the signal. Since the preamble is also
cyclic-prefixed with Nop sub-carriers, there is an uncertainty
of time ¢, = ts X Ncp, where ¢ is the sampling time of a
sample. This timing uncertainty in the time domain produces a
phase offset in the frequency domain. According to [49], this
phase offset follows a Gaussian distribution (with zero mean).
We split the vehicle’s overall encroachment path into several
different slices with 50m intervals for the crash tests. At each
50m interval, we take the average of the phase of CFR frames
to reduce the phase offset close to zero.

Carrier frequency offset (CFO): CFO occurs in a wireless
system, mainly for two reasons: (1) For the two different
USRPs, the carrier frequency cannot be perfectly the same.
(2) Doppler effect creates a frequency shift. The Schmidl and
Cox OFDM synchronizer [40] also addresses the CFO error
and corrects it. Therefore, we do not take any additional steps
to correct the CFO.

After the phase corrections, the CFR is converted into the
time domain by IFFT. This makes a channel impulse response
(CIR) representation of the signal. This CIR is then used to
find the PDP, which is used for RMS delay spread.

To calculate the empirical values of RMS delay spread, first,
the spurious components are extracted from the PDP with a
threshold of 15dB from the maximum value. This threshold is
chosen based on the average SNR value of the signals. Then,
the RMS delay spread is calculated as [48]:

(r2) - (7)?, )

where 7 = Y, Pe7i/> ) Prand 72 = 3", Pet? /> P, and
Py is the absolute power of the k-th frame of PDP.

Using the empirical RMS delay spread values of all crash
tests, we depict a mathematical model of RMS delay spread.
This RMS delay spread is a function of distance d. The
lognormal characteristics of RMS delay spread are observed
in the literature [50], [51]. Accordingly, we consider the
following model:

TRMS =
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(6)

where T is the reference value of the delay spread, d is the
distance between the vehicle and barrier antennas, € is the
delay spread exponent, and y. represents the amount of error
in the model. We evaluate this model in Section V.

D. RMS Doppler Spread

Next, we present a mathematical model for RMS Doppler
spread based on empirical data. For OFDM signals, we first
convert the CFR into time-domain CSI using IFFT. We use
empirical and theoretical definitions of the channel auto-
correlation function (ACF) to find the Doppler shift [52], [53].
More specifically, empirical ACF is given as [52]:

ACF(m,n) = E(h[m]  conj(h[n])) ,

TrRMs = Tody,

)

where h[m] and h[n] are time-domain CSI of m-th and n-th
symbol of a frame, respectively. For the 25 symbols in each
frame in the system, a total of 25 x 25 = 625 different ACF
values can be obtained for each frame. The theoretical ACF
is given as [52]:

ACF(i,i+ s) = Jo(2m fasTs) |, 8)

where Jy(+) is the zeroth-order Bessel function of the first
kind, f; is the Doppler shift frequency, T is the sample time
for each symbol, and s is the symbol difference, i.e., the
difference between the two symbols whose auto-correlation
is calculated.

We calculate the empirical ACF matrix for each OFDM
frame for the crash experiments and follow a numerical
approach to calculate f; from ACF based on (8). Accordingly,
we find out the maximum range of Doppler frequency from
the following equation:

fiyy = 2L ! :

C

€))

where v, is the maximum possible velocity of the vehicle,
f is the center frequency, and c is the speed of the light. For
the crash experiments, v;,,, = 28m/s, and f = 5.8GHz. From
(9), we find fq,,.. as 541.33 Hz. We select roughly 10, 000
linear spaced points within this maximum Doppler range. The
range of symbol difference could be 0 < s < 24. Therefore
for each 25 symbol differences, we take the Bessel function
values of all the velocities. As a result, now we have a total of
25 x 10,000 = 25,000 values, based on which we calculate
the empirical value of f;. Accordingly, we create an f; matrix
similar to the empirical ACF matrix. Then, the RMS Doppler
spread is calculated by taking the RMS of the corresponding
vector.

Since the lognormal nature is observed for RMS Doppler
spread with velocity in literature, [30], [54], [55] we consider
the following model:

farms = Fovyq , (10)

Fy is the reference value of the Doppler spread, v is the
vehicle’s velocity, e is the Doppler spread exponent, and yq
represents the amount of error in the model. We discuss the
effectiveness of this model in Section V.
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Fig. 5: Empirical Received Power Values and Corresponding Estimation from Model (Model is marked with green line).
TABLE II: RMS Error of Received Power Model in dB & p-values for Log Normal Random Fading

Test Name d > 50m d < 50m Overall p-values
i Vehicle-height | Barrier-height | Vehicle-height | Barrier-height | Vehicle-height | Barrier-height | Vehicle-height | Barrier-height
SSSB 5.38 3.83 9.09 11.11 6.44 8.23 0.9998 1
PSSB 4.12 10.06 5.44 24.22 437 12.40 0.8673 0.9999
PCB 3.31 8.91 8.39 26.18 3.65 21.94 1 1
PCBL 6.33 - 9.77 - 6.51 - 0.9957 -
SSSW - 3.66 - 13.41 - 5.11 - 0.9879

E. Velocity, Distance, and Directivity Angle

We employ a methodology for measuring the velocity,
distance, and directivity angle of the vehicle precisely. We
achieve this precision using the high-precision accelerometer,
which is discussed in Section III-B. The filtered accelerometer
data is cumulatively integrated with respect to time to calculate
the velocity. This velocity is cumulatively integrated to obtain
the distance between the vehicle and barrier.

For all the crash tests, the directional panel antenna is placed
towards the initial vehicle location. When the vehicle starts
moving, the directivity angle also dynamically changes (except
PCBL, as mentioned in Section III-B). Since we have the
precise position information from the accelerometer data, we
can exploit that information to calculate the directivity angle
by applying trigonometric analysis. Based on the methodology
to analyze the V2B channel metrics as explained in this
section, next, we discuss evaluation results.

V. EVALUATION RESULTS

In the following, model validation and evaluation results for
received power, RMS delay spread, and RMS Doppler spread
of the V2B channel are discussed.

A. Received Power

To validate the received power model for V2B communi-
cation in (1), all crash experiments are categorized into two
parts based on the barrier antenna deployment height. Barrier
antennas deployed in height i > 1m are considered vehicle-
height barrier antenna deployment, based on the height of
the vehicle. On the other hand, barrier antennas deployed in
height h < 1m are considered barrier-height barrier antenna
deployment, based on the barrier height. The specific heights
are shown in Table I.

In the vehicle-height (Fig. 5a) and barrier-height (Fig.
5b) barrier antenna results, the distance in the figures (x-
axis) is the straight line distance between the vehicle and

425

the barrier. Received power exponents for vehicle-height and
barrier-height deployments are 1.68 and 1.96, respectively.
For the discussion, we split the overall trajectory into two
parts: d > 50m and d < 50m. Vehicle-height deployments
have a 10dB higher average received power than barrier-height
deployments.

We summarize the difference between empirical received
power and modeled values as errors in Table II to analyze
these results. p-values of the null hypothesis that this error
follows Gaussian distribution with 95% confidence interval is
also mentioned in the same table. For d > 50m, mean RMS
error varies between 3.31dB to 10.06dB. For d < 50m and
directional barrier antenna, this range is 5.44dB to 13.41dB.
Omni-directional barrier antennas (barrier-height PSSB and
PCB) experience larger RMS mean errors than others due
to the lower gain of the omnidirectional antenna. On the
other hand, p-values for all experiments > 0.8673 proves the
effectiveness of the model.

B. RMS Delay Spread

We classify the entire experiment dataset in these three
dimensions to analyze the impacts of barrier antenna height,
vehicle type, and barrier type on the RMS delay spread
(RDS). Barrier antenna height classification is similar to the
classifications of Section V-A. Moreover, we classify the entire
crash test delay spread dataset based on vehicle type (sedan
and pickup) and barrier type (concrete and steel). The results
are shown in Figs. 6.

We summarize the resulting model parameters for RMS
delay spread in Table III. We observe a 6.4% smaller ref-
erence delay spread for the vehicle-height deployment for
vehicle-height and barrier-height barrier antenna experiments
(Figs. 6a-6b). In addition, the barrier-height antenna exhibits a
negative exponent, meaning the RMS delay spread gradually
increases for the barrier-height antenna when the vehicle
approaches the barrier. As a result, the barrier-height antenna
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Fig. 6: RMS Delay Spread results (Model is marked with a
green line).

TABLE III: RMS Delay Spread Model Parameters

Category To (us) € oy, (dB)
Vehicle-height | 7.92 0.03 4.03
Barrier-height | 8.46 -0.006 | 5.42
Sedan 7.87 0.02 5.88
Pickup 7.85 0.02 4.55
Concrete 7.61 0.03 4.38
Steel 9.65 -0.04 7.92

experiences greater multi-path effects when the vehicle ap-
proaches closer to the barrier.

Similarly, experiments with concrete barriers experience a
21.21% smaller reference delay than those with the steel
barrier (Figs. 6e-6f). Moreover, the negative delay spread
exponents of steel deployment prove larger multi-path effects
near the barrier region. This significant difference suggests
potential directions for barrier-specific V2B communication
design. For sedan and pickup classification, the difference of
reference delay is only 19s (Figs. 6¢-6d). Both of them have a
decreasing delay effect towards the barrier due to the positive
delay spread exponent.

The standard deviation of the mathematical model error, o,
is less than 8dB for all the measurements (Table III) and shows
a good agreement with the model [50].

C. RMS Doppler Spread

We discuss the Doppler spread (DS) results, as shown in
Figs. 7, using the same classification in Section V-B. The
resulting parameters are shown in Table IV. Placing barrier
antennas at a vehicle height results in 10% more reference
Doppler shift frequency than the barrier-height deployments
(Figs. 7a-7b). We also observe a 3.15% increase in reference
Doppler shift for pickups compared to sedans (Figs. 7c-7d),
resulting in both vehicle and barrier antennas to experience
larger Doppler shifts. Moreover, the concrete barrier gets 2.4%

426

- Barrier-height

- Vehicle-height

1 10
Velocity (m/s)

20 30 1

10
Velocity (m/s)

(b) Barrier-height

20 30

(a) Vehicle-height

400 400

N300 N300

T T

2 200 2 200

100 100 F
0 0
1 10 20 30 1 10 20 30

Velocity (m/s) Velocity (m/s)
(c) Sedan (d) Pickup

- Concrete

- Steel

400
N300
z
@200
a A

400
N300
T
@200
[=]

20 30

GRERE T

1 10
Velocity (m/s)

20 30 1 10

Velocity (m/s)
(e) Concrete (f) Steel
Fig. 7: RMS Doppler Spread results (Model is marked with a

green line).

TABLE IV: RMS Doppler Spread Model Parameters

Category Fo (Hz) oy, (dB) | Kurtosis
Vehicle-height | 130.99 0.019 0.93 4.30
Barrier-height 117.69 0.03 1.0437 4.40
Sedan 123.03 0.02 1.12 3.83
Pickup 127.40 0.03 0.89 4.62
Concrete 128.02 0.002 | 0.76 5.49
Steel 125.67 0.04 1.08 3.78

more reference Doppler shift than the steel barrier (Figs. 7e,
7).

Besides, we also include o, and Kurtosis, k for Doppler
spread in Table IV. It can be observed that the standard
deviation of the model error is less than 1.2dB for all cases,
which shows an extremely well agreement with the model.
The error of this Doppler spread model is reported to be of
a Gaussian nature [30], [54]-[57]. Accordingly, the Kurtosis
column in Table IVshows that k is within the range of
3.78 < k < 5.49, which is inside an acceptable interval [58],
while not exhibiting a perfectly Gaussian nature (i.e., k # 3).

VI. CONCLUSIONS

This paper investigates three important channel parameters:
path loss, RMS delay spread, and RMS Doppler spread
for V2B communication in vehicular crash scenarios. We
develop a V2B path loss model as a function of directivity
angle (for directional antennas) and vehicular attenuation
with distance. Moreover, we derive mathematical models to
capture the RMS delay spread and RMS Doppler spread.
The comparison between vehicle-height barrier antenna and
barrier-height barrier antenna path loss, RMS delay spread,
RMS Doppler spread provides key design considerations
for practical V2B deployment. The critical regions are also
highlighted to motivate further research. RMS delay spread
and RMS Doppler spread-based analysis present important
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insights about communication performances for vehicle types
and barrier types. Finally, a detailed picture is depicted about
vehicle-to-barrier communication channels for augmenting the
efforts of preventing single-vehicle RoR crashes.
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